
Exploration and Optimization of
Novel Piezoelectric Devices

by

Christopher Andrew Petroff

Bachelor of Science, Boston College, 2015

Submitted to the Graduate Faculty of the

Kenneth P. Dietrich School of Arts and Sciences

in partial fulfillment

of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2021

https://orcid.org/0000-0003-2264-7983


UNIVERSITY OF PITTSBURGH

KENNETH P. DIETRICH SCHOOL OF ARTS AND SCIENCES

This dissertation was presented

by

Christopher Andrew Petroff

It was defended on

2021-07-15

and approved by

Tara Y. Meyer, Professor, Department of Chemistry

Jennifer E. Laaser, Assistant Professor, Department of Chemistry

M. Ravi Shankar, Professor, Department of Industrial Engineering,
John A. Swanson School of Engineering

Dissertation Director:
Geoffrey R. Hutchison, Associate Professor, Department of Chemistry

ii

https://orcid.org/0000-0003-2264-7983
https://orcid.org/0000-0002-9810-454X
https://orcid.org/0000-0002-0551-9659
https://orcid.org/0000-0001-9608-6627
https://orcid.org/0000-0002-1757-1980


Copyright © by Christopher Andrew Petroff

2021

This work is released under a Creative Commons Attribution 4.0 International License.

iii

https://orcid.org/0000-0003-2264-7983
https://creativecommons.org/licenses/by/4.0/


Exploration and Optimization of Novel Piezoelectric Devices

Christopher Andrew Petroff, Ph.D.

University of Pittsburgh, 2021

Piezoelectricity, the linear interconversion of mechanical work and electrical potential, is

utilized in a variety of transducers, sensors, actuators, and energy harvesting devices. It

consists of a direct effect, where mechanical force leads to buildup of electrical charge and

a converse effect, where an applied electrical potential produces a mechanical deformation.

While traditional piezoelectric devices rely upon crystalline and ceramic materials that are

often hard and brittle, there is an growing body of research on soft, flexible, and biocompatible

devices. This dissertation focuses on the exploration and optimization of novel piezoelectric

devices developed through a rational design approach. An array of piezoelectric devices are

presented, based off of two different tunable scaffolds. Utilizing polar, small organic molecule

dopants or oligopeptide self-assembled monolayers, these molecularly engineered piezoelectrics

show great potential in energy harvesting and sensing applications.

A semi-automated system was developed to test and analyze the piezoelectric direct effect of

devices in a quasi-static manner. It was then deployed for the study of piezoelectric foams based

on an array of different polar, small organic molecules deposited on a poly(dimethylsiloxane)

foam scaffold; the dopant molecules were electrically poled into polar alignment. This system

allows for the independent tuning of the piezoelectric response through changes in either the

mechanical properties of the foam’s modulus or the electrical properties stemming from the

dopant. Next, oligopeptide based devices are examined. As their polar order stems from the
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self-assembly of the monolayer, they are intrinsically piezoelectric and poling free. These

devices are easily produced through solution processing and hold great potential as sensors

due to their exceptionally large piezoelectric voltage constant. Work has begun on examining

these oligopeptides, using piezo force microscopy and computational methods, to better

understand the mechanisms behind their piezoelectric nature and, hopefully, molecularly

engineer improved devices.
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1.0 Introduction

Piezoelectricity is the linear interconversion of mechanical force and electrical potential. In

the direct effect, applied force is converted to electrical potential, while in the converse effect,

an applied electric field results in the mechanical deformation of the material. Traditional

piezoelectric devices are mainly hard, brittle ceramics with applications that range from

ultrasonic transducers to pressure sensors to energy harvesters. Numerous ideas have been

proposed to make piezoelectrics soft, flexible, and biocompatible; unfortunately, many of

these devices suffer from considerably lower piezoelectric response. The goal of this work

is to present a framework for understanding piezoelectricity on a molecular level and its

application in soft, flexible devices.

This introductory chapter starts with an overview of relevant basic electrical and mechani-

cal concepts, before diving into a summary of piezoelectricity. Next, other related phenomena

are reviewed before piezoelectric energy harvesting and sensing are discussed. It concludes

with some remarks on the rational design of novel piezoelectric materials and an overview of

the rest of the dissertation.

1.1 Electrostatics, Electric Polarization,

and Electromechanical Coupling

Electrostatics is the general study of electric charges at rest and is a foundation to the study

of most electrical phenomena. These electric charges can be positive or negative in nature,

where like charges repel and unlike charges attract. When positive and negative charges are

separated from each other, a material becomes electrically polarized. Since unlike charges
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attract, separated charges have the tendency to flow as current to minimize the imbalance;

the interactions between these charges and currents is known as electromagnetism and are

summarized, as a unified theory, by Maxwell’s equations. A conductor is a material where

charge flows freely, whereas an insulator is a material that inhibits the flow of charge. The

vector that runs between areas of positive and negative charge in a system of zero net charge

is known as the dipole moment; in chemistry, the convention is that it points from positive

charge to negative charge.2 The force experienced by a charge due to surrounding charges is

known as the electric field (E⃗). The polarization (P⃗ ) is the amount that charges are moved

by the influence of E⃗; in dielectrics—which are polarizable insulators—this displacement is

very small as the electrons do not flow since they are bound to the nuclei. 2 The relative

permittivity (εr), or dielectric constant, is the ratio relating the dielectric displacement (D⃗)

to the applied electric field such that D⃗ = εrE⃗ and is a measure of the charge stored in a

dielectric placed between two conductors.2,3

A material’s dielectric properties are of particular importance to piezoelectric applications,

as movement of internal dipoles is the origin of the effect. For many piezoelectric materials,

the various polar domains are aligned and locked in by heating above the point of polar

disorder, the Curie temperature (TC), and then applying an electric field to align the dipoles

and maintaining it as the material is cooled. Several equations relate to this process. The

polarizability (α) of a material—the extent to which it polarizes in response to an applied

electric field—is related to ε by the Clausius–Mossotti equation:

ε− 1

ε+ 2
=

4π

3
Nα (1.1)

where ε is the permittivity, N is the number of particles per unit volume, and α is the

polarizability.∗ 2,4 For a single molecule, the induced polarization (Pα) is related to the electric
∗The 4π/3 constant applies for isotropic materials or those with cubic symmetry. It differs but is within

the same order of magnitude for crystals with lower symmetry. 4
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field as follows:

P⃗α = NαEi
⃗ (1.2)

where N is the number of particles per unit volume and Ei
⃗ is average electric field strength

acting on the molecule.2 Debye adapted Langevin’s theory on paramagnetism to dielectrics;

a generalized approximation of the Langevin function can determine the dipole alignment in

a material based on the polarization:

µ̄

µ
=

P⃗

Nµ
(1.3)

where µ̄ is the average dipole moment, µ is the individual dipole moment, P⃗ is the polarization,

and N is the number of particles per unit volume.4 These equations relate the dielectric

properties of the material and the applied electric field to the degree of dipole alignment and

the magnitude of the piezoelectric response.

1.2 Mechanical Properties of Materials

Since the piezoelectric effect interconverts mechanical and electrical energy, there are several

mechanical properties relevant to piezoelectric materials. Two key concepts needed to discuss

the mechanical properties of materials are stress and strain. 5 Stress is applied force divided

by area, whereas strain is the resulting deformation of the material. There are two types of

stress: direct and shear. Direct stress is a uniaxial stress applied in one direction. For shear

stress, different faces are stressed in different directions. 5,6 Direct stress (σ) produces direct

strain (ε), while shear stress (τ) produces shear strain (γ).6 A deformation is considered to

be elastic if the sample fully recovers its original shape once the stress is removed. 5 Several

moduli—such as Young’s, shear, and bulk—are used to quantify the response of materials to

applied stress. The Young’s (or elastic) modulus (EY ) relates a material’s uniaxial stress to
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its deformation along that axis as follows:6

EY =
σ

ε
(1.4)

The shear modulus
(︂
G = τ

γ

)︂
is the analogue for shear stress and shear strain, while the bulk

modulus
(︁
K = volumetric stress

volumetric strain

)︁
applies to cases where stress is equally applied in all directions,

such as from hydrostatic pressure.5,6 The Poisson effect details how the cross-sectional area

of materials increases under compressive loads.6 Of the moduli, Young’s modulus is the most

relevant for direct piezoelectric coefficients, whilst the shear modulus is relevant for shear

coefficients. For most materials, small values of stress and strain are linearly related by

Hooke’s law (σ = EY ε); Young’s modulus can therefore be determined by taking the slope

of the stress–strain curve.5,6 Hard materials such as steel (200GPa) have very high Young’s

moduli whereas softer materials such as nylon (30GPa), polyurethane rubber (<0.06GPa),

natural rubber (0.002GPa), and poly(dimethylsiloxane) (PDMS) (0.0008GPa) have much

lower values.7–9 When materials are made into foams, for example, their moduli can be

lowered from that of the bulk material.9

1.3 Piezoelectricity

1.3.1 A Brief History

Piezoelectricity was first discovered in 1880 by Pierre and Jacques Curie when they showed

that charge appeared on the surfaces of certain crystals in direct proportion to applied force. 4,10

Wilhelm Hankel then asserted that the observed phenomenon was distinct from pyroelectric

effects and suggested the name piezoelectricity.11,12 Based on thermodynamic principles,

Gabriel Lippmann postulated that a converse piezoelectric effect must also exist; 12,13 this was
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verified by the Curies in 1881. The theoretical underlyings of piezoelectricity were developed

over the next couple decades, most fully by Woldemar Voigt in 1894 and culminating in his

1910 work Lehrbuch der Kristallphysik.4,14 The next significant advances in piezoelectricity

came during the First World War with Paul Langevin proposing early ultrasonic sonar.

Around the same time, Walter Cady developed the piezoelectric resonator which helped

make modern radio possible via direct frequency control. 15 Numerous other applications were

invented over the next several decades including microphones and phonograph pickups. By

the 1940s, piezoelectric ceramics were discovered.3 Finally, in 1945, the Institute of Radio

Engineers published the first standard of piezoelectric crystals; 16 this was followed by a

revised, expanded standard in 1949.17

1.3.2 Origins of Piezoelectricity

Traditional piezoelectricity originates from force induced changes in non-centrosymmetric

crystals. In these crystals, an applied force leads to an asymmetric change resulting in the

production or change of a dipole moment. As an example, the tetragonal crystal structure of

lead zirconium titanate (PZT) is shown in Figure 1.1. More generally, piezoelectricity emerges

from changes in the dipole moment density, allowing for polymers and other noncrystalline

materials containing aligned dipoles to serve as piezoelectric devices. Chapter 3 discusses

piezoelectric devices based on polar small organic molecules embedded in PDMS foams,

while Chapter 4 covers piezoelectric devices based on self-assembled monolayers (SAMs) of

oligopeptides.

1.3.3 Piezoelectric Constants and Figures of Merit

There are a total of 18 piezoelectric constants deriving from the six possible components of

stress and the three possible components of electric polarization in piezoelectric crystals. 4 In
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Pb2+ O2- Ti4+, Zr4+

P

Figure 1.1: The perovskite structure of lead zirconium titanate (PZT).† The cubic structure (left) is

present above the Curie temperature while tetragonal (right) or rhombohedral structures with bulk

polarization are present at lower temperatures, depending on the ratio of titanium to zirconium. 18

These non-centrosymmetric structures give rise to the piezoelectric response. Note that the lattice

stretch for the tetragonal structure is exaggerated; the actual stretch is 1%–2%.19

a Cartesian coordinate system, this relates to polarization about each of the three axes as well

as both linear and shear stress about each of the three axes. In many crystal classes, several

of these orientation are degenerate, resulting in fewer unique constants. The coefficients can

take the form of the piezoelectric charge (d), voltage (g), and permittivity (ε) constants.

A key figure of merit used to quantitate the piezoelectric effect is the piezoelectric charge

constant, dij . It is a measure of both the charge produced per unit of applied force (pC/N)—

the direct effect—and the mechanical deformation as a function of an applied electric field

(pm/V)—the converse effect. Both sets of units are equivalent; this is shown by the following

series of unit conversions

pC

N
=

V · pF
N

=
❅❅V · pJ
N · V❆2

=
pJ

N · V
=

❅❅N · pm
❅❅N · V

=
pm

V
(1.5)

†Figure adapted from reference [20].
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Figure 1.2: Cartesian coordinate system axes numbering. Polarization is aligned to the positive

Z-direction. The first subscript of the piezoelectric constants refers to the direction of induced

polarization or applied electric field, while the second subscript refers to the direction of applied

stress or induced strain.

where C is coulomb, N is newton, V is volt, F is farad, J is joule, and m is meter. The

units used generally coincide with the type of effect being measured. The subscripts, i and j,

describe the poling and testing axes, respectively. As shown in Figure 1.2, the numbers 1, 2,

and 3 refer to the X, Y , and Z axes, respectively, while the numbers 4, 5, and 6 refer to shear

about those axes. Normally, polarization is aligned to the positive Z-direction for non-single

crystalline materials. The first subscript, i, refers to the direction of induced polarization

in the stressed material or the direction of the applied field, while the second subscript, j,

refers to the direction of applied stress or induced strain. For example, to determine the

d33 piezoelectric constant of a material, induced polarization is measured along the Z-axis,

while stress is also applied along the Z-axis; to determine the d31 piezoelectric constant

of a material, induced polarization is measured along the Z-axis, while stress is applied

perpendicular to the Z-axis (parallel to the XY -plane) (Figure 1.3). Charge constants for

common piezoelectric materials are given in Table 1.1.

Piezoelectric materials can be defined as those whose polarization changes with applied

stress such that:

∆P = dijσ (1.6)

where ∆P is the change in polarization due to stress, σ is the applied stress, and dij is the
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Figure 1.3: Piezoelectric measurement axes. (A) For d33, current is measured along the Z-axis while

force is applied along the Z-axis. (B) For d31, current is measured along the Z-axis while force is

applied along the X-axis.

Table 1.1: Piezoelectric charge constants of common materials.

Material Piezoelectric Charge Constant Ref.

α-Quartz d11 = −2.3 pC/N [4, 21]

Bone deff = ∼8 pC/N [22]

Lead Zirconium Titanate (PZT) d33 = 200 pC/N− 600 pC/N [3, 21, 23]

Barium Titanate d33 = 149 pC/N [21, 23]

Poly(vinylidene difluoride) (PVDF) d33 = −33 pC/N [21]

8



piezoelectric coefficient.24 This shows that the piezoelectric effect is linear in uniform materials.

In a centrosymmetric crystal, all the components of the piezoelectric coefficient cancel to

zero due to symmetry.24 While some piezoelectric materials become polarized only when

stressed, most have nearly permanent dipole moments and are known as electrets. 24 Electrets

are the electrical analogue of a permanent magnet. The electromechanical coupling factor (k)

quantifies the efficiency of electrical and mechanical energy conversion in a piezoelectric such

that:3

k2 =
electrical energy converted to mechanical energy

input electrical energy

=
mechanical energy converted to electrical energy

input mechanical energy
(1.7)

where k must be between 0 and 1. The remaining input energy is either stored elastically,

stored dielectrically, or dissipated. It is not a measure of the overall power conversion efficiency

of a piezoelectric transducer, however, as it does not take into account the dissipation factor

of the input.3

While the piezoelectric charge constant is an ideal figure of merit for energy harvesting

and actuation applications, the piezoelectric voltage constant (gij) is preferred for sensing

applications. Large voltage constants, with units of mVm/N, mean that a large, easily

detectable voltage is generated, which is easier to detect than current. The piezoelectric

charge and voltage constants are related by the permittivity such that:

g33 =
d33
εrε0

(1.8)

where εr is the relative permittivity of the material and ε0 is the vacuum permittivity.25

Other figures of merit may include non-piezoelectric properties of a material, depending on

the intended application. The piezoelectric constants allow for standardized comparison of

9



Table 1.2: Piezoelectric voltage constants of common materials.

Material Piezoelectric Voltage Constant Ref.

α-Quartz g11 = 57mVm/N [26, 27]

Lead Zirconium Titanate (PZT) g33 = ∼40mVm/N [3]

Barium Titanate g33 = 11.4mVm/N [28]

Poly(Vinylidene Difluoride) (PVDF) g33 = 160mVm/N [29]

γ-Glycine Film geff = 47mVm/N [30]

materials, and the specific constant selected as the key figure of merit should be based on the

intended use of the material. Voltage constants for common piezoelectric materials are given

in Table 1.2.

1.3.4 Electrical Poling

Certain materials are naturally piezoelectric, namely non-centrosymmetric single crystals,

whereas most must be electrically poled through the application of a high voltage electric

field. The vast majority of commonly used piezoelectric materials—including ceramics

and polymers—are not found as single crystals and, consequently, must be electrically

poled to achieve bulk polarization. Many common ceramic piezoelectric materials—such as

PZT—are polycrystalline perovskites, which spontaneously fragment into randomly oriented,

polarized ferroelectric domains as they cool to below the Curie temperature, TC.18 To achieve

bulk polarization and piezoelectricity, these materials must be heated to near the Curie

temperature—the temperature at which polarization is lost—and then be allowed to cool

while under a high voltage electric field; the electric field must be above that of the coercive

field—the voltage at which domain alignment is influenced. 3 The field aligns the domains,

which are locked in place as the material is cooled, leaving a remanent polarization after
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Figure 1.4: Electrical poling of piezoelectric ceramics, taking place at high voltage and temperature,

aligns polar crystal domains.

the field is removed (Figure 1.4).18 The final remanent polarization does not have quite the

same degree of alignment as the material had while under the poling field because of dipole

relaxation.

As predicted by application of the Langevin function, the polarization induced in poled

piezoelectrics by the applied electric field increases with poling voltage. 24,31 The function

relates the total equilibrium polarization as follows: 31,32

P = Nµ ·
(︃
coth

(︃
µElocal

kBT

)︃
− kBT

µElocal

)︃
(1.9)

where N is the dipole number density, µ is the dipole moment, Elocal is the local poling

field, kB is the Boltzmann constant, and T is a finite temperature. For low poling fields and

temperatures (<1MV/mm at room temperature) used for certain materials such as polymers,

the function is approximately linear:2

P ≈ Nµ ·
(︃
µElocal

3kBT

)︃
(1.10)

Since a high degree of alignment is desirable, most piezoelectrics are poled to the maximum
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extent that equipment and material properties permit. Dielectric breakdown is the limiting

factor in the maximum poling voltage that can be applied to many materials; for ceramics,

this is often minimized by poling within an oil bath, which eliminates problems caused by

the breakdown of air.3

Numerous factors affect the poling field required, including composition, temperature,

and shape. For ceramics, common poling fields are in excess of 1 kV/mm and are applied

for anywhere from a few seconds to an hour or more at temperatures >100 ◦C.3,33 Different

compositions of the same ceramic differ widely in the poling field required. 3 Generally, the

coercive field required decreases with increased temperature and can be somewhat overcome

by increased poling duration. The dielectric breakdown field decreases with increased sample

thickness and cross-sectional area, likely due, in part, to an increased probability of defects;

therefore, smaller samples are generally easier to reliably pole than larger ones. 3 Larger

samples, especially those with greater piezoelectric response, are also more vulnerable to

strain induced mechanical failure due to deformations caused by the poling field.

1.3.5 Piezoelectric Measurements

In the simplest sense, piezoelectric constants are determined by applying a force and mea-

suring a charge or voltage for the direct effect, and applying a potential and measuring a

deformation for the converse effect. Getting accurate measurements is a bit more complicated,

however. The electric displacement vector must be related to the second-order stress tensor to

obtain the third-order piezoelectric tensor. Originally, piezoelectric constants were measured

statically by placing weights on samples and measuring the resultant charge or voltage. Static

measurements have largely been abandoned for quasi-static or dynamic ones. Quasi-static

measurements improve accuracy by increasing measurement speed to reduce leakage effects

and, simultaneously, greatly increasing the number of points averaged. Dynamic measure-

ments are based on piezoelectric resonance and employ impedance spectroscopy; this is the
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preferred method for piezoelectric transducers but is incompatible with many soft, hybrid

devices. A more comprehensive overview of piezoelectric measurement methods is presented

in Chapter 2, alongside a summary of the measurement system developed to analyze the

devices in Chapters 3, 4, and 5.

1.3.6 Piezoelectric Single Crystals

The first report of what is now known as the piezoelectric effect, by the Curie brothers, was

on the electrical response of naturally occurring single crystals, including quartz and Rochelle

salt (sodium potassium tartrate) which were to be the most studied. 4,10 Quartz, for example,

is naturally piezoelectric and is found in single crystals of its trigonal α-quartz state.34 A

piezoelectric crystal can be prepared for piezoelectric use simply by making the correct

crystallographic cut such that electrodes can be applied across the desired axis. Generally,

crystals are cut either into plates or bars. Plates are electroded on their top and bottom

surfaces and excited along the perpendicular axis (i.e., through the plates). Bars are normally

electroded lengthwise and excited parallel to the electrodes, as electroding the ends would

result in a much greater electrode separation and, therefore, a diminished field. 4

Piezoelectric crystals are commonly used as resonators (and transducers). The resonant

frequency is excited in the crystal via the converse effect by means of an AC electric field.

The crystal’s vibrations then lead to charge feedback on the drive circuit via an amplifier,

keeping it in resonance. Due to its stability and near temperature–frequency independence,

quartz crystal resonators have seen widespread use in time keeping and frequency control

since their invention in 1921.15 In addition, oblique cuts of quartz allow it to be tuned to

almost any frequency.4 While fully electroded surfaces excite the resonance frequency, the

frequency of a crystalline bar can be boosted to harmonic values by splitting the electrodes
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into segments of alternating polarity. Modern quartz wristwatches, for example, use the

flexural resonances of a doubly electroded tuning-fork-shaped crystal to minimize size and

improve reliability.35

While, historically, most piezoelectric research involved inorganic crystals, certain organic

crystals have since been found to also be piezoelectric. For example, single crystals of amino

acids, including DL-alanine and β-glycine, have been shown to be piezoelectrically active. 36,37

An advantage of soft biological materials is their low dielectric constants, which, despite their

relatively meager charge constants, allow for large piezoelectric voltage constants, on par with

inorganic materials. While these organic crystals are unlikely to have practical applications

in their single crystalline form, polycrystalline films show promise as biologically compatible

sensors.37–39

1.3.7 Piezoelectric Ceramics

Due to their often superior properties and ease of manufacture, piezoelectric ceramics, since

their discovery in the 1940s, quickly surpassed single crystals in breadth of use. 3 Common

piezoelectric ceramics, such as PZT and barium titanate, are members of a class of materials

known as perovskites. Members of this class are of the composition ABX3 and adopt the same

structure as the mineral perovskite.40 The archetypal perovskite is a cubic, centrosymmetric

structure of the Pm3m space group.40 This structure is not piezoelectrically active, but

most perovskites—PZT and barium titanate included—spontaneously adopt distortions to

this structure, when cooled below their Curie points, which remove the center of symmetry

(Figure 1.1, page 6).3 The polar crystal grains of these ceramics are aligned by poling to

create bulk polarization. When these poled ceramics are stressed, the strain alters the

unit cell, leading to a change in polarization, which results in a piezoelectric response. 40

Below its Curie temperature, PZT adopts either a tetragonal structure (<52% zirconium at

0 ◦C) or a rhombohedral structure (>52% zirconium at 0 ◦C) depending on composition.18
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Barium titanate transitions from a cubic structure through tetragonal, orthorhombic, and

rhombohedral configurations with decreasing temperature and pressure. 40 Depending on the

ceramic and its composition, electrical poling occurs at temperatures from 100 ◦C to 400 ◦C

while under electric fields of 1 kV/mm to 4 kV/mm;3,33 generally, higher temperatures and

voltages lead to more complete polarization.3 Piezoelectric ceramics are normally divided by

their ferroelectric behavior into electrically “hard” and electrically “soft” categories, where

hard ceramics have low domain mobility and soft ceramics have high domain mobility. 41 The

hardness characteristics of piezoelectric ceramics are tuned through doping. Hard ceramics

contain oxygen vacancies, are hard to polarize, have low dielectric losses, and can be subjected

to large electrical and mechanical stresses for use in high-power resonators. Soft ceramics,

however, contain A site lattice vacancies, are easy to polarize, have large piezoelectric charge

constants, and have applications as sensors and actuators. 41 While piezoelectric ceramics

have found use in many applications, they have several drawbacks in that they have a limited

range of motion, are liable to crack, and are often lead containing. 21,42–44

Piezoelectric ceramics are prepared as as a solid solution. 3 Powders of the constituents

are milled together to ensure intimate, uniform contact. The material is then calcined to

remove water, carbon dioxide, and volatile impurities. After calcination, it is milled further

and then formed into the desired shape under pressure. 33 Next, the ceramic is fired at

temperatures reaching 1200 ◦C or more. Finally, the ceramic is ground to its final dimensions,

electroded, and electrically poled, turning it into a piezoelectric. The ceramic manufacturing

process allows, with ease, for the near infinite tuning of piezoelectric ceramic properties from

composition to poling conditions to dimensions and more. Manufacturing simplicity, combined

with high piezoelectric constants, has led to many practical applications of piezoelectric

ceramics, including microphones, transducers, ultrasounds, frequency filters, actuators, energy

harvesters, and sensors.3,33
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Figure 1.5: Schematic of poly(vinylidene difluoride) (PVDF). In the semicrystalline piezoelectric

β-phase of PVDF, the polymer backbone adopts a planar zigzag conformation with negative fluorine

atoms on one side and positive hydrogen atoms on the other.24,48

1.3.8 Polymers

Polymer based piezoelectric materials are an increasingly used alternative to ceramics. Of

these, most early research and applications revolved around poly(vinylidene difluoride)

(PVDF) (Figure 1.5).24,45 It is commonly used in flexible sensors and is being studied for use

in other flexible electronics.45 PVDF is normally electrically poled at a temperature of >80 ◦C

and an electric field of >3 kV/mm and then uniaxially stretched.24 The piezoelectric effect in

PVDF arises from the poled oriented dipoles of the polymer’s semicrystalline regions. 24 While

it has received a disproportionately large research focus, PVDF is just one of many polymers

in which dipoles can be locked into alignment. It has the advantages of being flexible, lead-free,

and biocompatible, but it suffers from a piezoelectric response an order of magnitude below

that of top ceramics such as PZT and barium titanate. 21,46 The theories and techniques

developed for PVDF should be widely applicable to other polymers. Behind PVDF, the next

most commercialized is P(VDF-TrFE), a copolymer of PVDF and trifluoroethylene. On the

biological front, poly(γ-benzyl-L-glutamate) has received considerable interest. 47 Despite

considerable scientific interest, polymer based piezoelectrics still come up short on many

metrics when compared to ceramics. As a result, many investigators have turned to hybrid

and composite devices in hopes of bringing ceramic-like response to flexible devices.
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1.3.9 Novel and Composite Devices

A wide array of approaches have been investigated in hopes of developing durable, flexible

piezoelectric devices with response on par or better than that of common ceramics. These

range from embedding ceramic particles in polymer matrices to nanoribbon or nanowire

devices to viral capsid based films and more.49,50 In a standard particle/matrix composite

device, small particles of a piezoelectric ceramic are embedded in a pliable polymer matrix.

They are designed to take advantage of the piezoelectric properties of the ceramic while

simultaneously enjoying the soft, flexible properties of the polymer matrix. Increasing the filler

content usually increases the piezoelectric response but to the detriment of the mechanical

properties.49 Potential downsides of these devices include incompatibilities between the poling

fields required for complete polarization of the ceramic particles and the dielectric breakdown

of the polymer matrix as well as losses in transmitting mechanical forces through the matrix

to the particle. Certain approaches to help solve the latter problem involve depositing thin

films of piezoelectric ceramics on polymer ribbons or using novel geometries to better transmit

force in a efficient manner while maintaining flexibility. 51 Other approaches rely on using

unusual new piezoelectric materials.

1.4 Other Forms of Electromechanical Coupling

and Relevant Related Phenomena

Besides piezoelectricity, other closely related phenomena interconvert mechanical and elec-

trical energy including flexoelectricity, ferroelectricity, and electrostriction. Another closely
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associated effect, pyroelectricity, relates temperature changes with electrical potential. These

other effects are present, to varying extents, in most piezoelectrics. Triboelectricity, a type of

contact electrification, is also omnipresent.

1.4.1 Flexoelectricity

Flexoelectricity is the linear electromechanical coupling of inhomogeneous strain to electrical

polarization. It is the closely related inhomogeneous analogue of piezoelectricity and its

homogeneous strain.52 Flexoelectricity is manifest as the bending of a material where the

inside of the bend undergoes compressive strain, while the outside of the bend experiences

tensile strain. Piezoelectricity relies on noncentrosymmetric point groups, as its homogeneous

strain cannot change a material’s symmetry; the inhomogeneous strain of flexoelectricity,

however, breaks a material’s symmetry, which makes it universal to all point groups. 52

Similar to the piezoelectric effect, it has a direct and converse effect; however, it is generally

much weaker at bulk scales. The flexoelectric effect is considerably greater at the nanoscale

and in high dielectric constant materials. Many flexible piezoelectric devices undoubtedly

have contributions from flexoelectricity, and the effect can be exploited using geometry

considerations to make pseudo-piezoelectric devices. 52

1.4.2 Ferroelectricity

Ferroelectricity is a property of materials such that their spontaneous electric polarization can

be reversed by application of an electric field.3,53 It is often complimentary to piezoelectricity

and found in nearly all piezoelectric ceramics. It occurs in a subset of pyroelectric crystals

(themselves the subset of permanently polarized piezoelectric crystals) where the dipole

can be flipped by means of an applied electric field. Ferroelectrics exhibit memory due to

the energy required to reverse the domains and, therefore, exhibit hysteresis in a voltage
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sweep. Ferroelectrics near their Curie temperature often exhibit exceptional piezoelectric

and dielectric properties. Ferroelectricity can be exploited directly in memory devices, but

ferroelectric materials are most often used in applications where the ferroelectric nature

enhances other properties. In Chapter 6, ferroelectricity is discussed in greater detail.

1.4.3 Electrostriction

Electrostriction is the direction independent interaction of mechanical deformation and electric

field. It is proportional to the square of the electric field and is present in small amounts in

all materials.4 The deformation is the same no matter the polarity of the applied electric

field and scales with even powers of the field.3 It is proportional to strain (x) and applied

electric field (E) such that:

x = ME2 (1.11)

where M is the electrostrictive coefficient, a fourth-rank tensor. 33,53 Electrostriction is caused

by the anharmonicity of the spring-like lattice interactions between ions. 53 Generally, the

electrostrictive effect is very weak, but it can be large enough to be of interest in high dielectric

materials, such as ferroelectrics just above their Curie point. 3 The converse electrostrictive

effect is due to stress dependent changes in permittivity and can be exploited for use in stress

sensors.53 In most piezoelectric applications, electrostriction can be safely ignored due to its

comparatively very weak nature and its easily identifiable quadratic relation.

1.4.4 Pyroelectricity

Pyroelectricity relates temperature changes in materials with reversible changes in spontaneous

electrical polarization, and it is present in all permanently polarized piezoelectric crystals

with one unique axis of electrical polarization. 33,54 The change in polarization results in

buildup of surface charges that can be detected by an induced current produced in an external
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circuit. Identification of primary pyroelectricity is often complicated by secondary and

tertiary pyroelectric effects—piezoelectric effects arising from thermal expansion/contraction

of unconstrained crystals and strain gradients due to uneven heating, respectively. 54 The

converse pyroelectric effect, also known as the electrocaloric effect, causes a temperature

change in a crystal upon application of an electric field; this is unique from resistive heating

arising from leakage currents. Pyroelectrics have applications as temperature and infrared

light sensors.53

1.4.5 Triboelectricity

Triboelectricity is a charging that occurs when two dielectrics come in contact with each

other. It can be generated kinetically due to the asymmetric rubbing of like materials or

through contact electrification from the static contact of unlike materials. 55 This charging

occurs based on the triboelectric series. Despite its ubiquitous nature, the triboelectric effect

is poorly understood, but it is believed to originate from direct electron transfer between

materials.55,56 There is mounting evidence that ion transfer may also play a role. 57 No matter

the underlying mechanism, triboelectric generators are able to exploit the effect to generate

electricity. It is important to minimize contributions from the triboelectric effect when

characterizing piezoelectric materials. This is commonly accomplished in quasi-static direct

effect measurements by keeping a minimum preload force applied to the sample during testing

to ensure all surfaces remain in contact.

1.5 Piezoelectric Energy Harvesting

Piezoelectric energy harvesters convert mechanical energy to usable electrical energy by means

of the piezoelectric effect. They have the potential to power small, low power electronic devices
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Figure 1.6: Piezoelectric cantilever vibrational energy harvesters.‡ (A) Unimorph and (B) bimorph

designs are shown. The base is excited up and down causing the cantilever to bend due to the inertia

holding the tip mass relatively stationary.

in situations where battery based devices are impractical. They can be split into two main

categories: inertial and kinematic. Inertial energy harvesters convert vibrations to electrical

energy by means of a mass and spring model.21 They generally consist of a piezoelectric

cantilever that is fixed on one end and is attached to a mass on the other end. When vibrations

oscillate the base, the inertial mass of the weight resists movement thereby bending the

piezoelectric cantilever to produce electricity. Since bending motion in a piezoelectric device

cancels, a unimorph or bimorph cantilever is employed. 21 In a unimorph, the piezoelectric

layer in attached to an elastic nonpiezoelectric such that the neutral bending axis is outside

the piezoelectric layer. In a bimorph, two oppositely poled piezoelectric layers that meet at

the neutral axis are used. Figure 1.6 shows unimorph and bimorph piezoelectric cantilever

vibrational energy harvesters. These devices are normally operated at or near resonance,

as power output quickly decreases as the vibrational frequency strays from the resonant

one.21 Unlike electromagnetic energy harvesters, piezoelectric energy harvesters are solid

state and can be relatively easily miniaturized since aluminum nitride devices, for example,

are compatible with MEMS (microelectromechanical systems) fabrication methods. 21

The other major type of piezoelectric energy harvesters are kinematic based devices in

which the device is directly coupled to motions. These devices are generally larger than inertial
‡Figure adapted from reference [21].
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based harvesters and are anchored on two sides so that motions can be transferred through

them. They operate at slower, off-resonance frequencies by means of bending, stretching,

or compressing. This means that electromechanical coupling plays a larger role in their

efficiency.21 Most piezoelectric energy harvesters based on novel materials and structures

function kinematically. One challenge in developing these compliant harvesters—especially

stretchable ones—is ensuring reliable, flexible electrical connections to the piezoelectric

elements. This can be accomplished using spring-like or meandering electrical traces, using

inherently stretchable conductors, or relying on percolation via high loadings of conductive

particles.49 Novel piezoelectric energy harvesters use a range of flexible piezoelectric elements

such as nanowires, electrospun fibers, and embedded particles as active elements. 49 No matter

the mechanism used, optimizing piezoelectric energy harvester is a complicated problem. The

overall efficiency is based on the overarching system, including power conversion electronics

and load; it is not merely dependent on the piezoelectric transducer. 21 Due to the complicated

coupling and numerous losses at every stage, typical piezoelectric energy harvesters only

obtain around 20% power conversion efficiency in real world applications. 21

1.6 Piezoelectric Sensing

While similar in many ways to piezoelectric energy harvesting, the figures of merit for piezo-

electric sensing do differ somewhat. In order to achieve good sensitivity over background noise,

a piezoelectric force sensor must produce sufficient open circuit voltage. 58 The piezoelectric

voltage constant (g33), discussed previously in Section 1.3.3, is a key figure of merit for sensing

applications, as it relates the voltage response of a material to the applied force. As shown

previously in Equation 1.8 on page 9, it is related to the piezoelectric charge constant by the

permittivity. It follows that high charge constants paired with low permittivities lead to high

voltage constants. While many piezoelectric ceramics have large charge constants, they also

22



have large relative permittivities (∼1000), which somewhat hinders their sensing abilities. 58

While lower relative permittivities are generally desirable, very low values can complicate

overall device design due to cable losses from impedance mismatches. 58,59

For several decades, considerable piezoelectric sensor research focused on hydrophones for

underwater listening. Since hydrophones are much smaller in dimension than the wavelengths

they sense and are surrounded on all sides by the water, hydrostatic piezoelectric coefficients

(dh and gh) apply (where g31 + g32 + g33 = gh). Unfortunately, the hydrostatic coefficients of

ceramics are generally very low as, for PZT, g33 ≈ −(g31+ g32). As a result, work commenced

on developing methods for decoupling the piezoelectric modes; this ultimately led to some of

the first piezoelectric ceramic–polymer composites. 58 These composites also had the added

benefit of better matching the device impedance with that of water. It was eventually

discovered that parallel ceramic rods in a polymer matrix (so called 1-3 composites) gave

the best results, as they kept the g33 component while eliminating the cancellations due to

the g31 and g32 components.58 Research continued on improving the sensitivity of this design

by addressing several pitfalls such as g31 contributions caused by the polymer bulging when

compressed due to the Poisson effect.58

The naming convention for ceramic–polymer composites, developed by Newnham, conveys

the connectivity of the active and passive phases.58,60,61 It is of the format connectivity of the

active phase-connectivity of the passive phase where the connectivity ranges from 0 for no

connectivity to 3 for connectivity in the X, Y , and Z directions. For example, piezoelectric

particles (0-D connectivity) in an interconnected matrix (3-D connectivity) are 0-3 composites

while a layered structure of alternating piezoelectrically active material (2-D connectivity) and

polymer matrix (2-D connectivity) is a 2-2 composite. These naming conventions are no longer

common in the literature, even for applicable composite devices such as ceramic particles in a

matrix (0-3), parallelly aligned nanowires or nanorods in a matrix (1-3), or thin piezoelectric

films with an insulator layer to prevent charge leakage (2-2). Contemporary piezoelectric

sensor research has turned more towards the development of flexible sensors, often for the
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monitoring of low-frequency stimuli such as heart rate or touch. Despite the considerable

research interest, a majority of recent articles in the literature do not provide adequate data

for meaningful comparisons and often focus on figures of merit only tangential to their stated

target applications. It is uncommon that the piezoelectric voltage constant is reported, and,

when it is, it is often converted from the charge constant using a permittivity value measured

at a frequency several orders of magnitude greater than that of the piezoelectric measurement.

1.7 Rational Design of Materials

1.7.1 Overview

While piezoelectric materials have long been an area of considerable research interest, few

attempts have been made at the rational design of these materials from the ground up with the

goal of maximizing their piezoelectric response and efficiency. The electromechanical coupling

factor (k), introduced earlier in Section 1.3.3, is of interest when considering fundamental

piezoelectric design.62 It states that the general coupling efficiency of a piezoelectric material

is:32,63

k = d

√︃
EY

εr
(1.12)

where k is the coupling efficiency, d is the piezoelectric coefficient, EY is the Young’s modulus,

and εr is the dielectric constant. Since perfect efficiency cannot be reached, it follows that: 32

d <

√︃
εr
EY

(1.13)

This means that, so long as the piezoelectrically active element can be decoupled from its

matrix, the individual components of efficiency can be tuned independently. The Young’s

modulus, or stiffness of the material, can be tuned by altering the matrix’s composition,
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while the permittivity can be altered, for example, by changing the identity of the piezoelec-

trically active component. It is known that lowering the modulus of a material increases its

piezoelectric response,64 but, by separating the two factors, this can be more fully exploited.

1.7.2 Small Organic Molecules as Dopants

One approach carried out towards the rational design of piezoelectric materials was to dope

a polymer matrix with electrically poled polar small organic molecules. 65 Dopants were

dispersively adhered to the surfaces of an open-cell PDMS foam. The components of the

piezoelectric response could then be independently tuned by varying the dopant or matrix

properties. Piezoelectric measurements were carried out that demonstrated that the charge

constant increased with increasing dopant dipole moment, increasing dopant concentration,

increasing poling field, and decreasing matrix modulus. The complete work is presented in

Chapter 3.

1.7.3 Oligopeptide Self-Assembled Monolayers

SAMs are ordered molecular assemblies spontaneously formed by adsorption of active solution

molecules onto a solid surface.66 These molecules often take the form of functionalized long-

chain hydrocarbons, but many other moieties are possible. As an example, thiol-containing

molecules will self-assemble on gold surfaces. Adsorption kinetics are often split into two

distinct regimes with a fast diffusion controlled adsorption step taking only a few minutes

followed by a slow reorganization step taking several hours or more, during which time the

SAM develops its final properties.66 SAMs are a versatile tool for surface modification as a

uniform, well formed film can be easily and reliably grown simply by placing a substrate in

solution for a day or so.
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On a rational design basis, SAMs are a helpful mechanism for determining, on an atom-by-

atom level, the relationship between molecular sequence and piezoelectric response in organics.

SAMs of various thiol-containing oligopeptides were grown on gold surfaces and subsequently

electromechanically characterized, to help elucidate the effect of amino acid sequence on

piezoelectric response.67 Device assemblies were produced by placing the oligopeptide SAM

against a second polyurethane coated electrode that had either bare gold or gold functionalized

with an alkanethiol SAM underneath. While sequence effects were somewhat unclear, the

devices produced outstanding piezoelectric charge constant responses up to 2Vm/N and a

prototype flexible device produced nearly 6V of open-circuit voltage in response to gentle

bending motions. The complete work is presented in Chapter 4.

1.8 Dissertation Overview

This chapter provided an introduction to piezoelectricity and related phenomena relevant

to the work presented in this dissertation. The following is a summary of the remainder:

Chapter 2 outlines piezoelectric measurements in detail, the development of the measurement

and analysis framework used in the remainder of the work, and a test case using polar small

organic molecule doped piezoelectric polyurethane foams; Chapter 3 presents published work

on using PDMS foams as a a framework to develop piezoelectric devices using polar small

organic molecule dopants; Chapter 4 presents published work on piezoelectric devices based

on polar SAMs of oligopeptides; Chapter 5 provides a perspective on using oligopeptide-

based piezoelectric materials as a framework for understanding electromechanical coupling

in molecules; Chapter 6 provides an overview of ferroelectricity, the double-wave method

of measuring ferroelectric hysteresis loops, and results from measurements on SAMs of a

bowl-like corannulene derivative; and, finally, Chapter 7 provides concluding remarks and

insights on future research directions.
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2.0 Development of Measurement System

2.1 Piezoelectric Measurement Methods

Piezoelectric constants are an important tool for characterizing new piezoelectric materials

and can be measured using an array of methods. Some of these methods are explained in a

series of IRE/IEEE standards (now withdrawn).25,62,68–70 The methods can be divided into

two main categories: those for measuring the direct effect and those for measuring the converse

effect. The direct effect is determined using static or quasi-static loading in which weights or

forces are applied to the material and the resultant charge or voltage is measured. Charge

is measured for determining the piezoelectric charge constant (dij)—relevant for transducer

and energy harvesting applications—whilst voltage is measured (and converted to induced

electric field) for piezoelectric voltage constant (gij) measurements—of interest for sensing

applications. While these methods have largely been phased out in favor of resonance based

ones for ceramic transducers, they are still applicable in many cases where resonance based

methods are impractical or undesirable, such as with very soft materials. In the resonance

based approaches, the converse piezoelectric constants are determined from the frequency

dependence of the electrical impedance.25 At the nanoscale, the converse effect is measured

using piezo force microscopy (PFM) which directly measures the physical deformation of a

material in response to an applied electric field. Strain gauge and laser interferometry based

converse measurements are also possible. Measurement techniques are also divided between

static (including quasi-static) and dynamic (resonance) measurements; it is important that

the measurement technique matches the regime of the material’s intended application. While
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resonance based approaches are the most common in traditional piezoelectric materials, other

methods are often needed for novel materials and devices where the material properties differ

from those of traditional single-crystalline and ceramic piezoelectrics.

Characterization of the direct piezoelectric effect is important for sensing and energy

harvesting applications. While the direct and converse constants should be equal in theory, this

is not always the case under real-world conditions. 71–74 Early on, piezoelectric measurements

were carried out using the static method. Weights were placed on the material and the

resultant charge was measured as the voltage across a capacitor; since the weights must be

slowly and carefully placed, this method results in loss due to charge leaks. The method can

be modified to minimize this error by, instead, quickly removing a weight. 75 More modern

approaches to measuring the direct effect are quasi-static in nature. A known force is applied

to the sample using a mechanical actuator at a frequency up to one order of magnitude below

any piezoelectrically active resonance.75 Commercial devices—known as d33 or Berlincourt

meters—are available for this type of testing. Generally, they apply a 10N preload force

followed by 0.25N compressions as a frequency of ∼100Hz.76,77 Preload forces are applied to

help minimize electrostatic effects. While these instruments are easy, convenient, and work

well for ceramics, soft materials that need a lower preload force and/or slower compression

frequency due to slow elastic recovery rates are incompatible. Luckily, stepper motors or

other actuators with sufficient travel can be used to make a series of compressions of differing

force at a selectable rate; a linear regression of the resulting data can help minimize errors

associated with leakage due to the slower speeds. Regardless of the test method chosen, it is

important to ensure that it is compatible with the material properties of the device under

test.

Dynamic resonance measurements of the converse piezoelectric effect are considered

the most accurate and reliable for traditional materials; this is especially true for use as

transducers. Typically, a resonance method is carried out by measuring the impedance

spectrum. The resonance (fr) and antiresonance (fa) frequencies can be determined based
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C0

C1RL

Figure 2.1: Equivalent circuit of a piezoelectric vibrator near fundamental resonance. L, R, and C1

are the motional inductance, resistance, and capacitance respectively. C0 is the shunt capacitance.

on the equivalent circuit (Figure 2.1).3 The minimum impedance is approximately equal

to fr while the maximum impedance is approximately equal to fa.78 The resonance and

antiresonance frequencies, along with the density (ρ) and off resonance permittivity (εX33),

can be used to calculate the piezoelectric constant.3,25,79 First, the elastic compliance (sE33) is

calculated:

sE33 =
1

4ρh2f 2
r

(2.1)

where ρ is the sample density, h is the sample height, and fr is the sample resonance frequency.

Next, the electromechanical coupling factor (k33) is calculated:

k33 =

√︄
π

2

fr
fa

tan

(︃
π

2

fa − fr
fa

)︃
(2.2)

Finally, the piezoelectric constant can be computed:

d33 = k33

√︂
sE33ε

X
33 (2.3)

Similar equations are used for determining the other piezoelectric constants. These equations

are only valid when their various underlying assumptions are true. While resonance based

measurement methods are useful and accurate for traditional ceramics and crystals for

transducers, they cannot be used for many novel polymer, hybrid, or biological based devices.
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The converse piezoelectric effect of a surface can be measured at the nanoscale using

PFM. It works by generating a piezoelectric response in the surface using an AC field applied

through the tip and measuring the amplitude response. 80 The sensitivity of this technique

was improved through use of dual AC resonance tracking (DART-PFM) which allows for the

tip to be reliably operated at resonance.81 It works by bracketing two drive resonances about

the tip’s resonant frequency; this allows for tracking and maintenance of tip resonance as it

shifts due to surface changes. Overall sensitivity is improved by maintaining tip resonance.

One potential drawback of DART-PFM is that the measured effective piezoelectric constants

are due to both piezoelectric and tip–sample electrostatic response. This is often overcome

through the use of high spring constant levers; while this often works well for hard materials,

the stiff lever will greatly deform soft surfaces and reduce sensitivity. 82 Our group solved

this issue through the creation of a DC-sweep DART-PFM technique which allows for the

use of soft, low spring constant levers by sweeping the DC bias voltage with fixed AC field

to determine and correct for the electrostatic contributions. 82 When properly implemented,

PFM techniques allow for reliable determination of piezoelectric constants at the nanoscale.

2.2 Testing Hardware and Setup

A semi-automated quasi-static direct piezoelectric measurement system (Figure 2.2) was

developed to study the piezoelectric foams presented in Chapter 3 and the piezoelectric

self-assembled monolayers (SAMs) of oligopeptides presented in Chapters 4 and 5; its function

is described in the following sections. A computer running a custom Python script controls a

stepper motor to apply compressions to a sample and controls a source measure unit (SMU)

to measure applied force and resultant current or voltage. The stepper motor is controlled

via a script running on an Arduino Uno microcontroller board. Once triggered by the control

computer via a serial command sent over a serial-to-USB interface, the Arduino sends 5V
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Figure 2.2: Measurement system setup. A computer controls the stepper motor via an Arduino Uno

microcontroller board coupled to a stepper motor driver board. It also controls the source measure

unit which measures piezoelectric response current or voltage. The source measure unit also applies

voltage to and measures resistance on the force sensor.

digital voltage pulses at correct intervals for each step to the stepper motor driver board

(EasyDriver v4.5, Brian Schmalz/SparkFun Electronics); it also sends either a 0V or 5V

digital signal to the driver board direction pin to set the stepper motor rotation direction.

The driver board then sends power to the stepper motor to step it as needed. Simultaneously,

the control computer sends Lua-based code to the SMU (Keithley SourceMeter Model 2614B)

over the VXI-11 protocol via Ethernet.§ The code directs the SMU to run the resistive force

sensor (Tekscan FlexiForce A201) (by applying voltage and measuring resistance) on one

channel while measuring the short circuit current or open circuit voltage across the device

under test on the other. The SMU then feeds the data back to the control computer.

In practical use, an approximate preload force was set manually when mounting the

sample, followed by running a script on the control computer to fine tune the preload force.

The preload force serves to minimize triboelectric and other electrostatic responses in the

signal. The script would measure the average force applied to the sample for 10 s before

instructing the stepper motor to increase or decrease the preload force as needed; this process

was automatically repeated until the preload force was in the desired range. With the

preload force set, another script could be run to measure the piezoelectric response as desired.
§The initial iteration used an Ethernet/VISA/GPIB interface to send the code to an older Keithley

SourceMeter Model 2612 SMU.
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Figure 2.3: Printed circuit board (PCB) electrodes. 5 cm× 5 cm PCBs with 3.5 cm× 3.5 cm electro-

less nickel immersion gold (ENIG) pads were used as rigid electrodes for piezoelectric measurements.

The original PCBs (left) were used for electrical poling and testing of piezoelectric foams as well as

for growth and testing of oligopeptide self-assembled monolayers (SAMs). Redesigned PCBs (right)

fit inside smaller Petri dishes and allowed for SAMs to be grown from a smaller volume of solution.

A United States penny is shown for scale (center).

Generally, three sets of measurements were run consecutively and the resultant piezoelectric

response averaged. For piezoelectric charge constant measurements, short circuit current was

recorded, while for piezoelectric voltage constant measurements, open circuit voltage was

recorded. Custom printed circuit boards (PCBs) were designed and purchased for use as

electrodes (Figure 2.3); they were used both to electrically pole and to test the piezoelectric

foams while the piezoelectric oligopeptide SAMs were grown directly on their gold surfaces

and then tested.

2.3 Data Processing

Data processing is a key step of any measurement workflow. The resistance, current, and

voltage data—all as a function of time—received by the control computer need to be converted

into piezoelectric constants. This was carried out in a semi-automated fashion through use

of Python scripts (see Appendices A.2 and B.5). First, resistance is converted into applied
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force through use of a linear calibration regression. Next, the force baseline—the preload

force—is determined by averaging the first 25 data points (∼1 s) of the force measurement

for piezoelectric charge constant measurements and averaging data points 30 to 530 (∼5 s

for most measurements) for piezoelectric voltage constant measurements; this baseline is

later subtracted from the height of the force peaks. Force peaks are identified as regions

where the force value exceeds aσ + b where σ is the standard deviation in the force over

baseline determination region and a and b are constants that were normally set to 3 and 0.2,

respectively, with good results.

For piezoelectric charge constant calculations, the current in the region corresponding to

each force peak is examined. The current baseline is determined by averaging the first 25

data points of the measurement. The start of a current peak is set as five data points before

the start of the force peak, while the end is set as when the average of three current values

has crossed the baseline. Currents are integrated into charge via the trapezoidal method.

For piezoelectric voltage constant measurements, the voltage baseline is first corrected

using the average slope over data points 30 to 530 (∼5 s for most measurements). Voltage

peaks corresponding to force peaks are then determined using the peak finding algorithm

of SciPy’s signal processing submodule. Force is converted to external stress by dividing

by sample area, and voltage is converted to induced electric field by dividing by sample

thickness. The piezoelectric charge constant is determined as the slope of the linear regression

of the charge–force plot, while the piezoelectric voltage constant is determined as the slope of

the linear regression of the induced electric field–external stress plot;¶ additional details on

piezoelectric charge and voltage constant determination are provided in Chapters 3 and 4,

respectively.
¶A standard linear regression was originally used, but it was later changed to a robust linear regression to

minimize the influence of outliers.
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2.4 Piezoelectric Polyurethane Foams: A Test Case

The measurement system and analysis framework discussed in the previous two sections

was developed around the testing of piezoelectric polyurethane foams. These foams, based

on previous work in the group by Michael J. Moody, 32 involve the use of polar, small

organic molecule dopants to generate the piezoelectric response, similar to what is discussed

in Chapter 3 for poly(dimethylsiloxane) (PDMS) foams. Along with efforts to improve

the sample-to-sample foam consistency, the measurement system presented here greatly

improved the consistency and reliability of the piezoelectric measurements. The results of

these experiments are presented in the remainder of this chapter.

2.4.1 Experimental Methods

2-Chloro-4-nitroaniline (>98%) (CNA) was obtained from TCI. Polytek Development Corp.

PolyFoam F-3 two-part (part A: methylene bis(phenylisocyanate); part B: polyether polyol

and proprietary copolymer) polyurethane foam system was obtained from Brick in the Yard

Mold Supply. All chemicals were used as received.

Polyurethane foam samples were prepared from a two-part commercial polyurethane

system. First, the CNA dopant was dissolved in the polyol component. Dopant concentration

was calculated based off the total volume of both parts of the unreacted foam. Next, the

isocyanate component was added to the polyol/dopant mixture and the components were

mixed, allowed to dwell, and then scraped onto the poling slides. The top poling slide was

lowered into place, and the poling field was applied for two hours during which time the

mixture foamed, reaching and expanding across the top poling slide. For poling, samples

were placed between PCBs discussed in Section 2.2; polyimide tape was applied to the PCBs

for protection. Samples were poled at 0 kV–5 kV. During poling, the PCBs had a fixed

spacing of 3mm–12mm. The poling plates were held in place using screws and wing-nuts,
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Figure 2.4: Piezoelectric polyurethane foam poling setup. The foam sample was placed between two

parallel plates of fixed separation across which a potential was applied.

Current

Force Sensor

Applied Force

PDMS

Figure 2.5: Piezoelectric polyurethane foam testing setup. The foam sample was placed between

two plates with force applied along the Z-axis.

and separation was maintained through the use of aluminum spacers. The poling setup is

depicted in Figure 2.4. After poling was completed, a 20mm diameter circular core was

taken from each sample using a punch. The samples were then tested, and the piezoelectric

response was calculated.

Samples were tested in a quasi-static manner. For testing, samples were placed between

two PCBs identical to those used for poling. The sandwich was then positioned in a testing

apparatus consisting of a movable plastic block below a threaded rod (Figure 2.5). A force

sensor (Texscan FlexiForce A201), with a PDMS spacer on top, rested above the sample

sandwich and below the plastic block. A slight pressure was applied using the threaded rod

to minimize triboelectric charge generation. Using the apparatus, compressions of varying

force were applied along the Z-axis every few seconds; measurements were recorded for 70 s

using a Keithley 2612 SourceMeter. The system was tested on quartz and PVDF; test results

agree with literature values. Data was then processed as discussed above in Section 2.3.
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Figure 2.6: Piezoelectric response of polyurethane foams as a function of poling voltage. The response

of 0.2m CNA doped, 5mm thick polyurethane foams increased linearly with poling voltage.

2.4.2 Results

The effects of poling voltage and foam thickness were examined for the CNA doped piezoelectric

polyurethane foams. The poling voltage applied to the samples was varied from 0V/mm

to 1000V/mm. The piezoelectric response was seen to increase with poling voltage until a

breakdown point was reached and the piezoelectric response collapsed to near that of unpoled

samples (not shown). As seen in Figure 2.6, before the breakdown voltage, the piezoelectric

response of the samples increased linearly with poling voltage. The cause of the breakdown

is not known as it occurs at a much lower voltage than the dielectric breakdown voltage of

polyurethane foam (>3000V/mm).83 The region prior to the breakdown shows that the bulk

polarization increases linearly with increased poling voltage. As the piezoelectric effect in

the samples is believed to arise from the alignment of the individual dipole moments of the

dopant molecules, the linear increase is expected.

The thickness of the polyurethane foam was varied from 3mm to 10mm. Figure 2.7 shows

that the piezoelectric response of the polyurethane foams increased with increasing thickness.
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Figure 2.7: Piezoelectric response of polyurethane foams as a function of foam thickness. The

response of 0.2m CNA doped polyurethane foams poled at 100V/mm increased with foam thickness.

This large effect is likely a property of the matrix. Qualitatively, the thicker foams are softer;

all foams can be compressed approximately 50% when 10N of force is applied. This indicates

that an edge effect remains for the top and bottom of the foam samples, where the material

is stiffer. While these piezoelectric polyurethane foams helped with the development of and

demonstrated the utility of the measurement system presented in this chapter, shortcomings

including foam inconsistencies and dopant incompatibility caused the polyurethane system

to be abandoned in favor of the piezoelectric PDMS foams presented in the next chapter.
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3.0 Highly Tunable Molecularly Doped

Flexible Poly(dimethylsiloxane) Foam

Piezoelectric Energy Harvesters

This chapter is adapted from:

Petroff, C. A.; Bina, T.; Hutchison, G. R. Highly Tunable Molecularly Doped

Flexible Poly(dimethylsiloxane) Foam Piezoelectric Energy Harvesters. Chem-

Rxiv:7562456.v3 2019. DOI: 10.26434/chemrxiv.7562456.v3

which is also published as:

Petroff, C. A.; Bina, T. F.; Hutchison, G. R. Highly Tunable Molecularly Doped

Flexible Poly(dimethylsiloxane) Foam Piezoelectric Energy Harvesters. ACS Appl.

Energy Mater. 2019, 2, 9, 6484–6489. DOI: 10.1021/acsaem.9b01061.

It is a collaborative effort in which I designed the testing system, revised the analysis

script, carried out the experiments and data analysis, generated the figures, and wrote the

manuscript; T.F.B. wrote the initial version of the analysis script under my direction; and

G.R.H conceived and directed the project.

3.1 Summary

Despite considerable research interest in developing piezoelectric materials, little work has

focused on the fundamental design of these materials from the ground up. Herein, we present

a general, versatile method for producing tunable, flexible piezoelectric energy harvesters

38

https://doi.org/10.26434/chemrxiv.7562456.v3
https://doi.org/10.1021/acsaem.9b01061


(PEHs) with excellent piezoelectric response. Using a poly(dimethylsiloxane) (PDMS) foam

derived from a sugar template, we separate the electrical and mechanical properties of

the PEH, thereby allowing us to optimize them separately. The electrical properties were

tuned by varying the poling field, the polar dopant, and the dopant concentration. The

mechanical properties were tuned by varying foam preparation and thus the compressive

modulus. Through the careful tuning of these properties, we are able to achieve a maximum

piezoelectric response of 153 pC/N—considerably higher than most other reported flexible

PEHs. Combined with our previous work, we demonstrate that doping polymer foams with

polar dopants is a highly general strategy and has the potential to lead to materials with

considerably higher piezoelectric responses.

3.2 Introduction

Piezoelectric energy harvesters (PEHs) have the potential to self-power a growing class of small,

low-power electronic devices such as remote or wearable sensors or Internet of Things devices. 84

Based on the direct piezoelectric effect, these devices have the ability to generate electricity

scavenged from the environment or the human body to power devices indefinitely and to

eliminate the environmental and labor costs of battery replacements. 51,85 The vast majority of

piezoelectric materials are hard ceramics (Young’s modulus, EY >100GPa)86,87 such as lead

zirconium titanate (PZT).21,88 As such, these hard, brittle materials are only able to withstand

a very limited range of deformations, limiting their application in many situations. 21,42,44

Most current polymer piezoelectric materials, such as poly(vinylidene fluoride) (PVDF) (d33

of 20–30 pC/N), have a piezoelectric response an order of magnitude or more below that of

PZT (>200 pC/N).21 Consequently, there is a need for intrinsically flexible materials with

high electromechanical response.
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A variety of approaches towards new flexible piezoelectric materials have been developed,

including peptide nanotubes,89 sponge-like ceramic–polymer composites,90 quantum dot–

polymer composites,91 nanoparticle–polymer composites,92 and sugar–nanofiber composites.93

Despite long being an area of considerable research interest, few attempts have been made

at the rational design of these materials from the ground up to maximize their piezoelectric

response and efficiency. A key figure of merit is the d piezoelectric tensor, as well as the

electromechanical coupling factor, k, which is a quantitative measure of the efficiency of

piezoelectric materials at interconverting electrical and mechanical energy. 62 The general

coupling efficiency of a piezoelectric material is32,63

k = d

√︃
EY

ϵ
(3.1)

where k is the coupling efficiency, d is the piezoelectric coefficient, EY is the Young’s modulus,

and ϵ is the relative permittivity. Since perfect efficiency cannot be reached, it follows that: 32

d <

√︃
ϵ

EY

(3.2)

As the relative permittivity is directly related to the dipole moment, 2 this relation shows

that, if the material polarization is generated separately from the matrix, each property

can be separately tuned for desired parameters. The bulk dipole moment can be tuned by

incorporating different polar dopants and by the degree of polar alignment. The Young’s

modulus is a measure of the stiffness of a material along the axis of deformation and can be

tuned by changing the properties of the matrix. It is known that lowering the modulus of a

material increases its piezoelectric response, but, by separating the two factors, this can be

more fully exploited.32,64

In this study, building on our previously published work, 32 we present a highly tunable,

flexible PEH that demonstrates the effect of both the bulk dipole moment and the modulus on

piezoelectric response. While the maximum piezoelectric response we report here is somewhat
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lower than our previous work, we have vastly improved the consistency and tailorability of

our system, while simultaneously showing that our method is broadly applicable and not

derived from matrix specific effects. By doping poly(dimethylsiloxane) (PDMS) foam with

varying amounts of highly polar small organic molecules and electrically poling at a range

of voltages, we are able to control the bulk polarization of our PEH; similarly, by varying

the curing temperature of our PDMS matrix, we are able to tune the modulus of our PEH.

Our results demonstrate that each method can modulate the overall piezoelectric response as

expected.

3.3 Experimental Methods

3.3.1 Materials

2-Chloro-4-nitroaniline (>98%) (CNA) and 4-nitro-1,2-phenylenediamine (>97.0%) were

obtained from TCI. 2-Methyl-4-nitroaniline (99%) (MNA) and 3-aminobenzoic acid (99+%)

were obtained from Acros Organics. N,N-Dimethyl-4-nitroaniline (>98%), 4-nitroacetanilide

(98%), and acetanilide (98%) were obtained from Alfa Aesar. Benzoic acid (99.5%) was

obtained from J.T. Baker. Acetonitrile (≥99.9%) and 1,4-dibromobenzene (98%) were

obtained from Sigma-Aldrich. Sodium chloride (certified ACS, crystalline) was obtained

from Fisher Chemical. Sylgard 184 silicone elastomer system (polydimethylsiloxane; PDMS)

was obtained from Dow Corning. Granulated sugar was obtained from Domino Foods.

All chemicals were used as received. Ultrapure water (18.2MΩcm) was generated using a

Millipore Synergy system.
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3.3.2 PDMS Foam Preparation

PDMS foams were produced from a sugar template using a procedure adapted from the

literature.9 To prepare the sugar template, 5.2 g of white granulated sugar was mixed with

300 µL of ultrapure water and pressed into a 30mm diameter, 6mm high mold using medium–

firm pressure; excess sugar was scraped off the top to leave a level surface. After several hours,

the sugar template was removed from the mold and allowed to continue drying for a total

of at least 24 h. PDMS was prepared according to the manufacturer’s directions by mixing

10 g elastomer base with 1 g curing agent. After mixing, the PDMS mixture was added to a

9 cm diameter Petri dish containing four sugar templates. The Petri dish was placed under

vacuum (40 kPa) for a total of 5 h. After 4 h, the vacuum oven was switched on, and, over the

course of the last hour, the samples were heated to 80 ◦C. After heating, the samples were

removed from the vacuum oven. The sugar was then removed by washing with ultrapure

water under ultrasonication. Excess water was squeezed from the polymer foams, and the

samples were placed in a 130 ◦C oven for 1 h to dry. They were then removed from the Petri

dish, and a 20mm diameter circular punch was taken from each sample. The average size of

the sugar granules used to produce the template was approximately 0.3mm; therefore, we

expect the template to produce open-cell foams with a similar pore size. Sugar granule size

was measured from optical microscopy images taken on an Olympus BH2 microscope and

analyzed with the ImageJ software package (Version 1.48k).

To vary the modulus of the foams, a similar procedure was followed by substituting

sodium chloride templates, while varying the curing temperature. For the template, 5.3 g

of sodium chloride was mixed with 250 µL of ultrapure water. Freshly mixed PDMS was

added, and the samples were placed in a vacuum desiccator for 4 h. They were then removed

from the desiccator and either left on the bench top at room temperature for 48 h or placed
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in a 100 ◦C or 200 ◦C oven for 1 h; this produced three different sets—each with a different

modulus. After curing and washing, excess water was squeezed from the foams, and they

were placed in a vacuum desiccator to dry.

3.3.3 Device Preparation and Electrical Poling

In the second step of the process, dopant molecules were dissolved in acetonitrile. Foam

samples were placed on the poling slides (described below), and 1mL of the dopant solution

was added to the foam sponge using a micropipet (e.g. 0.3m CNA samples had 1mL of 0.3m

CNA/acetonitrile solution added to them). All solvent evaporated from the foams within

2 h leaving the dopant coating the pores of the PDMS foam (Figure A.1). Samples were

then electrically poled for 48 h; shorter poling times led to inconsistent results whereas longer

poling times (up to longest tested of 5 d) were consistent with poling for 48 h. All samples

were 20mm diameter, 6mm thick circular disks.

For poling, samples were placed between two 5 cm× 5 cm custom designed and manu-

factured printed circuit boards (PCBs) (Where Labs/DirtyPCBs.com) with 3.5 cm× 3.5 cm

electroless nickel immersion gold (ENIG) finished copper pads; polyimide tape was applied to

the PCBs for protection. Samples were poled under a DC potential of 0 kV–5 kV. During

poling, the PCBs had a fixed spacing of 6mm. The poling slides were held in place using

screws and wing-nuts, and separation was maintained through the use of aluminum spacers.

3.3.4 Device Testing and Characterization

After poling was completed, the samples were tested in a quasi-static manner, and the

piezoelectric response was calculated. For testing, samples were placed between two PCBs

identical to those used for poling; polyimide tape was not used as it was found to produce

erroneous electrostatic signals. The sandwich was then positioned in a testing apparatus
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consisting of a threaded rod controlled by a stepper motor. A force sensor (Tekscan FlexiForce

A201), with a PDMS spacer on top, rested above the sample sandwich and below the rod. A

slight preload pressure (≈0.3N) was applied using the threaded rod to minimize triboelectric

charge generation; higher preload forces were seen to reduce the piezoelectric response. Using

the apparatus, compressions of varying force (up to 10N) were applied along the Z-axis every

few seconds; the rate of compression was held constant at approximately 1.7mm/s. Force

and current measurements were recorded for 70 s using either a Keithley 2612 SourceMeter

or a Keithley 2614B SourceMeter; results were consistent between instruments. To ensure

accuracy, the system was tested on commercial ceramic samples of PZT-4 (Steiner & Martins

SM121) and barium titanate (Steiner & Martins SM511); the measured piezoelectric responses

of 316± 13 pC/N for PZT-4 and 134± 5 pC/N for barium titanate agree favorably with the

manufacturer’s specifications of 300 pC/N and 140 pC/N, respectively. A preload force of

10N was used when testing the ceramics.

The collected data are simply the applied force and measured current—both as a function

of time. To calculate the piezoelectric coefficient (d33), force versus charge was plotted for

each compression, and the slope of the linear best fit was calculated. A custom Python script

was used to compute charge by integrating the current peaks over time. The script identifies

force peaks and subtracts off any baseline force; it then looks for the corresponding current

peak and integrates it to calculate the corresponding charge during the period of increasing

applied force.

Compression testing was performed using an Anton Paar MCR 302 rheometer. Applied

force was increased from 0.2N to 12.0N over the course of 350 s. As no linear region was

observed for the sugar templated samples, the modulus was approximated by taking the

secant of the stress–strain curve for strains corresponding to 0.2N–10.0N of applied force.94

For the sodium chloride templated samples, the slope of the linear region of the stress–strain

curve was used. Masses were measured using a Denver Instrument SI-234 Summit Series

analytical balance.
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3.4 Results and Discussion

PDMS foams were produced from a sugar mold; doped with a solution of a polar, small

organic molecule in acetonitrile; and electrically poled. This new system has several key

advantages over our previously published polyurethane system: improved consistency and

increased tailorability.32 The use of a sugar template allows for much more consistent foams

to be produced; the foams have a more uniform pore size, density, and, thus, compressive

modulus. As the polyurethane system was limited to dopants that could be dissolved in

the polyol, the use of acetonitrile (or numerous other organic solvents) allows for a much

wider array of dopants and dopant concentrations to be used. While we find a somewhat

lower maximum piezoelectric response than in our previous report, this is likely due, in part,

to the switch from flexible copper tape electrodes to smooth, rigid PCBs; wrinkles in the

tape could amplify the response but lead to more inconsistent data. Additionally, in the

present work, dopants are only able to coat the voids in the PDMS whereas they were more

fully incorporated into the polyurethane. The PCBs, combined with smooth, consistent

compressions driven by a stepper motor, have allowed us to greatly reduce error and produce

smooth, tight charge–force curves from which to determine the piezoelectric response. Future

applications could use flexible electrodes to obtain higher electrical response.

Figure 3.1A illustrates a schematic diagram of the testing procedure. As the foam is

compressed by the stepper motor, the dipole concentration in the foam increases, causing

charge to build up on either side and current to flow. The resulting force and current is

measured simultaneously (Figure 3.1B); for each force peak, the corresponding current is

integrated to compute the resultant charge. Note that the peak current remains constant

with varying force since the rate of compression is intentionally held constant. Charge is

plotted as a function of force (Figure 3.1C); the slope of the linear fit is the piezoelectric

response, d33. The results presented here are calculated from applied forces of up to 4N, as

this was the most linear region of the charge–force curve; an analysis using applied forces of
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Figure 3.1: General overview of devices and measurements. (A) Schematic diagram showing an

applied force compressing the sample, increasing the dipole concentration, and leading to the buildup

of charge and subsequent flow of current. Photograph of a representative foam with dimensions

labeled (inset). (B) Simultaneous measurement of force and current over time. The green shading

represents the time over which the current is integrated to calculate charge. (C) Charge–force plot of

a 0.2m CNA doped sample poled at 800V/mm. Primary analysis uses forces up to 4N (green line).

up to 10N can be found in Appendix A.1. At higher forces (above 5N–6N), the resultant

charges increased sublinearly—likely due to the elastic properties of the foams. When higher

forces are included in the analysis, the piezoelectric response is smaller, but the same trends

are observed as discussed below (Figures A.2 and A.3). While other electrostatic effects

may also be present, the linear/sublinear charge-force curve demonstrates that the measured

response is primarily piezoelectric.

In Figure 3.2A, the piezoelectric response is plotted as a function of the concentration

of the added CNA dopant solution over a variety of poling fields while in Figure 3.2B, a

subset of the data is presented showing the piezoelectric response as a function of the poling

field. The response was tuned by varying the concentration of the added CNA dopant

solution and by varying the poling voltage; it should be noted that the solvent evaporates

early in the poling process leaving the dopant coating the foam’s pores. For lower poling

voltages (≤400V/mm), the piezoelectric response increased slightly (average piezoelectric

response increase of 20% per 0.1m increase in dopant solution concentration) with increased
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dopant solution concentration. For higher poling voltages (≥600V/mm), the piezoelectric

response peaked at a dopant solution concentration of 0.1m–0.2m before decreasing with

higher concentrations; on average, the piezoelectric response of these samples increased by

34% per 200V/mm increase in poling field. A maximum piezoelectric response of 153 pC/N

was observed for 0.1m CNA doped samples poled at 800V/mm. The observed piezoelectric

response increases with increased poling field as the molecular dipole moments become more

aligned (Figure 3.2B). We were not able to test poling fields above 800V/mm due to power

supply limitations, but the piezoelectric response will increase until dielectric breakdown is

reached or full polar alignment is achieved. The dielectric strength of PDMS is 19 kV/mm,

but we expect the dielectric strength of our foams to be lower due to air present in the voids. 95

The piezoelectric response does not always increase with increased dopant concentration,

possibly due to interactions between the dopant and the PDMS matrix to which it adheres.

PDMS is known to have an innate electrical response, although the mechanism behind it has

been debated.96–98

As shown in Figure 3.3, the piezoelectric response varies as a function of dopant molecule

dipole moment; the structures, names, and dipole moments of the dopants used are also

given. The bulk piezoelectric response does not correlate directly with the dipole moment,

but seems to initially increase before plateauing for dopants with dipoles above 4D; on

average, the piezoelectric response for dopants with dipole moments above 4D is 12% higher

than those with smaller dipole moments and 75% higher than undoped foams. These data

additionally demonstrate that the response cannot be attributed to the presence of piezoelectric

crystals, since benzoic acid, 3-aminobenzoic acid, acetanilide, and 4′-nitroacetanilide form

centrosymmetric crystals whereas the other dopants used do not; 99–103 no trend is seen

between the two categories of crystals. While we expected piezoelectric response to increase

linearly with increased dopant dipole moment, interactions between the dopant and the

PDMS matrix likely increasingly hinder full alignment of larger dipoles.
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Figure 3.2: Effect of dopant concentration and poling field on piezoelectric response. (A) The

piezoelectric response as a function of added CNA dopant solution concentration over an array

of poling fields. (B) The 0.1m CNA dopant solution subset showing the piezoelectric response

increasing as a function of poling field. Error bars represent standard error across at least four

samples.
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Figure 3.3: Effect of dopant on piezoelectric response. (A–I) Piezoelectric response as a function

of dopant dipole moment for samples poled at 600V/mm after being doped with a 0.1m solution.

Dipole moments are experimental values in dioxane taken from the literature. 104–107 X-axis error

bars are 5%; Y-axis error bars represent standard error across at least four samples.
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Figure 3.4: Effect of modulus on piezoelectric response. Piezoelectric response as a function of

compressive modulus for sodium chloride templated foams doped with 0.1m CNA and poled at

800V/mm. Foams were cured at room temperature, 100 ◦C, and 200 ◦C (as labeled). Error bars

represent standard error; modulus was measured for a subset of four samples in each set.

The compressive modulus of the PDMS foams is 9.24± 0.14 kPa; the secant of the stress-

strain curves (for strains corresponding to applied forces up to 10N) was used as no linear

region was observed (Figure A.1). As a result, the modulus for lesser forces is lower than

the reported value. In order to evaluate the effect of modulus on piezoelectric response, the

modulus of the foam needed to be varied without altering its structure. To accomplish this,

the PDMS was cured at several temperatures (room temperature, 100 ◦C, and 200 ◦C);108 a

switch to a sodium chloride mold was necessary to accommodate the needed temperature

range. These data are not directly comparable to the rest of this work as the foam structure is

different; as these foams exhibit a linear stress–strain curve, the modulus can be determined

by the slope of the linear region (Figure A.5). Figure 3.4 displays the piezoelectric response

as a function of modulus. Increasing the foam modulus lead to a decrease in the resultant

piezoelectric response, as expected (see Equation 2 and our previous work 32).
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Figure 3.5: Voltage drop over various resistances and the resulting generated power density for a

0.1m CNA doped sample poled at 800V/mm. Note the log scales.

Several additional properties of the PDMS foams were studied. In Figure 3.5, the voltage

drop and resulting generated power density are plotted as a function of resistance. The

voltage and power density increase logarithmically until a peak voltage of 85mV and power

density of 0.23 µW/m2—both corresponding to a resistance of 100MΩ. The stability of the

piezoelectric response is poor as it decayed back to baseline after just two days (Figure

A.6); repoling samples boosted their piezoelectric response back to near initial levels. The

piezoelectric response appears to decay in a double exponential fashion, but the decay kinetics

are beyond the scope of this study. The decay in piezoelectric response is likely due to thermal

randomizations as repoling restores the electrical response while mechanical properties remain

constant; this decay is expected because the PDMS matrix has been fully cured prior to

poling and the dopant is only dispersively adhered to the matrix surface—there is nothing to

lock the dipoles in place. A key challenge for future work is to improve the stability of the

piezoelectric response and to incorporate higher concentrations of dopant molecules into the

polymer matrix itself—instead of just coating the foam voids.
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3.5 Conclusions

We have demonstrated that the piezoelectric response of our PDMS foam PEH can be

successfully tuned through changes to both its relative permittivity and its compressive

modulus. By changing the poling field, the dopant (and its dipole moment), or the dopant

concentration, we are able to vary the electrical properties of our PEH and optimize its

piezoelectric response. We are similarly able to optimize the piezoelectric response by changing

the mechanical properties through variations in the foam’s compressive modulus. While

the ideal dopant concentration varied by poling field, increasing the poling field generally

produced the largest piezoelectric response. Our maximum measured piezoelectric response,

a remarkable 153 pC/N, was from a foam doped with 0.1m CNA and poled under an electric

field of 800V/mm. Mechanically, softer foams produced the highest piezoelectric response.

Combined with our previous work with polyurethane foams, we have presented a highly

tunable system that is general to a wide range of polymer matrices and polar dopants. Going

forward, we aim to further improve the piezoelectric response of our materials and their

stability by incorporating polar molecules directly into the polymer matrix through covalent

attachment.
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4.0 Intrinsically Polar Piezoelectric

Self-Assembled Oligopeptide Monolayers

This chapter is adapted from:

Petroff, C. A.; Cassone, G.; Šponer, J.; Hutchison, G. R. Intrinsically Polar

Piezoelectric Self-Assembled Oligopeptide Monolayers. ChemRxiv:13151069.v1

2021. DOI: 10.26434/chemrxiv.13151069.v1

which is also published as:

Petroff, C. A.; Cassone, G.; Šponer, J.; Hutchison, G. R. Intrinsically Polar

Piezoelectric Self-Assembled Oligopeptide Monolayers. Adv. Mater. 2021,

2007486. DOI: 10.1002/adma.202007486.

It is a collaborative effort in which I designed the testing system, carried out the experiments

and data analysis, generated a majority of the figures, and wrote the bulk of the manuscript;

G.C. and J.Š. designed the ab initio molecular dynamics simulations; G.C. executed the ab

initio molecular dynamics simulations; and G.R.H. conceived and directed the project.

4.1 Summary

Flexible, bio-compatible piezoelectric materials are of considerable research interest for a

variety of applications, but many suffer from low response or high cost to manufacture. Herein,

novel piezoelectric force and touch sensors based on self-assembled monolayers of oligopeptides

are presented which produce large piezoelectric voltage response and are easily manufactured

without the need for electrical poling. While the devices generate modest piezoelectric charge
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constants (d33) of up to 9.8 pC/N, they exhibit immense piezoelectric voltage constants (g33)

up to 2Vm/N. Furthermore, a flexible device prototype is demonstrated that produces

open-circuit voltages of nearly 6V under gentle bending motion. Improvements in peptide

selection and device construction promise to further improve the already outstanding voltage

response and open the door to numerous practical applications.

4.2 Introduction

Piezoelectric materials find use in a wide range of applications from touch and vibration

sensors58 to energy harvesters113 to micromechanical actuators.114 These devices rely on

the piezoelectric effect to interconvert mechanical stress and electrical charge. In the direct

piezoelectric effect, an applied force produces a resultant charge, whereas, in the converse

effect, an applied voltage causes a mechanical deformation. Most existing piezoelectric

materials are hard, brittle, lead-containing ceramics such as lead zirconium titanate (PZT). 115

As such, these materials have limited ranges of motion, are liable to crack, and are not

bio-compatible. While there is a large research focus on developing flexible, bio-compatible

piezoelectric materials,38 much of this work has involved placing traditional piezoelectrics

on or into flexible substrates, often sacrificing electrical performance for added flexibility

and ease of manufacturing (i.e., d-values <200 pC/N instead of 500 pC/N–600 pC/N for

PZT).51,113,116 In addition to well known piezoelectric polymers such as semi-crystalline

poly(vinylidene fluoride) (PVDF), researchers have begun to develop fundamentally new

piezoelectric materials such as helicenes, amino acids, viruses, and peptides. 37,38,50,89,117,118

While the most commonly reported piezoelectric constant is the piezoelectric charge

constant, d, the piezoelectric voltage constant, g, is perhaps more meaningful for sensing

applications, since large voltages can be easily and accurately detected. 30,37,58,59,119 Despite

its importance, there are few examples of the voltage constant reported in the literature,

53



making device comparisons difficult (see Guerin et al. 30 and Chen et al.120 as examples).

When both polarization and stress are along the Z-axis, the subscript 33 is used (i.e.,

d33 and g33). The piezoelectric charge and voltage constants are related by the relative

permittivity such that g33 =
d33
εrε0

, where εr is the relative permittivity of the material and ε0

is the vacuum permittivity.25 As such, low dielectric constant organics have the potential

to produce high-response piezoelectric sensors.30 The piezoelectric voltage constant is often

calculated from the piezoelectric charge constant, or it can be measured directly from applied

stress and resulting electric field. Direct measurements—while lacking in the literature—are

perhaps more meaningful for low-frequency sensing applications such as from human touch, as

conversions are often calculated using the relative permittivity for a higher frequency, which

may or may not translate to real-world use at lower frequencies. The relative permittivity of

many piezoelectric polymer composites is shown to increase at lower frequencies, 121–123 which

would lead to a decreased piezoelectric voltage constant at those frequencies.

Piezoelectricity occurs naturally in the body and plays an important role in processes

such as bone growth.38 This phenomenon has allowed for the production of piezoelectric

nanogenerators made from tissue harvested from both plants 124,125 and animals.126,127 While it

has been demonstrated that amino acids and peptides are piezo-active, 38 significant challenges

exist in applying them to usable devices, including aligning the materials or crystals to produce

a bulk piezoelectric response by means of an external high-voltage electric field. 38

4.3 Promise of Piezoelectric Self-Assembled Monolayers

We find self-assembled monolayers (SAMs) to be a promising approach to bulk alignment of

piezoelectric molecules82,128 and thus present piezoelectric SAM (PSAM) devices based on

self-assembled oligopeptide monolayers. SAMs have been widely studied, and thiol-containing
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molecules are known to form uniform, stable monolayers on gold substrates. 129 Self-assembled

piezoelectric devices present significant advantages over more traditional approaches as they

are intrinsically polar and can be easily produced through solution processing.

SAMs of thiol-containing oligopeptides, ranging in length from seven to thirteen amino

acids were formed from solution on the gold-coated surface of printed circuit boards (PCBs).

The peptide sequences, shown in Figure 4.1(A), consist of cysteine (C) and six, nine, or

twelve alanines (A); both carboxylate-terminated and amide-terminated forms were studied

for most sequences. These sequences were chosen as they are short, helical, thiol-containing

oligopeptides that are similar except for their varying lengths and end groups. As illustrated

in Figure 4.1(B), assemblies of a peptide functionalized PCB facing a polyurethane (PU)

coated PCB (with optional 1-dodecanethiol (DDT) coating) were tested in a quasi-static

manner using an automated system. Piezoelectric constants were subsequently calculated

from these data. Moreover, state-of-the-art ab initio molecular dynamics (AIMD) simulations

were carried out in order to help interpret, on a microscopic basis, some of the experimental

results.

4.4 Piezoelectric Charge Constant

The peptides used are helical and should act as “molecular springs” 128,130,131 when compressed,

leading to much greater length changes than similar linear molecules such as the DDT used

as a control. As the length of each peptide changes, so too does its dipole; therefore, when

a force is applied to compress these “springs,” charge builds up on the surface, leading

to a measurable piezoelectric response.128,130,131 The piezoelectric charge constant (d33) is

calculated by integrating the measured current and plotting the resultant charge versus the

applied force (Figure B.1); since there is no convention for defining the positive Z-axis in our

self-assembled, non-crystalline materials, we used the absolute value of charge. Figure 4.2(A)
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Figure 4.1: Generalized scheme outlining PSAM devices studied. (A) Chemical structures of peptides

used. (B) 3D structure of α-helical peptide CA12 (top). Schematic diagram showing an applied force

compressing a PSAM device, changing the dipole moment, and leading to the buildup of charge and

subsequent flow of current (bottom).

and (B) presents a summary of d33 values obtained for our PSAM devices. Computed d33

values for peptide assemblies are consistently higher than those of the alkanethiol controls

(Figure B.3). A small piezoelectric response is expected for DDT because SAMs contain an

interface and are, therefore, inherently piezoelectric. 132 A maximum value of (9.8± 1.5) pC/N

is obtained for the assembly consisting of amide-terminated CA6 functionalized PCBs opposing

PU coated DDT functionalized PCBs (CA6-NH2/DDT-PU). On average, peak current values

of 80 pA–100 pA were observed at the maximum applied force of ∼6N. On average, the

PSAM device assemblies had a resistance of (56.9± 1.8)MΩ and a capacitance (measured

at ∼0.7MHz) of (428± 14) pF; the only observed trend is that, generally, the capacitance

slightly increased with increased chain length.

We experimentally examined several variations of our PSAM devices and used analysis of

variance (ANOVA) to look and see how and if these changes affect the piezoelectric response in

a statistically significant fashion (see Tables B.1–B.12). Firstly, we varied the PCB opposing
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Figure 4.2: Piezoelectric charge constant response. (A) Representative short-circuit current measure-

ment for one compression of a PSAM device. (B) The piezoelectric charge constants (d33) of PSAM

devices containing PU coated DDT PCBs are greater than those containing PU coated unfunctional-

ized PCBs. Amide-terminated peptides present higher responses than carboxylate-terminated ones.

Peptide responses are greater than those of DDT controls (dashed line; see Figure B.3).
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the peptide PCB in the device. These PCBs were coated in PU, and we looked at both

unfunctionalized and DDT functionalized versions. With nearly double the response, peptides

tested against PCBs where the PU layer coats a DDT monolayer (average d33 of 7.9 pC/N)

produced statistically higher responses than peptides tested against PCBs where the PU layer

coats bare gold (average d33 of 4.1 pC/N). While this difference in piezoelectric response is

somewhat unexpected, we theorize the DDT may affect the organization and properties of

the PU layer, thereby altering the piezoelectric responses of the devices.

Next, we analyzed the difference in piezoelectric response between carboxylate-terminated

and amide-terminated peptides. The amide-terminated peptides appear to produce (P-value

<0.05) statistically greater piezoelectric responses than carboxylate-terminated peptides do;

this is counter intuitive at first, as the amide-terminated form should have a smaller dipole

moment, but the amide-termination may also affect the tilt angle of the SAM or the stability

and rigidity of the α-helix. If the amide causes the SAM to stand more perpendicular to the

surface, this can counteract the effect of a smaller dipole by increasing the effective dipole in

the Z-direction. Additionally, if the α-helices of the amide-terminated peptides are less rigid,

they will deform more easily under compression, leading to a greater change in dipole and,

therefore, greater piezoelectric response.

Finally, we looked at varying the peptide sequence to alter its length; we tested CA6,

A6C, CA9, and CA12 sequences. Somewhat surprisingly, the length of the peptide did not

statistically alter the measured response despite the length-dictated dipole differences. Several

explanations exist for the analogous values: they are similar because the longer peptides

may not stand as straight on the surface, leading to a lower response in the Z-direction; the

SAMs of the longer peptides may pack less densely, leading to lower response per unit area;

and/or the responses are dominated by the hydrogen bonding of the α-helices of the peptide

backbone, which may be invariant of the peptide length. Indeed, previous computational work

in our group on similar peptides showed no clear length effect on piezoelectric response. 133
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We turned to AIMD simulations to help explain our experimental results. We examined

the carboxylate-terminated CA6 sequence and the corresponding amide-terminated CA6-NH2

sequence. The modeling shows that the piezoelectric responses of our peptides are largely

dependent on the strength of the hydrogen bonds in the α-helices of the peptide backbones.

The backbone of the carboxylate-terminated peptides was found to be more stable and rigid

than its amide-terminated counterpart. Furthermore, higher applied electric fields were

needed before the carboxylate-terminated peptide deformed. These data agree favorably

with our experimental results, which show that the amide-terminated peptides produce

higher response than the carboxylate-terminated peptides and suggest that the length of the

peptide plays a relatively minor role in the overall piezoelectric response. For a more detailed,

quantitative discussion of the AIMD results, see the Supplementary Note (Appendix B.3)

and Figures B.8–B.11.

4.5 Piezoelectric Voltage Constant

Our PSAM devices show great potential as piezoelectric sensors as demonstrated by their

high piezoelectric voltage constants (g33). These voltage constants are calculated by plotting

induced electric field (measured voltage divided by sample thickness) against external stress

(applied force divided by sample area) and determining the linear fit (Figure B.2). As shown

in Figure 4.3(A) and (B), g33 values up to (750± 150)mVm/N were obtained; for comparison,

this is an order of magnitude greater than the g33 value of <40mVm/N for PZT134,135 and is

also greater than the predicted g33 value of ∼480mVm/N for a racemic alanine crystal.37 As

expected, the measured g33 values are greater than those obtained for alkanethiol controls

(Figure B.4). While the oft reported peak voltage produced by piezoelectric devices is

important for showing their potential practical use, the voltage value is affected by many

factors including the device area and thickness as well as the force applied, making it difficult
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Figure 4.3: Piezoelectric voltage constant response. (A) Representative open-circuit voltage mea-

surement for one compression of a PSAM device. Note that the baseline has been corrected. (B)

The piezoelectric voltage constants (g33) of PSAM devices. Peptide responses are greater than those

of DDT controls (dashed line; see Figure B.4). Error bars represent standard error across multiple

samples.

to compare devices reported in the literature. For example, we saw, on average, a peak

voltage of ∼0.2V at the maximum applied force of 6N, but if we had only applied 3N of force,

the maximum voltage would have been merely ∼0.1V. In contrast, the piezoelectric voltage

constant (g)—the voltage analog of the ubiquitous piezoelectric charge constant (d)—allows

for meaningful comparisons of sensing potential but is, unfortunately, largely absent from the

literature.

While we initially planned to examine the voltage response of our PSAM devices analo-

gously to our approach for the charge response, the results are more varied and less conclusive.

Although the same trends—greater DDT-PU response, greater amide-termination response,

and no length effect—are present, they are not statistically significant. To help explain this

incongruity, we examined the difference in response between individual PU and DDT-PU

PCBs. While the different PCBs within each category were statistically similar for values
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of the piezoelectric charge constant, the piezoelectric voltage constant values obtained for

individual DDT-PU PCBs were statistically different. This lack of uniformity is likely because

capacitive and leakage effects hold a greater role in the voltage measurements and quite

possibly vary PCB to PCB due to defects in the dielectric layer.

The induced electric field plays a critical role in the magnitude of the piezoelectric voltage

constant; it is dependent on both the measured voltage and the device thickness. For our

PSAM devices, we calculated the induced electric field based on the distance between the

electrodes; this distance is almost entirely dictated by the thickness of our PU dielectric layer,

whereas the absolute voltage should be largely independent of thickness. Accordingly, we

looked to increase our induced electric field and piezoelectric voltage constant by decreasing

the PU thickness. We accomplished this by diluting our uncured PU with petroleum ether

before spin-coating and drying. When we tested our peptides against these thinner dielectric

layers, we observed a much greater piezoelectric voltage response (Figure 4.4(A) and (B));

unexpectedly, we also saw an increase in the piezoelectric charge response. It is unknown

how the petroleum ether used to reduce the PU thickness affected the spin coating, drying,

and final properties of the PU dielectric layer; the PCBs with the thinner PU coating were

less consistent, as we observed statistical differences between the individual PCBs in both

the piezoelectric charge and voltage constants. We suspect that changes to the PU dielectric

layer resulted in the statistically greater piezoelectric charge constant (d33) values for PSAM

devices containing these thinner PU PCBs; the charge constant should be largely independent

of the thickness of the dielectric layer. Nonetheless, the g33 values obtained for thin PU

PSAM devices are considerably greater than the change in d33 values alone can account for.

Since the thin PU layer is nearly half the thickness of the normal PU layer, we expect the

resultant PSAM devices (including DDT controls) to have almost twice the voltage response.

Indeed, the g33 values of up to (2000± 600)mVm/N observed for the thin PU PSAM devices

agree, within error, to those expected from the combination of the d33 increase and the PU

thickness decrease; on average, the g33 values for the PSAM devices containing PCBs with
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Figure 4.4: Thickness effect on piezoelectric response. (A) The piezoelectric charge constants (d33)

of PSAM devices using normal thickness PU (40 µm) compared with those using thinner PU (23 µm).

(B) The piezoelectric voltage constants (g33) of PSAM devices using normal thickness PU compared

with those using thinner PU. The dashed lines show the piezoelectric response of DDT controls (see

Figure B.3 and B.4) where navy corresponds to the normal thickness and gold corresponds to the

thinner thickness.

the thinner PU coating were (220± 40)% greater than those with the normal thickness PU,

whereas the expected increase based on the combination of d33 increase (60± 30)% and

thickness decrease (74± 2)% is (180± 60)%. We suspect that the PU dielectric layer is

key to the devices’ large voltage responses as it allows for the large voltages to be produced

without shorting across the SAM. The maximum g33 value of 2Vm/N is quite remarkable

and, to the best of our knowledge, is the highest experimental value reported to date in the

literature.
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4.6 Device Stability

The long-term stability of piezoelectric devices is of importance to their practical adoption; as

such, we measured the stability of the piezoelectric response of our devices in multiple ways.

Our PSAM devices show remarkable stability and retain their initial piezoelectric response

for at least three months when stored away from light in a vacuum desiccator (Figure B.5);

this is in line with the expected stability of SAMs under these storage conditions. While the

long-term storage stability is adequate, the response of our normal PSAM devices decays over

a matter of hours when exposed to ambient conditions. In order to solve this problem, we

produced sealed PSAM devices where we placed the two PCBs together before the PU dried.

The active layer of these sealed PSAM devices is protected from the atmosphere. When we

tested these devices, we found that, while the charge response was much lower, the voltage

response was similar to that of our normal PSAM devices due to the thinner PU layer (Figure

B.6). On the stability front, the response actually increased over several weeks of testing

(Figure B.7). Some of the observed increase in response is due to the slight decrease in preload

force over time due to the nature of our testing setup; the rest of the increase might be due

to organizing effects in the monolayer over time. These results show that, with improved

manufacturing methods, our PSAM devices have real potential in practical applications.

4.7 Flexible Device Prototype

To further demonstrate the potential practical application of our PSAM devices, we con-

structed a sealed device made using flexible, gold-coated substrates. When tested using

our normal method, we measured a d33 value of (3.68± 0.08) pC/N and a g33 value of

(35± 4)mVm/N (the PU layer is an order of magnitude thicker, but its thickness and
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Figure 4.5: Flexible sealed PSAM device (CA12-NH2/DDT-PU) fabricated on gold-coated plastic

substrates. (A) Image of device being tested. (B) Current response of flexible device. (C) Voltage

response of flexible device. Current and voltage responses were measured due to (i) light finger taps

while mounted, (ii) firm finger presses while mounted, and (iii) bending while held between three

fingers. The device produced nearly 4 nA of short-circuit current and 6V of open-circuit voltage

when subject to gentle bending motion.

uniformity are somewhat uncertain). In addition, we examined our flexible device under

more practical conditions by measuring its current and voltage in response to finger taps,

presses, and bends (Figure 4.5). The finger taps and presses led to maximum currents of

approximately 2 nA and voltages of approximately 4V, whereas the bends produced almost

4 nA and 6V. These values are much greater than those obtained when the device is tested

normally (0.006 nA/0.06V) and are likely due to the more localized nature of the force. The

measured voltage response is much greater than that of most flexible devices reported in

the literature while simultaneously being considerably easier to manufacture, making it a

formidable candidate for potential practical applications.
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4.8 Conclusions and Outlook

We present an innovative new method of producing thin, flexible, non-crystalline organic

piezoelectric devices based on SAMs that show great potential for practical applications. The

devices are simple, easy to manufacture due to their self-assembled nature that negates the

need for electrical poling, and produce large voltage responses important for potential sensing

applications. Furthermore, their peptide nature makes them fully biocompatible and easily

modifiable. Future work in tuning the sequence and functionalization of the amino acids as

well as use of better dielectrics and more precise manufacturing methods holds the potential

for large increases to the already outstanding voltage response of our PSAM devices.

4.9 Experimental Section

4.9.1 Materials

Peptides CA6 and A6C were obtained from Sigma-Genosys. All other peptides were obtained

from AnaSpec. Ethanol (200 proof) was obtained from Decon Labs. Acetonitrile (≥99.9%)

and 1-dodecanethiol (≥98%) were obtained from Sigma-Aldrich. Petroleum ether (certified

ACS) was obtained from Fisher Scientific. Liquid conformal polyurethane coating was obtained

from MG Chemicals (Urethane Conformal Coating; Cat. No. 4223-55ML). Spray conformal

polyurethane coating was obtained from Techspray (Fine-L-Kote UR Conformal Coating;

Cat. No. 2104-12S). All chemicals were used as received. Ultrapure water (18.2MΩcm) was

generated using a Millipore Synergy system.
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4.9.2 Device Preparation

Self-assembled monolayers (SAMs) were formed on the outer gold surface of 5 cm× 5 cm cus-

tom designed and manufactured printed circuit boards (PCBs) (Where Labs/DirtyPCBs.com)

with 3.5 cm× 3.5 cm electroless nickel immersion gold (ENIG) finished copper pads. The

PCBs were first cleaned by ultrasonicating them in ethanol for at least 30min; rinsing sequen-

tially with ethanol, water, and ethanol; and then drying them under a stream of nitrogen gas.

Monolayers were formed by submerging the PCBs in a 0.5mm–1mm solution of the desired

chemical or peptide for 48 h under ambient conditions to ensure uniformity. Solutions were

prepared with either ethanol, water, acetonitrile, or a combination of the solvents depending

on solubility; the solvent should not influence the resulting SAM and is not present in the

final device.129 After SAM formation, PCBs were removed from solution and washed using

the same procedure as above before being wrapped in aluminum foil and stored in a vacuum

desiccator. Topography images taken with an atomic force microscope (AFM) (Asylum

Research MFP-3D, AC mode, AC240TS-R3 cantilever) show SAM uniformity (Figure B.12).

Wires were soldered onto the PCBs for testing.

In order to obtain consistent, reproducible contact between the PCBs, a commercial

conformal polyurethane (PU) coating was applied to the surface of some PCBs using a spin

coater (Chemat Technology Spin Coater KW-4A, 1mL PU, 1000 rpm for 6 s increasing to

6000 rpm for 10 s). A thinner PU coating was obtained by mixing the PU with petroleum

ether (50/50 v/v) before spin coating. The thickness of the PU coating was measured using

calipers (0.040± 0.004 mm normal coating; 0.023± 0.003 mm thinner coating).

Sealed piezoelectric self-assembled monolayer (PSAM) devices were prepared by spraying

one PCB with an aerosol can of commercial conformal PU, placing the other PCB and a

1 kg weight on top, and allowing the PU to dry. The PU thickness is ∼0.01mm. A flexible

sealed PSAM device was prepared by depositing a 10 nm titanium adhesion layer followed by

a 100 nm gold layer on flexible Nunc Thermanox Plastic Coverslips (Thermo Scientific) using
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an electron beam evaporation system (Plassys Electron Beam Evaporator MEB550S); the

flexible sealed PSAM device was then prepared similarly to the PCB sealed PSAM devices

except that liquid PU was drop cast to form the dielectric layer (∼0.42mm thickness). The

flexible sealed PSAM device has an active area of 2.5 cm× 2.5 cm.

4.9.3 Device Testing and Characterization

Samples were removed from the desiccator at least 1 h prior to testing, as inconsistent results

were obtained when testing was performed sooner. PSAM devices consisting of one PU

coated PCB facing one uncoated, SAM functionalized PCB were tested in a quasi-static

manner before the piezoelectric response was calculated. Similar to our previous work, 65

the PSAM device was positioned in a testing apparatus where force was applied using a

stepper motor controlled threaded rod. A force sensor (Tekscan FlexiForce A201), with a

poly(dimethylsiloxane) spacer on top, rested between the rod and the device under test. In

order to reduce triboelectric charge generation, a preload force of ∼1N was applied using

the threaded rod before compressions of varying force (up to ∼6N) were applied along the

Z-axis at a rate of approximately 0.17mm/s. Force and short-circuit current or open-circuit

voltage measurements were recorded for 70 s and 90 s, respectively, using a Keithley 2614B

SourceMeter. Each recorded measurement is the average of the values computed from three

sequential, undisturbed test sequences, and each sample was tested at least five times with the

PCBs of the PSAM device separated between measurements; sealed PSAM devices were not

separated, but the preload force was removed and reapplied. As reported in our previous work,

the system was tested on commercial ceramic piezoelectric materials to ensure accuracy. 65

The collected data are simply the applied force and measured current or voltage—both as

a function of time. To calculate the piezoelectric charge constant (d33), force versus charge

was plotted for each compression and the slope of the linear best fit was calculated using a

robust linear regression (Figure B.1). A custom Python script was used to compute charge
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by integrating the current peaks over time;65 we modified our previous script to optimize the

peak finding sensitivity and to use a robust linear regression. The script identifies force peaks

and subtracts off any baseline force; it then looks for the corresponding current peak and

integrates it to calculate the resultant charge during the period of increasing applied force.

The piezoelectric voltage constant (g33) was calculated in a similar manner except that, after

the force and voltage peaks were identified, voltage was converted to induced electric field

by dividing by sample thickness and force was converted to external stress by dividing by

electrode area (see Figure B.2 and minimum working example Python script in Appendix B.5).

Resistance was measured using a Keithley 2614B SourceMeter. Capacitance was measured

using a Zhengzhou Minghe Electronic Technology LC100-A inductance capacitance meter.

4.9.4 Ab Initio Molecular Dynamics Simulations

We used the software package CP2K,136,137 based on the Born–Oppenheimer approach, to

perform ab initio molecular dynamics (AIMD) simulations of samples containing carboxylate-

terminated peptide CA6 or amide-terminated peptide CA6-NH2 solvated in liquid water;

both were under the action of static and homogeneous electric fields applied along a given

direction (corresponding to the Z-axis). The implementation of an external field in numerical

codes based on Density Functional Theory (DFT) can be achieved by exploiting the Modern

Theory of Polarization and Berry’s phases138–140 (see, e.g., Ref.141). The CA6-containing

numerical sample was composed of one CA6 peptide solvated by 253 H2O molecules (i.e., 833

atoms) arranged in a cubic cell with edge equal to 20.4 Å, so as to reproduce the liquid water

experimental density of 1.00 g cm−3 at room temperature. Similarly, the CA6-NH2-containing

numerical sample was composed of one CA6-NH2 peptide solvated by 253 H2O molecules

(i.e., 835 atoms) arranged in a cubic cell with edge equal to 20.4 Å. As usual, in order to

minimize nonphysical surface effects, all structures were replicated in space by employing

periodic boundary conditions. The intensity of the electric field was gradually increased with
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a step increment of 0.5 V nm−1 from zero up to a maximum of 1.0 V nm−1. In the zero-field

cases, we performed dynamics of 50 ps for each investigated sample whereas, for each other

value of the field intensity, we ran dynamics of 20 ps, thus accumulating a global simulation

time equal to 180 ps where a time-step of 0.5 fs was chosen. Additional tests employing

different atomistic configurations of the initial structures and/or assigning diverse initial

atomic velocities were executed in order to exclude biases stemming from specific initial

molecular arrangements.

Wavefunctions of the atomic species were expanded in the triple-zeta valence plus po-

larization (TZVP) basis set with Goedecker-Teter-Hutter pseudopotentials using the GPW

method.142 A plane-wave cutoff of 400 Ry was imposed. Exchange and correlation (XC)

effects were treated with the Becke-Lee-Yang-Parr (BLYP)143 density functional. Moreover,

in order to take into account dispersion interactions, we employed the dispersion-corrected

version of BLYP (i.e., BLYP-D3).144,145 The adoption of the BLYP-D3 functional has been

dictated by the widespread evidence that such a functional, when dispersion corrections are

taken into account, offers one of the best adherences with the experimental results related to

water among the standard GGA functionals.146,147 It is well-known that neglecting dispersion

corrections leads to a severely over-structured liquid (see, e.g., Ref.148 and references therein).

In order to counteract the overstructuring of intermolecular interactions typically induced by

GGA XC functionals, all simulations were executed at a temperature of 350 K. The dynamics

of nuclei were simulated classically within a constant number, volume, and temperature

(NVT) ensemble using the Verlet algorithm whereas the canonical sampling was executed

by employing a canonical-sampling-through-velocity-rescaling thermostat 149 set with a time

constant equal to 10 fs.
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5.0 Oligopeptide-Based Piezoelectric Materials:

Understanding Electromechanical Coupling in Molecules

This chapter is adapted from a manuscript in preparation for submission to the Journal of

Physical Chemistry C as an invited perspective; it is a work in progress. It is a collaborative

effort with Caroline M. Chun, Giuseppe Cassone, Nathaniel C. Miller, and Geoffrey R.

Hutchison in which I carried out the device scale piezoelectric measurements and wrote large

portions of the manuscript; C.M.C. carried out the piezo force microscopy based piezoelectric

measurements, designed and executed the DFT calculations, and wrote part of the manuscript;

G.C. designed and executed the ab initio molecular dynamics simulations; N.C.M. wrote

the original text on which parts of the manuscript are based; and G.R.H. wrote part of the

manuscript and conceived and directed the project.

5.1 Introduction

The piezoelectric effect, which linearly interconverts electrostatic response and mechanical

distortion, is comprised of the direct effect in which mechanical stress generates an electric

charge and the converse effect in which an applied electric field produces a mechanical

distortion (Figure 5.1). Traditional inorganic, crystalline piezoelectrics see a wide range

of uses from ultrasounds to microactuators to barbeque lighters. While the mechanism

behind the piezoelectric effect is well understood in inorganic crystals, much uncertainty

remains in the realm of biopiezoelectrics. Since the piezoelectric effect was first confirmed in
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Figure 5.1: Schematic of the piezoelectric effect from left to right: the direct piezoelectric effect,

steady state, and converse piezoelectric effect. The arrows represent individual dipoles.

biological tissues more than half a century ago, 153 piezoelectric activity measured in bones,153

muscles,154 and other biological materials155 has led to questions as to the molecular origins

of piezoelectric response.

Fundamentally, piezoelectric response requires a polar material undergoing stress, typically

a mechanical distortion or electrical potential. Traditional examples of piezoelectric materials

include lead zirconate titanate (PZT), quartz, and various polymers such as polyvinylidene

difluoride (PVDF) while more recent, unusual discoveries range from viruses 50 to onion

skins125 to fish bladders156 and shrimp shells.127 Although intriguing, devices made from

bulk natural materials do not significantly aid in growing a fundamental understanding of the

piezoelectric mechanism in biomaterials. In recent years, the breadth of piezoelectric materials

and devices has grown significantly from the traditional scope of ceramics and semicrystalline

polymer films to include various composites, natural biomaterials, and molecularly engineered

devices, including 2D- and bio-materials. Much of this research has focused on developing

better flexible devices with the hope of matching or exceeding the piezoelectric response

of traditional ceramics without the innate physical shortcomings of these hard, brittle

materials. Composite approaches often involve embedding ceramic particles in flexible

materials while maintaining polar alignment and force transmission; these devices rely of

repackaging traditional piezoelectric materials. Devices made from natural biomaterials rely

on a trial-and-error approach and are sometimes as simple as applying electrodes to a plant
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or animal sample. Reducing materials down to a two-dimensional layer, introduces polar

order to many materials where it is not present in the bulk state (e.g., MoS2); additionally,

the single atomic layer leaves molecules accessible to further surface modification and the

potential to engineer greater piezoelectric response. 157 Many amino acids, one of the basic

building blocks of life, form single crystalline piezoelectrics; more complex materials can be

bioengineered from this toolkit including polypeptides, nanotubes, proteins, and nearly all

other piezoactive biomaterials.38

We believe that engineering self-assembled monolayers (SAMs) holds great potential

in developing practical, biocompatible piezoelectric sensors and further elucidating the

mechanism behind biopiezoelectricity. In a monolayer, the attachment of the molecule to

a surface inherently breaks symmetry and generates a polar environment leading to an

intrinsically piezoelectric material.117 Since many molecules are also polar, a SAM represents

a new environment to understand the structure–function relationships underlying piezoelectric

response of molecules, find new electromechanical materials with high response, and develop

new categories of piezoelectric devices.

A key challenge remains for developing accurate and reproducible methods to reliably

determine the piezoelectric response of a given molecular material. At present, three general

measurement categories exist: device-scale electromechanical characterization, nanoscale

scanning-probe characterization, and computational prediction using electronic structure

methods. Each method has its own sources of error, so comparing methods is important in

determining the true piezoelectric response needed for fundamental understanding of the

mechanism. As mentioned above, a wide range of biological materials that exhibit piezoelectric

response are under current study. Key to further elucidating the mechanism behind the

piezoelectric effect in biological materials is identifying a uniform, tailorable scaffold that

can be precisely engineered and quantified to determine the effect of tweaks down to the

molecular level. In this perspective we will focus on the applications of each characterization

method as applied to well-defined oligopeptide monolayers.
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5.2 Background

Several key figures of merit arise for piezoelectric response, primarily the piezoelectric charge

constant (dij) and voltage constant (gij) . Here i is the direction of the applied stressor and

j is the direction of the resulting response. Subscript values of 1, 2, and 3 represent the X,

Y , and Z axes, respectively while 4, 5, and 6 represent shear about those axes. For example,

when both the stress and developed strain are along the Z-axis, the piezoelectric charge

coefficient is denoted as d33 while applied stress along the X-axis leading to developed shear

strain along the Y -axis is denoted as d15.

In piezoelectric materials, the stress is related to the electric field by a third order tensor;

the elastic state of the material is defined by the second order tensors of stress and strain while

the electrical state is defined by the vector quantities of electric field and electric displacement.

All piezoelectric properties can be determined from these four values. 17 The most commonly

reported piezoelectric constant is the charge constant (dij) which, depending on units, relates

induced charge with stress or displacement with applied electric field. When reporting on

the direct effect, units are often reported as pC/N whereas when reporting on the converse

effect, units of pm/V; both sets of units are equivalent. Based on the piezoelectric coupling

constant, it can be shown that:

dij ≤
√︃

εij
kij

(5.1)

where εij is the relative permittivity and kij is the modulus. Thus, for organic materials with

low dielectric constant, a key design principle is to yield a low elastic modulus to maximize

piezoelectric response. In essence, upon compression of a polar piezo material, the film

generates surface charge, becoming a charged capacitor.

A less reported but related metric is the piezoelectric voltage constant (gij) with units of

Vm/N; it relates voltage response to applied stress and is related to the charge constant by
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the relative permittivity as follows:

gij =
1√︁
kijεij

(5.2)

For this purpose, a small elastic modulus and small dielectric constant yield a large piezoelectric

voltage constant. Consequently, organic SAM piezoelectric materials should have significantly

greater g33 than corresponding inorganic ceramics such as PZT or crystalline PVDF, both of

which have higher elastic modulus and permittivity. The voltage constant is important for

sensing applications as large voltages can be easily and accurately detected. Unfortunately,

direct measurements of the voltage constant are often lacking in the literature, and, when

it does appear, it is often converted from the charge constant by dividing by the dielectric

permittivity. Direct measurements of the voltage constant are desired for low frequency

sensing applications, however, as permittivities measured at higher frequencies do not always

apply to the quasi-static regime. Much like the piezoelectric charge constant dij is connected

to short-circuit current, the piezoelectric voltage constant gij is connected to the open-circuit

voltage.

Early investigations into the piezoelectricity of biomaterials involved single amino acid

crystals. The structural dependence of piezoelectricity is emphasized through electromechani-

cal characterizations and simulations. The simplest amino acid glycine, which has polymorphs,

is extensively studied: α-glycine (with an inversion center) does not display piezoelectricity,

yet β- and γ-glycine are piezoelectric due to their non-centrosymmetry (Figure 5.2).

Guerin et al. report that the net dipole moment and van der Waals packing influence

piezoelectric coefficients of amino acid crystals.30 The crystal’s electrical dipole moment is

generated by the shift in atoms under stress. The molecular packing shifts the alignment of

electric dipoles, and the net polarization is present for molecules that lack an inversion center.

They hypothesized that soft materials (low elastic constant) with high packing density and

high molecular dipole moment can increase the piezoelectric coefficient. When polymorphs
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A B C

Figure 5.2: Unit cells of (A) α-, (B) β-, and (C) γ-polymorphs of glycine. α-Glycine crystallizes into

the centrosymmetric P21/c space group while β- and γ-glycine crystallize into the noncentrosymmetric

P21 and P32 space groups, respectively.30

of glycine are compared (β- and γ-glycine), β-glycine has the highest shear piezoelectric

response (d16 = 178 pm/V), whereas γ-glycine has lower response (d33 = 9.93 pm/V) and

α-glycine (centrosymmetric) exhibits no piezoelectricity. Since the relative permittivity of β-

and γ-glycine is only ∼2–3, the piezoelectric voltage constant (gij) is high, which opens up

possibilities for biological piezoelectric devices. 30 The observed change in the domain, as well

as the hysteresis loop in piezo force microscopy (PFM), demonstrate that γ-glycine is also

ferroelectric; molecular dynamics simulations suggest that, by controlling the electric field,

glycine’s degree of polarization can be selectively modified in nanoscale. 158

Furthermore, the formation of crystalline films from single crystals of amino acids offers

more possibilities to tailor biological piezoelectric materials. L-leucine films have a density

functional theory (DFT) calculated piezoelectric voltage constant (g22) of 0.4Vm/N and

calculated piezoelectric charge coefficients varying from d23 = 1.5 pC/N to d34 = 20 pC/N.159

A commercial piezoelectric tester provides the average d33 as 1.57 pC/N for the upright

position and −1.52 pC/N for the inverted one. Since poling is not necessary for amino

acid crystalline films and because the calculated voltage constant is greater than that of

inorganic ceramics (0.25Vm/N), the researchers proposed L-leucine films for potential device

applications.159
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In addition to simple amino acid crystals and films, amino acid derivatives have also

been investigated. Wojtaś et al. examined inorganic–organic hybrid crystals: [H-β-(3-

Pyridyl)-Ala-OH][ClO4] and [H-β-(4-Pyridyl)-Ala-OH][ClO4]160 as well as [H-β-(2-pyridyl)-

Ala-OH][BF4] and [H-β-(2-pyridyl)-Ala-OH][ClO4].161 It is argued that [3PyAla][ClO4]’s higher

piezoelectric response (d25 = 39 pm/V; d22 = 18 pm/V) compared to that of [4PyAla][ClO4]

(d25 = 20 pm/V; d22 = 6pm/V) is caused by intramolecular and intermolecular interactions. 160

Π-interactions and hydrogen bonds introduce rigidity to the molecular structure and lower

the piezoelectric response. Also, selecting a different inorganic system results in different

space groups upon crystallization. [H-β-(2-pyridyl)-Ala-OH][ClO4] forms a spiral channel

through hydrogen bonding and bears some resemblance to dipeptides. 161

The structure of molecules plays a key role in determining the function. This relationship

is also applicable to piezoelectric materials. For example, the PIEZO channel, which operates

by mechanotransduction, relies heavily on the shape of protein aggregates. Energy harvesters

made up of piezoelectric materials also depend on the structure. Thus, it is natural that,

to understand the origin of piezoelectricity, we need to know how piezoelectricity works in

organic materials. In turn, this will help to advance a fundamental understanding of how

piezoelectricity originates (how microscale properties—intermolecular forces—carries onto

bulk properties) as well as the design principles for synthesizing or building piezoelectric

organic materials. From previous works on piezoelectric organic materials, it was found that

the polarization direction of the overall structure; the orientation and strength of individual

molecules’ dipole moments; intermolecular and intramolecular forces; and structure influence

the magnitude of piezoelectric response.

The direction of polarization impacts the strength of the piezoelectric effect. The polariza-

tion of diphenylalanine (FF) microrods is controllable during growth by changing the direction

of the applied electric field.162 The maximum d33 was 17.9 pm/V, with power generation of

3.3 nW/cm2. The direction and strength of dipole moment influence piezoelectric response.

In small amino acid crystals, namely β- and γ-glycine, piezoelectricity was measured experi-
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mentally and computationally.30 The relative permittivity of glycine molecules give insight

into the overall dipole moment. Glycine polymorphs are not as polarized as perovskites are,

yet the low permittivity of polymorphs (approximately 2) gives rise to high strain. As a result,

they are favorable for harnessing energy for electronic devices. β-glycine, which is less packed

(a smaller number of molecules in a unit cell per volume density) than α-glycine is, exhibited

a higher piezoelectric response than α-glycine.30 DFT calculations of piezoelectricity in a

single-molecule investigate how the dipole moment along the Z-axis of a molecular spring

is correlated to the converse piezoelectric effect.130 In general, the regiochemical isomers of

[6]helicene and phenanthrenes have higher d33 as the dipole moment is increased. However,

since [6]helicene isomers have a low correlation between the two parameters, while the dipole

moment contributes some degree to the strength of the piezoelectric response, it may not be

the predominant factor. Other variables, such as intramolecular and intermolecular forces, as

well as functional group substitutions, should also be considered to examine the origin of the

piezoelectric effect in organic materials.130

The compactness of a molecule per volume is influenced by intramolecular and inter-

molecular forces. The intramolecular forces, as well as the intermolecular forces (the van

der Waals forces, hydrogen bonding, and others) impact piezoelectric response. Hydrogen

bonding affects the molecular arrangement by stabilization. The effect of hydrogen bonding

on the piezoelectric response of amino acid derivatives has been investigated using PFM

and DFT calculations. Although [H–(2-Pyridyl)-Ala-OH][BF4] (or [2PyAla][BH4]) crystals

have hydrogen bonds between the hydrogen of the amino group and fluorine, vibrations of

the BF4 group cause weaker hydrogen bonding than that of [2PyAla][ClO4].161 Coinciden-

tally, the PFM measurements show that [2PyAla][BH4] has higher piezoelectric responses

(d15 41 pm/V; d33 19.2 pm/V) than those of [2PyAla][ClO4] (d15 3 pm/V) and LiNbO3 (d33

17 pm/V). [2PyAla][BH4] with weaker hydrogen bonding has a stronger piezoelectric response,

yet whether hydrogen bonding is singlehandedly responsible for such a relationship is incon-

clusive.161 A related study compares amino acid–perchlorate derivatives: [3PyAla][ClO4],
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[4PyAla][ClO4], and [2PyAla][ClO4]. The 2-pyridyl analog’s rigidity is attributed to its

seven intermolecular hydrogen bonds (versus four in [3PyAla][ClO4] and [4PyAla][ClO4])

and favorable donor–acceptor alignment.160 The interaction between the pyridyl ring and

the Cl-O bond is more significant in the 4-pyridyl derivative than in the 3-pyridyl analog.

Also, d33 of the least rigid [3PyAla][ClO4] is the highest (39 pm/V), followed by 20 pm/V

for [4PyAla][ClO4], and 3 pm/V for [2PyAla][ClO4]. The values of d25 also have the same

order (18 pm/V for [3PyAla][ClO4]; 6 pm/V for [4PyAla][ClO4]; 0 pm/V for [2PyAla][ClO4]),

implying that molecular packing and hydrogen bonding can contribute toward piezoelectric

response.160 In addition to hydrogen bonding, weaker interaction (van der Waals repulsion)

also influences piezoelectric response.130 In the computational study, as a single helicene

molecule is compressed, the repulsion prevents the helicene from deforming too much. On

the other hand, upon expansion, the molecule can polarize further, such that it stretches

more. Such nonlinear behavior at the two extremes of field strengths suggests that the linear

model of deformation (as a function of the electric field) would benefit from factoring in other

parameters.130

For amino acid crystals, having low elastic constants resulted in a higher piezoelectric

response, indicating that softer materials exhibit higher piezoelectricity. 30 In addition to

small organic crystals, more complex organic materials (peptide nanotubes) have been also

studied.163 Peptide nanotubes (PNTs) formed by dipeptides show a significant piezoelectric

response that appears to increase linearly as the external diameter of PNTs gets larger

(d15 35 pm/V for 100 nm diameter; d15 60 pm/V for 200 nm nanotubes). Since the inner

diameter is not known, however, more information about the structure of PNTs is needed

to conclude the effect of external diameter.163 Dipeptides can also form microrods.162 As

mentioned previously, the change in polarization can be achieved. The positive electric field

(along the perpendicular axis relative to the substrate) places the NH3
+ group toward the

surface, whereas the negative electric field reveals the COO- end to the air. This control over

alignment opens up possibilities of functionalizing microrods. 162 Furthermore, the dipeptide
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FF self-assembles can form various types of structures that display different piezoelectric

responses.164 In water solvent, FF forms hexagonal microtubes that exhibit a piezoelectric

response of about deff = 60 pm/V. In contrast, orthorhombic FF crystals, which are formed

by using ethylene glycol solvent during self-assembly, have a lower response of deff = 40 pm/V.

This demonstrates that, even if the building block is the same, the morphological difference

of the assembled crystal impacts the piezoelectric effect. 164 In the past two decades of

piezoelectric organic materials research, small amino acid crystals and nanostructures derived

from diphenylalanine have been primarily investigated. A study of piezoelectricity in peptides

and peptoids reveals that peptides have higher d33, but the structural differences among

peptides do not appear to affect the piezoelectric response significantly. 131 However, the

impact of side groups on peptides should not be disregarded completely, as there is a new

methodology called DC-sweep DART-PFM to measure soft organic materials more effectively

using probes with low spring constant.82 A summary of the piezoelectric response observed

in organic materials is found in Table 5.1.

Beyond piezoelectric response, several related electromechanical effects can arise, partic-

ularly in nanoscale materials. First, electrostriction is the nonlinear coupling between an

applied electric field stress and material response. This quadratic response, of developed

strain under an applied electrical stress, is present in many dielectric materials. In these

cases, the application of stress causes the unaligned dipoles of the material to become in-

creasingly aligned with the increasing magnitude of the applied stress; this stress is relieved

by deformation of the material.97,165 This effect, while present in piezoelectric materials, is

generally small and inconsequential in comparison to the piezoelectric effect, whose linear

nature distinguishes it from electrostriction.

Flexoelectricity is a non-linear coupling between an applied mechanical stress and material

response in which a stress–strain gradient is established by the non-uniform deformation of a

material. This gradient induces electromechanical coupling by either breaking the centrosym-

metry of a material or bringing the dipoles into a net alignment. Unlike piezoelectricity
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Table 5.1: Piezoelectric coefficents of organic materials. The following abbreviations are used: DFT

is density functional theory; GGA is generalized gradient approximation; PBE and B3LYP are DFT

functionals; PFM is piezo force microscopy; DART-PFM is dual AC resonance tracking-PFM; FF is

dipheynlalanine; CS-AFM is current sensing atomic force microscopy; and SAM is self-assembled

monolayer.

Material

(State)

Piezoelectric

Coefficent
Method Ref.

β-glycine

(single crystal)
d16 = (178± 11) pm/V resonance impedance [30]

β-glycine

(single crystal)
d16 = 195 pm/V DFT (GGA) [30]

γ-glycine

(single crystal)
d33 = 9.93 pm/V commercial d33 tester [30]

γ-glycine

(single crystal)

d11 = 1.6 pm/V

d22 = −1.1 pm/V
DFT (GGA) [30]

γ-glycine

(single crystal)

d11 = 1.7 pm/V

d22 = −1.1 pm/V
commercial d33 tester [30]

γ-glycine

(single crystal)
d33 = 10pm/V PFM [158]

l-proline

(single crystal)

d14 = 3.35 pC/N

d25 = −0.09 pC/N

d36 = 0.4 pC/N

DFT via PBE (GGA) [166]

hydroxy-l-

proline (single

crystal)

d14 = 3.72 pC/N

d25 = −27.75 pC/N

d36 = 4.55 pC/N

DFT via PBE (GGA) [166]

l-alanine

(single crystal)

d14 = −6.26 pC/N

d25 = −3.78 pC/N

d36 = 6.30 pC/N

DFT via PBE (GGA) [166]
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Table 5.1: (continued)

Material

(State)

Piezoelectric

Coefficent
Method Ref.

hydroxy-l-

proline

(single crystal)

d25 = (25± 5) pC/N resonance impedance [166]

l-leucine

(single crystal)
d34 = 20pC/N DFT via PBE (GGA) [159]

l-leucine

(crystalline

film)

deff-upright = 1.57 pC/N

deff-invert = −1.52 pC/N
commercial d33 meter [159]

dl-alanine

(single crystal)
d33 = 9.1 pm/V PFM [37]

l-amino acids

(crystalline

films)

d14 up to −6.26 pm/V

d25 up to −27.75 pm/V

d36 up to −11.40 pm/V

DFT via PBE (GGA) [39]

[3PyAla][ClO4]

(single crystal)

d25 = 39pm/V

d22 = 18pm/V
PFM [160]

[4PyAla][ClO4]

(single crystal)

d25 = 20pm/V

d22 = 6pm/V
PFM [160]

[2PyAla][ClO4]

(single crystal)

d25 = 3pm/V

d22 = 0pm/V
PFM [160]

[2PyAla][BF4]

(single crystal)

d15 = (41.0± 1.0) pm/V

d33 = (19.2± 0.3) pm/V
PFM [161]

[2PyAla][ClO4]

(single crystal)
d15 = (3.0± 0.3) pm/V PFM [161]
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Table 5.1: (continued)

Material

(State)

Piezoelectric

Coefficent
Method Ref.

modified FF

peptide

(nanotubes)

d15 = (33.7± 0.7) pm/V PFM [167]

modified FF

peptide

(nanofibrils)

d15 = (1.7± 0.5) pm/V PFM [167]

FF peptide

(nanotubes)
d15 ≈ 60 pm/V PFM [163]

FF peptide

(microrods)
d33 = 17.9 pm/V PFM [162]

cyclic tetra-β-

peptide derived

(nanotubes)

d33 =

(1.17± 0.15) pm/V
PFM [168]

FF peptide

(microribbons)
deff = (40± 5) pm/V PFM [164]

cyclic

hexapeptide

(nanotubes)

d33 = 2pC/N− 6 pC/N CS-AFM [169]

poly-γ-benzyl-

L-glutamate

(PBLG)

(grafted film)

d = 0.740 pm/V −

1.323 pm/V
Nomarski optical interferometry [170]
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Table 5.1: (continued)

Material

(State)

Piezoelectric

Coefficent
Method Ref.

substituted

[6]helicene

(single

molecule)

d33 = 48.8 pm/V DFT with B3LYP [130]

phenathrene

derivative

(single

molecule)

d33 = 59.7 pm/V DFT with B3LYP [130]

peptide

(SAMs)

d33 up to

(1.75± 0.32) pm/V
DART-PFM [131]

peptoid

(SAMs)

d33 up to

(1.12± 0.23) pm/V
DART-PFM [131]

dodecanethiol

(SAM)

d33 =

(1.12± 0.25) pm/V
DART-PFM [131]

and electrostriction, flexoelectricity is size-dependent and ranges from an insignificant effect

in large bulk scale materials, to a sizable effect in some nanoscale materials such as lipid

bilayers.97

Finally, the electrostatic or triboelectric effect in a material results from the Coulombic

force generated between two separated charges. This effect can occur when two different

materials are brought into close contact with each other generating a local electric field.

The electrostatic effect can contribute to the magnitude of the measured piezoelectric

effect but can be deconvoluted from the measurement due to its non-linearity and small
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contribution to the overall response.97 In relation to the linear piezoelectric effect, these other

electrostatic contributions can be detected and mitigated due to their non-linear nature and

often inconsequential relative magnitude.

5.3 Model Oligopeptide System

Building upon our recently published work on oligopeptide SAM based piezoelectric devices,

herein we present a model oligopeptide system and examine the effect of molecular level

changes through device scale characterization, PFM, and computational investigations. We

examine helical thiol-containing oligopeptides ranging in length from seven to thirteen amino

acids (Figure 5.3). For our experimental investigations, these SAMs are grown from solution

on gold substrates (Figure 5.4) whereas our computational investigations are gas-phase

single-molecule predictions. Peptide sequences include cysteine (C), six to twelve alanines

(A), and, optionally, a substitution of one tyrosine (Y), phenylalanine (F), or the unnatural

amino acid 4-cyano-phenylalanine (denoted X). This allows for us to examine the effects

of sequence length, direction, and substitution as well as to compare measurements and

predictions between our three methods.

5.4 Device Scale Characterization

Piezoelectric materials ultimately need to be scaled up such that they can be easily handled

and implemented in real-world applications. In the lab, this usually means producing devices

in the square centimeter range. Several methods exist for quantifying the piezoelectric charge

constant of such devices: the static method, the quasi-static method, and the resonant

method. The basic principles of the static and quasi-static direct methods are the same, a
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Figure 5.3: Schematic diagram of oligopeptides studied in model oligopeptide system.

86



Gold Substrate

Figure 5.4: Model of oligopeptide SAM on gold substrate.

force is applied to the sample and the resultant charge response due to the direct effect is

measured; the ratio of charge to force gives the charge constant. The quasi-static method offers

improved accuracy as quicker, repetitive deformations minimize measurement interference,

drift, and leakage. In the resonant method, the sample is excited by an oscillating electric

field resulting in mechanical deformations due to the converse effect; based on the frequency

which produces maximum deformation and the dimensions of the sample, the charge constant

can be calculated.

These piezoelectric measurement techniques—traditionally applied to ceramics—present

special challenges when soft, deformable materials are to be measured. The quasi-static

method is most commonly applied using a “d33 meter” (sometimes referred to as a Berlincourt

meter) which generally applies a 10N preload force followed by 0.25N compressions at a

frequency of ∼100Hz.76,77 These meters cannot accurately measure materials that recover from

deformations at rates near or slower than the compression frequency as well as materials that

deform by significant amounts, such as foams. The resonant method has similar limitations as

it requires a material with precisely known, relatively unchanging dimensions where electrical

strain cannot be relieved by internal deformations. Luckily, quasi-static measurements of

soft materials can be accurately measured using a measurement setup different from that of

commercial d33 meters. The device can be gently compressed using a stepper motor while

the resulting current is measured and integrated to calculate the charge; the speed and travel
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of the compressions can be tuned to the device. For improved accuracy, a range of forces can

be applied such that the charge constant can be derived through linear regression of the force

and charge values. Similarly, the piezoelectric voltage constant can be obtained by measuring

the open-circuit voltage instead of the short-circuit current. While the mechanical setup of

such a testing system is simple, it does require more precise electronics than a d33 meter for

accurately measuring the electrical response.

In an earlier systematic study of organic based, soft piezoelectric devices, we doped

poly(dimethylsiloxane) (PDMS) foams with various polar, small organic molecules and

examined the effects of dopant concentration and dopant dipole moment on the piezoelectric

response.65 Based on Equation 5.1 mentioned on page 74, one can see that the piezoelectric

charge constant is dependent on an electrical component, the permittivity, and a mechanical

component, the modulus; each of these components can be tuned separately. Increasing the

dipole moment by tuning the dopant or increasing the dipole concentration by increasing the

dopant amount should increase the permittivity and, therefore, the charge constant; indeed,

we saw an increase in piezoelectric response until a saturation point by increasing the dopant

dipole moment as well as an increase in response by increasing the dopant concentration.

Separately, we tuned the mechanical properties of our PDMS foams; we tuned the modulus

by changing the curing temperature of the PDMS. Decreasing the modulus of the foams, the

denominator in Equation 5.1, led to an increase in piezoelectric response, as expected. While

this system proves the relations between dipoles, modulus, and piezoelectric response, it does

not allow us to easily examine effects down to the molecular level.

Our model oligopeptide system improves on the shortcomings of the PDMS foams by

allowing for molecular level tunability; herein we expand upon device scale results of this

model system. Several possible molecular level changes to the oligopeptide sequence tune

the molecule’s resultant piezoelectric response: the sequence direction, the sequence length,

and the presence of differing amino acid substituents. As shown in Figure 5.5(A), reversing

the order of the amino acids in the oligopeptide sequence does not significantly alter the
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Figure 5.5: Measured direct piezoelectric constants of model oligopeptide system measured on the

device scale. (A) Direction effect on piezoelectric charge constant (d33). (B) Length effect on d33.

(C) Substituent effect on d33.

resultant piezoelectric response. Similarly, altering the sequence length also does not appear

to significantly affect the response (Figure 5.5(B)). Finally, adding a different amino acid

substituent to the chain is able to tune the response, although not always in easily predictable

ways. As seen in Figure 5.5(C), adding a phenylalanine (F) to the oligopeptide does not

appear to have a significant effect whereas adding a tyrosine (Y) results in a decrease in

response. The unnatural amino acid cyano-phenylalanine (X) decreases the piezoelectric

response more pronouncedly than the tyrosine does; computations, discussed in Section

5.6, show that the cyano group aligns opposite to the direction of the macrodipole, thereby

decreasing the overall response. Predicting these molecular effects of the oligopeptide sequence

on the piezoelectric response are complicated by changes in the SAM; altering the sequence

can change how the oligopeptide stands and packs on the gold surface, complicating prediction

efforts. We directly measured both the piezoelectric charge (d33) and voltage (g33) constants;

they are related by the relative permittivity such that g33 = d33
εrε0

, where εr is the relative

permittivity of the material and ε0 is the vacuum permittivity.25 Figure C.1 correlates our

measurements of these constants and gives a relative permittivity of 2.91 for our oligopeptide

based devices; this is in line with the lower end of literature values for polyurethane which

serves as the conformal dielectric layer in the devices. 171,172
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5.5 Piezo-Force Microscopy

Determining the converse piezoelectric response of a material requires the precise quantifi-

cation of the mechanical response of the material to an applied electric field. Traditional

atomic force microscopy (AFM), a technique initially developed for mapping nanoscale mor-

phological variations, can accurately quantify the mechanical deformations and properties of

materials.173,174 Numerous functional AFM methods have since been developed to expand

the technique’s usefulness and applications, including PFM where an applied electric field is

paired with mechanical measurements to measure the piezoelectric response induced by the

applied voltage.174–178 Due to crosstalk between the measurement feedback loops, classical

PFM suffers from poor sensitivity; dual AC resonance tracking (DART), developed by Kalinin,

introduces a bias voltage that solves many of PFM’s shortcomings and allows for more quanti-

tative converse piezoelectric measurements due to greatly improved sensitivity. 81,173,175,177–181

A remaining obstacle to accurate quantitative DART-PFM measurements is the elimination

of electrostatic signals due to interactions between the AFM tip and the sample surface. The

band excitation (BE) method looks to overcome these distortions by exciting the lever at

multiple frequencies surrounding the fundamental frequency to help alleviate topological

induced shifts to the fundamental frequency.182 More recent work has looked to minimize

these distortions—albeit only in certain cases—through innovative lever designs or the use of

high spring-constant levers.97,183–186 New techniques are needed to accurately quantify the

converse piezoelectric effect, particularly in soft, biomaterials.

In order to overcome these short comings in measuring soft organic and biomaterials,

we have developed a DC-Sweep DART-PFM method whereby electrostatic contributions

are eliminated instead of merely minimized. 82 Previous methods, such as the use of high

spring-constant levers, perform best when the elastic modulus of the material is significantly

greater than that of the lever; unfortunately, in soft organic and biomaterials where the

modulus is small in comparison to the lever, the lever simply deforms the target surface
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Figure 5.6: Measured converse piezoelectric constants of model oligopeptide system measured

using DART-PFM. (A) Length effect on carboxylate-terminated peptides. (B) Length effect on

amide-terminated peptides. Error bars represent standard error for the deff regression.

leading negating the sensitivity enhancements garnered by DART and BE techniques. By

sweeping an applied DC field under a fixed AC field, we can calculate and subtract the

electrostatic component of the tip response thereby allowing for the use of low spring constant

levers necessary for good sensitivity.

Collection has begun on PFM measurements of the oligopeptides using our DC-sweep

DART-PFM method.82 Initial PFM results, presented in Figure 5.6, indicate somewhat

decent correlation with the device scale measurements presented in Section 5.4 (see Figures

5.7 and C.3 for correlations). More results are needed before conclusions can be drawn.

5.6 Computational Investigations

Gas-phase single-molecule predictions were performed using DFT methods where the electric

field was set to be in complete alignment with the molecular axis (Figure 5.8). Calculations

were performed where the length change was calculated using the distance between either [C]

91



0 2 4 6 8 10
PFM deff Response (pm/V)

0

1

2

3

4

5

6

De
vi

ce
 d

33
 R

es
po

ns
e 

(p
C/

N
)

y = 0.11x + 3.44
R2 = 0.37

Figure 5.7: Correlation of piezoelectric response between PFM measurements and device scale

measurements. For device scale measurements, the results with unfunctionalized PU coated PCBs

are used (e.g., CAX/PU).

the N-terminus and the carbonyl carbon of the C-terminus or [O] the N-terminus and the

carbonyl oxygen of the C-terminus; Figure C.2 shows that there is good agreement between

the methods. The B3LYP functional was originally examined, but found to produce poor

results. A switch to the ωB97X-D3 functional improved results, but correlation with the

device scale experimental results in Section 5.4 (Figures 5.9 and C.4) and PFM results in

Section 5.5 (Figure 5.10) was still relatively poor. The negative correlations between the

B3LYP calculations and experimental results show that the method does a particularly poor

job at modeling the system. The newer ωB97X-D3 functional shows superior performance

due to its better treatment of electrostatics. We turned to ab initio molecular dynamics

solutions to help explain the discrepancies between experiment and computation (Figures

C.5–C.10). These simulations revealed that more than one dominant helix may be present.

Poor correlation is expected if the DFT calculations were not run on the predominant helix

or if multiple helices with greatly differing response are present. More work is needed to
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Figure 5.8: Converse piezoelectric constants of model oligopeptide system calculated using DFT. (A)

Length effect on carboxylate-terminated peptides. (B) Length effect on amide-terminated peptides.

(C) Substituent effect on amide-terminated peptides. B3LYP and ωB97-XD functionals were used

where the length change was calculated using the distance between either [C] the N-terminus and the

carbonyl carbon of the C-terminus or [O] the N-terminus and the carbonyl oxygen of the C-terminus.

improve computational modeling of the piezoelectric oligopeptide system. More experimental

data should help guide the refinement of computational methods which may then potentially

used to predict better performing oligopeptide sequences.
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Figure 5.9: Correlation of piezoelectric response between DFT calculations and device scale mea-

surements. For device scale measurements, the results with unfunctionalized PU coated PCBs are

used (e.g., CAX/PU). B3LYP and ωB97-XD functionals were used where the length change was

calculated using the distance between either [C] the N-terminus and the carbonyl carbon of the

C-terminus or [O] the N-terminus and the carbonyl oxygen of the C-terminus.
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Figure 5.10: Correlation of piezoelectric response between DFT calculations and PFM measurements.

B3LYP and ωB97-XD functionals were used where the length change was calculated using the

distance between either [C] the N-terminus and the carbonyl carbon of the C-terminus or [O] the

N-terminus and the carbonyl oxygen of the C-terminus.
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6.0 Double-Wave Method Ferroelectric Measurements

of a Corannulene Derivative

This chapter is a collaborative effort with Allison M. Rice and Nathaniel C. Miller in which

I designed, implemented, carried out, and analyzed a double-wave method for ferroelectric

measurements of self-assembled monolayers (SAMs) of a potentially ferroelectric corannu-

lene derivative—4,4’,4’’,4’’’-(dibenzo[ghi,mno]fluoranthene-1,2,5,6-tetrayl)tetrabenzoic acid

(H4DFT); A.M.R., formerly of the Shustova group at the University of South Carolina,

developed methods for and carried out the synthesis of the H4DFT molecule studied; and

N.C.M. developed optimized deposition methods, measured the piezoelectric response using

dual AC resonance tracking piezo force microscopy (DART-PFM), and carried out scanning

Kelvin probe force microscopy (SKPFM) ferroelectric measurements of the SAMs.

6.1 Introduction

Ferroelectrics are a class of materials which possess a switchable spontaneous polarization;

they are a subset of piezoelectrics which exhibit a permanent dipole moment that can be

reversed through the application of an external electric field. 187 Several distinct types of

polarization behavior exist (Figure 6.1). In a standard linear dielectric, the polarization

changes linearly with changing electric field. In a paraelectric material, transitory dielectric

polarizations develop with applied electric field resulting in non-linear polarization changes

about the origin. Finally, in a ferroelectric material, these polarizations are semi-permanent;
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Figure 6.1: Types of polarization–electric field (P–E) curves: (A) linear dielectric, (B) paraelectric,

and (C) ferroelectric. The star in panel (C) represents the positive spontaneous polarization.

they exhibit “memory.” A voltage is applied to switch the polarization states and these

multiple polarization states result in hysteresis in the polarization–electric field (P–E) curve.

The P–E curve, or loop, (Figure 6.1C) is a good starting point for analyzing the ferro-

electric behavior of a material. The existence of hysteresis is a promising initial indicator

of ferroelectricity, and one can derive several figures of merit from the curve including the

spontaneous polarization and coercive field strength. 188 The spontaneous polarization (Ps) is a

measure of the ferroelectric strength and is the point where the linear region (or extrapolation

thereof) intersects the y-axis (indicated with a star in Figure 6.1C). The polarization at the

y-axis is the remanent‖ polarization (Pr); it is usually approximately equal to Ps in crystals

but somewhat lower in ceramics.3 The saturation polarization (Psat) is the polarization in

regions where the hysteresis loop has closed in on itself. The coercive field strength is the

minimum applied electric field strength needed to completely flip the polarization state; it is

approximately the voltage at which the vertical portion of the P–E curve crosses the x-axis.

Generally, the hysteresis loop will not have a vertical portion if switching is incomplete.
‖While essentially equivalent to remnant, remanent is the technical term used to describe residual

magnetism and is used here as the field of (ferro)magnetism is the source of much piezoelectric and ferroelectric
terminology due to the many parallels.
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Resistors and lossy capacitors also have open P–E hysteresis loops, but these loops are

generally rounded at voltage extremes whereas ferroelectric loops close off at saturation.

There are several additional nonferroelectric effects present at the nanoscale that can cause

hysteresis loops to be observed including effects due to charge injection, Vegard strain, and

Joule heating.189 For certain materials, ferroelectric hysteresis can also be observed optically

by monitoring domain movements and switching. P–E loops, like most ferroelectric properties,

are generally temperature, frequency, and stress dependent, so it is important to keep in

mind a material’s intended use conditions when performing evaluative measurements.

Most ferroelectrics lose their ferroelectric properties above the Curie, or transition, tem-

perature (TC), similar to how most piezoelectrics lose their fixed polarization above TC .

While not unique, a significant attribute of ferroelectrics is their anomalous behavior near

TC .187 Most noteworthy of these abnormalities is in the permittivity (ε) which rises sharply

with temperature to a peak at TC . Above TC , the permittivity of a ferroelectric decreases,

often following the Curie–Weiss law (ε = C
T−TC

, where C is the Curie constant).187 Other

anomalous properties may include changes to the piezoelectric constants, specific heat, and

electrocaloric coefficient near TC .187

There are many useful applications of ferroelectric materials, including those due to their

commonly high permittivity values. The high permittivity leads to ferroelectrics being among

the best piezoelectric transducers since the high permittivity leads to a high electromechanical

coupling factor; the high permittivity also helps to produce good capacitors. 187 Often, the

most desirable properties of ferroelectrics occur near TC ; therefore, much effort has gone

into “room-temperature” ceramic ferroelectrics which have been tuned by carefully combining

multiple ferroelectric components along with other additives to preform well near ambient

temperatures. It is also often desirable to widen the peak of the desired property such that

the device is not nearly as temperature sensitive.

Applications of ferroelectrics vary widely and range from dielectric bolometers 190 to

potential biomedical uses191 to photovoltaics192 and energy storage.193 Most of these applica-
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tions take advantage of more general materials properties that are enhanced in ferroelectric

materials near the Curie temperature. One long-standing research interest that takes direct

advantage of fundamental ferroelectric switching, however, is applying ferroelectrics towards

use as nonvolatile computer memories.194 There are three ways that the state of a ferroelectric

memory can be read out: (1) as a charge read out during the switching or non-switching of a

capacitor, (2) as a shift in the I–V curve of a field effect transistor due to the polarization

state of the ferroelectric gate dielectric, and (3) as the current tunneling directly through a

thin capacitor.194 Capacitance-based ferroelectric memories are the oldest and mostly widely

studied. They are read in a destructive manner by applying a bias voltage across the capacitor

and measuring the resulting charge; domains that are flipped in the process will yield much

greater charge than those already in the end state. Integrating ferroelectrics into the gate

stack of field effect transistors overcomes many shortcomings of capacitor based ferroelectric

memories, including enabling nondestructive readout through examination of the resulting

I–V curve. Finally, use of ferroelectric tunneling junctions allow for the direct readout of

the ferroelectric state. The recent development of methods to reliably produce very thin

ferroelectrics has revived interest in further exploring this method. Despite the considerable

promise of and research interest in ferroelectric based nonvolatile memories, they have largely

stayed relegated to the lab due to cost and technological limitations that have, so far, left

them inferior to more traditional memories.

6.1.1 Single-Molecule Ferroelectric Bowls

“Bowl-like” corannulene derivatives hold considerable promise as single-molecule ferroelectrics.

Most ferroelectrics are crystalline, and the polarization is switched by flipping the position of

an atom in the lattice through a small energy maximum. Polymer based ferroelectrics, on

the other hand, are switched by rotating the orientation of the polymer chains. Corannulene

molecular bowls, however, hold promise to function as ferroelectrics through a conforma-
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Figure 6.2: Schematic of corannulene bowl-to-bowl inversion. An example fourth-order polynomial

potential energy well is shown below the 3D models. As the bowl is inverted, it passes through a

small, strain-induced energy maximum; therefore, the two bowls are the preferred conformations.

tional change—bowl-to-bowl inversion (Figure 6.2). Quan, of our group, computationally

predicted that bowl-like corannulenes and similar aromatic “buckybowl” molecules exhibit

piezoelectric and ferroelectric properties128 while Miller, also of our group, experimentally

demonstrated their piezoelectric response via dual AC resonance tracking piezo force mi-

croscopy (DART-PFM) and produced some evidence of ferroelectricity via scanning Kelvin

probe force microscopy (SKPFM) methods.195 Other, similar bowl-to-bowl ferroelectric inver-

sions have been observed experimentally.196 As a switchable single molecule, these molecular

bowls hold promise for memory applications due to their intrinsically small size—they are

“conformational memory.”

The height of the bowl-to-bowl inversion energy and thermal barrier of these molecules

is key for experimental realization, as the inversion voltage must be below the dielectric

breakdown voltage. Corannulene bowls have a fourth-order relationship between bowl depth

and inversion energy, meaning that shallow bowls are necessary for practical applications. 128,197

Quan computationally showed that shallower bowls tend to be more flexible which leads to
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higher piezoelectric coefficients. He also showed that substituting strong electron withdrawing

or donating groups onto the rim of the bowl results in a lower inversion energy by destabilizing

the ground state and only has a minimal effect on bowl depth. The substituents can also serve

added benefits, as, for example, acid groups can serve as anchor points to oxide substrates.

6.1.2 Double-Wave Method

Developed by Fukunaga and Noda,198 the double-wave method allows for quick, accurate

measurements of ferroelectric P–E hysteresis loops where the hysteresis component can

be extracted automatically without the need to manually make assumptions about what

needs to be removed.∗∗ 198 A raw P–E hysteresis loop consists of an amalgamation of fer-

roelectric, dielectric, and conductive components. 3,198 Traditionally, the non-ferroelectric

components were subtracted out manually through measurement circuit modifications or

through post-processing simulations based on various assumptions such that a reasonable

loop was obtained.198 In the double-wave method, the extraneous components are directly

removed. An optional preparation pulse flips domains into the same polarization state; then,

two identical positive triangle wave voltage pulses are applied followed by two negative ones

(Figure 6.3). The current measured from the first pulse of each pair contains the ferroelectric

component—the “memory”—as well as the extraneous components, while the second pulse of

each pair only contains the extraneous components as the ferroelectric state has already been

flipped. The pure ferroelectric component is obtained by simply subtracting the second pulse

from the first pulse. While initially implemented using a Sawyer–Tower circuit 200 and partial

sinusoidal waves, modern source-measure units (SMUs) can approximate triangle waves and

perform the necessary pulses and measurements internally. 198,201 SMUs generally have less

drift than a Sawyer–Tower circuit and are advantageous for low-frequency measurements, but,

deleteriously, electrical interference from electromagnetically noisy environments can have a
∗∗Strictly speaking, these are electrical displacement–electric field (D–E) loops, but, since P = D − ε0E

and D ≫ ε0E for most ferroelectrics, the terms are often used interchangeably. 199
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Figure 6.3: Double-wave method example.††(Top) Example applied voltage pulses. An optional

preparation pulse (of equal or greater magnitude than the probing pulses) flips domains into the

same state. Then, pairs of positive and negative probing pulses are applied. (Bottom) Example

measured current resulting from the applied voltage potential. The shoulder (shaded region) on the

first peak of the pair is the ferroelectric component; the second peak only contains the displacement

(vertical offset) and leakage (slope) currents.

much larger effect on the signal.199 The double-wave method is related to the positive-up

negative-down (PUND) method except that the double-wave method uses triangle waves

instead of square waves to minimize displacement currents. 202 Despite the advantages of

the double-wave method in largely eliminating dielectric and conductive components from

hysteresis loops, care must still be taken as several pitfalls still remain which can lead to false

conclusions about ferroelectric behavior.
††Figure adapted from reference [201].

102



6.1.3 EGaIn Electrodes

Eutectic gallium-indium (EGaIn) electrodes are conformal electrodes suitable for direct

electrical measurements of SAMs. First introduced by the Whitesides group 203 and consisting

of a 3:1 ratio (w/w) of gallium and indium, they take advantage of the material’s room-

temperature fluid-metal properties. Crucially, this mixture is a liquid at room temperature

that holds its shape; this allows it to be formed into metastable cones with micrometer-

diameter tips. Combined with its high electrical conductivity, it is able to make low-contact-

resistance interfaces with materials such as SAMs. It is an ideal electrode for studying SAMs

because it makes small-area, conformal, non-damaging contact; the small contact area helps

to minimize the effect of monolayer defects and prevent electrical shorts. 203 EGaIn electrodes

also have the added benefits of being able to be formed without special equipment and being

nontoxic.

6.2 Materials and Methods

6.2.1 Materials

Ethanol (200 proof) was obtained from Decon Labs. 1-Pyrenecarboxylic acid (97%) (PCA),

gallium-indium eutectic (Ga 75.5%/In 24.5%, ≥99.99% trace metals basis) (EGaIn), and

indium tin oxide (ITO) coated glass substrates (surface resistivity 30Ω/sq–60Ω/sq) were

obtained from Sigma-Aldrich. 4,4’,4’’,4’’’-(dibenzo[ghi,mno]fluoranthene-1,2,5,6-tetrayl)tetra-

benzoic acid (H4DFT) was synthesized via a previously outlined method and provided by a

collaborator.204 All chemicals were used as received.
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6.2.2 Sample Preparation

In order to prepare self-assembled monolayers (SAMs) of the target molecules, ITO substrates

were first cleaned by subjecting them to ultrasonication in ethanol for at least 30min and

then drying them under nitrogen flow. Next, a solution of the target molecule (1mm PCA

and 0.125mm H4DFT) was drop-cast onto the substrate. The sample was then placed in a

vacuum desiccator for at least 1 h to dry prior to testing.

6.2.3 Measurement Setup

Measurements were taken using a Keithley SourceMeter 2614 source-measure unit controlled

via a custom Python script. The positive lead was connected to the needle of the EGaIn

electrode while the negative lead was connected to the substrate. The EGaIn electrode was

prepared by lowering a blunt 26G needle into a drop of EGaIn on a gold substrate and

carefully withdrawing it such that a cone of EGaIn was drawn from the drop and remained

on the tip of the needle. Depending on the measurement conditions, the substrate either

rested on a temperature controlled plate inside a metal probe station or under an inert

nitrogen atmosphere inside a glove box. When the probe station was used, the temperature

was controlled by the probe station using a combination of circulation of chilled fluid and

resistive electric heat; when the glove box was used, the temperature was lowered by placing

dry ice in contact with the outside of the glove box directly underneath the sample. The

temperature was measured using a thermocouple temperature probe taped to the aluminum

block on which the sample substrate rested. While a sharp cone was easily drawn under

atmospheric conditions, the dry, inert atmosphere of the glove box altered the surface tension

of the EGaIn resulting in a considerably shorter, rounder cone (Figure 6.4). The surface of
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A B

Figure 6.4: EGaIn electrode measurement setup. (A) Sharp conical tip drawn under atmospheric

conditions (shown over gold substrate for clarity). (B) Blunt tip drawn under inert conditions.

EGaIn electrodes normally consists of a film of water coating a layer of gallium oxides; 203 the

lack of moisture and oxygen in the glove box likely greatly reduces these layers leading to the

altered drawing behavior.

6.2.4 Ferroelectric Measurements

Ferroelectric measurements were taken using the double-wave method. This consisted of a

negative preparation pulse being applied to the sample followed by two identical positive

triangle wave pulses and two identical negative triangle wave pulses (Figure 6.3). The voltage

applied ranged from 1V to 20V where the preparation pulse (usually 10V or 20V) was

at or above the maximum voltage of the triangle waves. Generally, 16 sets of 1 s duration

pulses were applied over the course of ∼100 s, although other pulse lengths and numbers of

repetitions were also examined. Analysis was performed using a Python script (see minimum

working example, Appendix D.1). In order to determine the resultant charge, the current

for the second pulse of each pair of triangle waves was subtracted from the first pulse of the
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pair and the difference integrated. The resultant charge was plotted as a function of applied

voltage to produce charge–voltage loops which are qualitatively equivalent to P–E loops (the

y-axis is scaled since charge is not divided by electrode area and the x-axis is scaled because

applied voltage is not divided by electrode separation).

6.3 Results and Discussion

We set out to study the possible ferroelectric and piezoelectric properties of monolayers of

bowl-like molecules. 4,4’,4’’,4’’’-(Dibenzo[ghi,mno]fluoranthene-1,2,5,6-tetrayl)tetrabenzoic

acid (H4DFT; Figure 6.5) was chosen as a model buckybowl system due to its synthetic

accessibility and acid substituents that allow for anchoring of the molecule to an ITO substrate.

Miller optimized deposition parameters to ensure uniform coverage with minimal aggregation

and studied the resulting monolayers using piezo force microscopy techniques. 195 Using

DART-PFM he showed an effective piezoelectric charge constant (deff) of 26.49 pm/V on

ITO for H4DFT. As a control, 1-pyrenecarboxylic acid (PCA; Figure 6.6) was used due to

its similar π-conjugated system and acid attachment; it showed a deff of only 0.291 pm/V,

showing that the piezoelectric response of H4DFT likely comes from its molecular bowl

conformation. Next, he used SKPFM to examine the ferroelectric response. The resulting

surface potential–applied field plots showed hysteresis, lending credence to the monolayer’s

ferroelectric nature. Once again, PCA was used as a control and showed little to no change in

surface potential, even at the maximum applied fields. Due to the minimally open hysteresis

loop and temperature dependence of ferroelectrics, he performed additional scans at other

temperatures; the surface potential changed with temperature as expected, which helped

to eliminate redox mechanisms as a potential source of the hysteresis. The purpose of this

work was to test for evidence of ferroelectricity in H4DFT through use of bulk-scale P–E loop

measurements.
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Figure 6.5: 4,4’,4’’,4’’’-(Dibenzo[ghi,mno]fluoranthene-1,2,5,6-tetrayl)tetrabenzoic acid (H4DFT)

structure.
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Figure 6.6: 1-Pyrenecarboxylic acid (PCA) structure.

Sample current–voltage and charge–voltage loops are presented in Figure 6.7.‡‡ The

parameters of ∼1 s duration probing pulses with 16 sets of pulses per scan were chosen as

they were found to be a good balance between noise and drift; shorter pulse durations lead to

noisier data while drift started to become a problem with longer overall scan durations. Most

scans were recorded at ∼15 ◦C as that temperature yielded the most consistent results. One

immediately notices that, generally, the charge loop is not continuous; that is, the positive

and negative voltage sweeps do not yield equal but opposite charge. Additionally, the loops

do not scale with increased applied voltage as would be expected for a ferroelectric. In a

traditional P–E loop, a straight line is seen at low field; it begins to open up above a threshold

voltage value. As the field increases further, the characteristic square shape develops before

eventually closing off as high fields after the saturation polarization is reached. The observed

loop, however, generally shrinks in height with increasing voltage while growing in width

and maintaining approximately the same overall shape. PCA, which is not expected to be
‡‡The data presented herein is a best attempt at showing the most common behavior for a given set of

conditions; there was, however, a large spread of data variability across the measurements.
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Figure 6.7: Sample (A) current–voltage and (B) charge–voltage curves for H4DFT up to 10V. Each

curve is the average of 16 consecutive sets of probing pulses recorded after a −10V preparation pulse

at 13.7 ◦C.

ferroelectric, was measured as a control (Figure 6.8). It displays similar behavior to the

H4DFT although the current–voltage loops are less symmetric; the negative half of the curve

shows a curve downward at fields more negative than −5V and a separate distinct peak

between −5V and −1V. To further explore the effect of voltage, scans of H4DFT were taken

where voltages were swept up to 20V (Figure 6.9). Here, the current–voltage curves begin to

exhibit behavior similar to that seen with PCA, while the charge–voltage curves take on a

more rounded shape—the charge is no longer constant on the backside of the pulse as the

voltage is decreased and there is still no evidence of saturation.

Since ferroelectric response is often very temperature sensitive, measurements were taken

under an array of temperatures. As seen in Figure 6.10, temperature affected the magnitude

of recorded charge but did not significantly alter the shape of the charge–voltage loops. At

temperatures of ∼25 ◦C and ∼35 ◦C, larger voltages resulted in large charge increases which

were more heavily weighted towards the positive voltage sweep. The curves measured at

∼5 ◦C were much noisier due to the lower magnitude of charge produced. Charge generally
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Figure 6.8: Sample (A) current–voltage and (B) charge–voltage curves for PCA control. Each curve

is the average of 16 consecutive sets of probing pulses recorded after a −10V preparation pulse at

13.9 ◦C.
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Figure 6.9: Sample (A) current–voltage and (B) charge–voltage curves for H4DFT up to 20V. Each

curve is the average of 16 consecutive sets of probing pulses recorded after a −20V preparation pulse

at 13.3 ◦C.
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increased with temperature, with the maximum charge increasing two orders of magnitude

as the temperature increased from ∼5 ◦C to ∼35 ◦C. Increases in current leakage with

temperature are expected, but the double-wave method should eliminate that effect. A

change in ferroelectric character with temperature is normally associated with a change in

loop shape, which was not observed.

Ferroelectric switching is not always near instantaneous. If probing pulses are too short

to adequately switch a given material, resulting measurements may behave unusually. The

effect of probing pulse speed on H4DFT is examined in Figure 6.11. The left pane shows the

current trace for each of the probing speeds; the traces are similar across the speeds. For

most measurements, the height of the first probing pulse of a set is greater than the second

pulse, and the peaks from the positive voltage pulses (first set) are greater in magnitude than

those from the negative pulses (second set). This behavior is different than what is expected

for ferroelectrics measured using the double-wave method; the height of both peaks in a set

is expected to be the same, while the switching current should be seen as a left shoulder in

the first peak of the set. The current–voltage (middle pane) and charge–voltage (right pane)

curves show somewhat differing behavior with pulse duration where the ∼10 s and ∼0.1 s

pulses show more closed off, less symmetric loops.

Next, we turn towards a more detailed examination of voltage pulses and the resulting

current traces. Figure 6.12 shows the current traces for a number of different preparation

and probing pulse sequences: (A) −10V preparation pulse followed by two 5V and two −5V

probing pulses, (B) −10V preparation pulse followed by three 5V and three −5V probing

pulses, (C) no preparation pulse followed by three 5V and three −5V probing pulses, and

(D) 10V preparation pulse followed by three −5V and three 5V probing pulses. When sets

of three pulses were used, the height of the second and third current peaks were generally

shorter than the first but were both of approximately equal magnitude; this indicates that

something additional is occurring when the first pulse of a given polarity is applied. When

no preparation pulse is applied, the magnitude difference between the first and second pulses
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Figure 6.10: Sample charge–voltage curves for H4DFT at different temperatures. Scans were taken

at (A) 5.3 ◦C, (B) 13.6 ◦C, (C) 24.9 ◦C, and (D) 34.9 ◦C. Each curve is the average of 16 consecutive

scans recorded after a −10V preparation pulse.
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Figure 6.11: Effect of pulse speed on H4DFT measurements. Current–time (left), current–voltage

(middle), and charge–voltage (right) plots are shown for (A) ∼10 s, (B) ∼1 s, and (C) ∼0.1 s pulses.

The current–voltage and charge–voltage plots are averages of (A) 1, (B) 16, and (C) 256 sets of

pulses. A preparation pulse of (A) −10V, (B) −10V, and (C) −5V was applied followed by two

5V and two −5V probing pulses. All measurements were taken at ∼15 ◦C.
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is smaller; this is expected as the domains were not all fully aligned to begin with. When

the pulse polarity is reversed, the current polarity is simply flipped.§§ Also of note when

examining current traces, is that the magnitude of the current peaks generally decreases over

the course of the first few sets of pulses before stabilizing (Figure 6.13).

Finally, the samples and measurement apparatus were moved into a glove box with an

inert nitrogen atmosphere to help rule out any redox effects of surface moisture. These

results are presented in Figure 6.14. For measurements taken at ambient temperatures, no

significant changes were observed compared to atmospheric conditions. The lack of humidity

allowed us to use dry ice to further cool the samples to ∼− 20 ◦C; measurements at this

temperature resulted in much smoother curves. Measurements of the PCA control under the

inert atmosphere were more unusual (Figure 6.15); at ambient temperatures, the current peak

from the second probing pulse of each set of positive pulses was the larger of the two, resulting

in a butterfly-like current–voltage curve, while at colder temperatures, the current–voltage

loop was more typical save that it contained sharper peaks. The magnitude of the currents in

the glove box measurements are not directly comparable to the ones taken under atmospheric

conditions as the inert environment affects the drawing behavior of the EGaIn electrodes

resulting in a considerably blunter tip and therefore larger contact area.

Besides ferroelectricity, redox behavior is another potential source of hysteresis in the

measurements. In the literature, H4DFT was previously shown to be redox active when part

of a crystalline hybrid scaffold.204 In a cyclic voltammetry experiment in that environment,

it underwent one irreversible reduction at a peak potential of −1.64V versus a saturated

calomel reference electrode; this is similar to the behavior of related benzoic acids. Similarly,

PCA was shown in cyclic voltammetry experiments to undergo an irreversible oxidation. 205

Irreversible redox behavior might help explain the observed data in the current–voltage and

charge–voltage loops for H4DFT and PCA; the observed scans may, in fact, be a convolution

of ferroelectric and redox behavior.
§§The larger negative peaks in Figure 6.12(D) are simply due to the particular sample and measurement;

it was recorded immediately after the current trace in Figure 6.12(C) without the sample being disturbed.
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Figure 6.12: Sample current–time traces for H4DFT under different pulse sequences. (A) Current

trace under normal conditions. (B) Current trace under triplet pulse conditions. (C) Current trace

under triplet pulse conditions without a preparation pulse. (D) Current trace under triplet pulse

conditions with the pulse polarity reversed. All measurements were taken at ∼15 ◦C, the preparation

pulse, if present, was 10V in magnitude, and the probing pulses were 5V in magnitude. A slower

pulse duration of ∼10 s was used.
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Figure 6.13: Sample current behavior for H4DFT over time. (A) Current trace for complete

measurement of preparation pulse and all 16 sets of probing pulses. (B) Current–voltage loops for

each individual set of probing pulses. Measurements were taken at 14.1 ◦C with a −10V preparation

pulse and 4V in magnitude probing pulses.

6.4 Conclusions

Double-wave method current–voltage and charge–voltage loops were measured under a variety

of conditions in an attempt to gather additional evidence of the potentially ferroelectric nature

of the bowl-like molecule H4DFT. Unfortunately, while these scans showed hysteresis, the

loops did not respond to changing conditions as would be expected for a ferroelectric material.

While the material may still be ferroelectric as predicted, interference from redox behavior or

other effects prevented the use of P–E loops as clear evidence of ferroelectricity. In the future,

monolayers of H4DFT can be reexamined for other potential evidence of ferroelectricity, and

it may even be possible to produce archetypal P–E loops using a different measurement setup
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Figure 6.14: Current–voltage (left) and charge–voltage (right) curves for H4DFT measured under

inert conditions. Measurements were taken at (A) ∼20 ◦C with a −20V preparation pulse and (B)

∼− 10 ◦C with a −10V preparation pulse. All measurements were taken inside a glove box under

an inert nitrogen atmosphere and consist of the average of 16 sets of pulses.
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Figure 6.15: Current–voltage (left) and charge–voltage (right) curves for PCA control measured

under inert conditions. Measurements were taken at (A) ∼20 ◦C with a −20V preparation pulse

and (B) ∼− 15 ◦C with a −20V preparation pulse. All measurements were taken inside a glove box

under an inert nitrogen atmosphere and consist of the average of 16 sets of pulses.
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such as using a traditional Sawyer–Tower circuit to reduce noise and increase measurement

frequency. Monolayers of bowl-like molecules hold significant potential as single-molecule

ferroelectrics and are deserving of further study.
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7.0 Conclusions and Future Directions

7.1 Conclusions

Piezoelectric materials research began with the study of single crystals, before moving on

to polycrystalline and ceramic materials. Now, as we near the sesquicentennial of their

discovery, a new paradigm of molecularly engineered piezoelectrics is beginning to emerge.

This dissertation presented several frameworks where rational design was applied towards

the further understanding of the molecular origins of the piezoelectric effect in organic

and biomolecular materials. It began by introducing the history and basic concepts of

piezoelectricity and related phenomena, before moving on to a discussion of measurement

methods, especially those best suited for the characterization of this growing subset of soft

materials and devices. Next, frameworks to study molecular effects on bulk piezoelectric

response based on (1) the use of polar, small organic molecule dopants dispersively adhered

to a poly(dimethylsiloxane) (PDMS) foam scaffold and (2) self-assembled monolayers (SAMs)

of oligopeptides were presented. Subsequently, the bulk, device scale oligopeptide results

were compared with those due to piezo force microscopy (PFM) and computational modeling.

Lastly, ferroelectricity was explored with regards to hysteretic current–voltage loops for a

bowl-like corannulene derivative.

Piezoelectric response is contingent on both the dielectric and mechanical properties

of a material, meaning that overall response should be tunable based on either of these

parameters. PDMS foams, discussed in Chapter 3, were chosen as a simple, tunable scaffold

on which polarity could be controllably imparted through the dipole moment, concentration,

and degree of alignment of deposited dopant molecules. The PDMS foams were produced

from sugar and table salt templates where the foam’s compressive modulus was dependent
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on both the template and curing temperature used. The foams were then saturated with

solutions of polar small organic molecules and placed under a high voltage electric field; after

the solvent evaporated, foams coated with poled, dispersively attached molecules remained.

The poling field, dopant identity, and concentration of the dopant solution was varied. The

piezoelectric responses of these foam based devices were tested in a quasi-static manner.

The results show that, generally, the piezoelectric response increased with increased

poling field, increased with increased dopant dipole moment until a saturation point was

reached, and increased with decreased compressive modulus. Results for the effect of dopant

solution concentration on piezoelectric response were less conclusive. In agreement with

these data, increased poling fields are expected to produce a greater degree of dopant dipole

alignment, while greater dipole moment and alignment should result in greater permittivity

and, hence, greater piezoelectric response. Softer materials lead to more deformation per

unit of applied force, leading to a higher piezoelectric response. The maximum piezoelectric

charge constant (d33) obtained was 153 pC/N. The results of this work prove that, when

successfully decoupled, the electrical and mechanical components of piezoelectric response can

be tuned independently. Additionally, this decoupling provided a platform to easily examine

the effects of different molecules, in order to better predict molecular response.

SAMs provide a method to easily and reliably achieve polar order without the use

of electrical poling. As presented in Chapter 4, oligopeptide SAMs are piezoelectrically

active. Devices made using these oligopeptide SAMs have several inherent advantages in

that they are intrinsically piezoelectric and can be produced through solution processing.

Since specific peptide sequences can be synthesized, the role of sequence on piezoelectric

response can be examined experimentally to aid in the rational design of these molecular

piezoelectrics. Gold-thiol SAMs were grown on printed circuit boards (PCBs) from solutions of

cysteine-containing oligopeptides. Device assemblies consisted of the SAM functionalized PCB

facing a polyurethane coated PCB and were tested in a quasi-static manner. The polymer

coating provided conformal contact between the PCBs, thereby minimizing PCB-to-PCB
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inconsistencies and allowing for consistent, reproducible contact. Sealed devices—including

flexible ones—were also produced by assembling the device before the polyurethane cured;

this helped to prevent the reversible atmospheric degradation of piezoelectric response.

The piezoelectric charge and voltage constants of the oligopeptide SAM devices were both

measured directly. While the piezoelectric voltage constant can be obtained from the charge

constant and permittivity, measuring the voltage constant directly, by means of recording

the open-circuit voltage, provides a more accurate picture of these devices in low-frequency

sensing applications. Since sensing applications normally rely upon voltage signals rather

than current signals, the piezoelectric voltage constant is a more meaningful figure of merit in

such cases. While the measured charge constants of oligopeptide SAMs were modest, excellent

piezoelectric voltage constants (g33) up to 2Vm/N—some of the highest ever recorded—were

obtained. Thinner polyurethane layers led to larger voltage constants, as did functionalizing

the polyurethane coated PCB with a linear alkanethiol. Since the calculated induced electric

field is based on the overall device thickness, it is unsurprising that decreasing the thickness

improved response. The effect of the alkanethiol is more surprising and less understood,

but its influence on response could be related to potential organizing effects in conjunction

with the polyurethane. From a molecular design perspective, the effect of peptide sequence

on piezoelectric response, unfortunately, was less conclusive. Response decayed relatively

quickly after the samples were removed from the desiccator; this was solved by the use of

sealed devices, although somewhat at the expense of initial response. The potential of this

technology for flexible touch sensing applications was demonstrated by a flexible device

prototype which produced nearly 6V in response to gentle bending action.

While important for practical applications, device scale measurements do not necessarily

provide the clearest picture of the underlying piezoelectric mechanisms, as they are more likely

to be convoluted by other electromechanical and electrostatic effects. Therefore, Chapter 5

introduced other ways to study the piezoelectric workings of the oligopeptide system. It is

somewhat complicated to obtain the true converse piezoelectric response of soft materials

121



using PFM due to electrostatic interactions between the tip and the surface, but this can be

largely overcome by utilizing the newly developed DC-sweep DART-PFM method. As with

most things in chemistry, computational modeling also provides helpful insights. Problems,

however, remain in identifying the best computational methods for studying these complex

systems. For the density functional theory (DFT) calculations, the B3LYP functional initially

used gave poor results; they were improved somewhat by switching to the ωB97 functional.

Another issue in relating these single molecule calculations in vacuum to practical application

is that the ab initio molecular dynamics simulations showed that more than one dominant

helix may be present in the oligopeptides. While more work is necessary, all three methods will

ultimately provide valuable insights in the rational design of oligopeptide based piezoelectrics.

Closely related to piezoelectricity, ferroelectricity has the ability to impart “memory” onto

molecules. Chapter 6 presented current–voltage measurements examining the potentially

ferroelectric nature of a bowl-like corannulene derivative (abbreviated H4DFT). SAMs of

the molecules were deposited on indium tin oxide (ITO) coated substrates and the electrical

response was measured using an eutectic gallium-indium (EGaIn) electrode via a double-wave

method (DWM). The current–voltage measurements obtained showed hysteresis for both

the H4DFT and the 1-pyrenecarboxylic acid control. The hysteresis loops strayed from

standard ferroelectric behavior as they were asymmetrical and did not close off at higher

voltages. Although the data did not show evidence of ferroelectricity, it does not mean that

the molecules are not ferroelectric, and other methods, potentially employed in the future,

may show more promising results.

The work presented herein shows the potential of molecularly based piezoelectrics, and,

furthermore, it shows that principles of rational design can be used to iteratively improve

piezoelectric response and theoretical understanding of these systems. These materials

hold potential as piezoelectric energy harvesters and sensors with advantageous features,

including being low cost, easy to manufacture, biocompatible, flexible, and, in the case of the
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oligopeptide SAMs, poling free. With the present results as a good foundation, more work is

needed to better understand their intricacies, in order to improve and optimize these systems

towards their full potential.

7.2 Future Directions

With several proven frameworks in place, there are numerous future directions possible

towards bettering our understanding and improving the piezoelectric response of molecularly

engineered materials. These include more precise manufacturing methods for optimizing

the response, reliability, and longevity of existing devices; examining a wider array of

piezoelectrically active elements; and developing improved calculation methods to help

predict better molecular designs. The solid existing foundation, paired with these promising

pathways to improvement, means that there is a bright future for molecularly engineered

piezoelectrics.

Elastomers and foams hold piezoelectric potential, as small amounts of force can produce

large deformations and charge movements. The PDMS foams, described in Chapter 3, helped

to prove the concept but suffer from poor long-term stability due to the weak nature of

the dopant’s dispersive attachment to the polymer matrix. Developing covalent attachment

methods should greatly improve the long term polar alignment and stability of the response.

Furthermore, integrating polar substituents into the molecular backbone of a cross-linked

polymer should boost response by incorporating the polar elements into the matrix through

which the compressive force is transmitted. This can potentially be accomplished in a variety

of ways, including, using polar cross-linkers, short-chain substituents, or bound ions. Other

materials improvements include changes to the foam matrix used to decrease the pore size,

increase the uniformity, and decrease the modulus. The rotation caused by pore deformation
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upon compression pulls some of the polar dopants out of alignment. This effect can be

minimized by utilizing a foam with smaller, more uniform pores. Finally, since modulus

is inversely linked to piezoelectric response, using a softer foam should produce a larger

response.

Having already proven its piezoelectric sensing ability, the model oligopeptide SAM system

holds great promise for improvement. From a materials standpoint, current limiting factors

include the thickness and uniformity of the conformal polyurethane layer, as well as the surface

roughness of the gold surface on the printed circuit boards (PCBs). The current materials

were selected due to their low cost and practicality. While not as readily accessible on a lab

scale as aerosol cans and spin-coating, many improved methods of depositing highly-uniform,

ultra-thin polymer films exist. While it may not actually boost the overall magnitude of the

voltage signal, a thinner polymer coating would improve the piezoelectric charge constant of

the overall device. The PCB used proved very practical for lab-scale testing but suffers from

visible surface roughness. Switching to a smoother gold substrate, paired with a thinner,

more uniform polymer coating, should serve to increase piezoelectric response and greatly

improve sample-to-sample consistency, ideally to an extent such that sequence effects can be

readily distinguished.

Computational investigations have the potential to provide key insights for new synthetic

directions. Currently work is focusing on improving computational parameters such that they

more closely agree with the experimental results of the oligopeptide devices. If reasonable

agreement can be found between modeling and experiment, computational modeling can

then be expanded to identify new candidates for experimental study. The process can then

repeat ad infinitum. As the number of oligopeptides studied as a device, by PFM, and by

computation grows, more is learned about the workings of the system and its piezoelectric

response. Another avenue of potential SAM exploration involves mixed monolayers where
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island structures within the SAM can potentially amplify stresses and, thereby, increase

piezoelectric response. These different methods of analysis work together to inform each

other and grow our knowledge base, ideally leading to better piezoelectrics.
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Appendix A: Supplementary Information for

Highly Tunable Molecularly Doped

Flexible Poly(dimethylsiloxane) Foam

Piezoelectric Energy Harvesters

A.1 Supplementary Figures
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Figure A.1: Evaporation rate of acetonitrile in PDMS foam. Weights are relative to the weight of

the PDMS foam sample before 1mL of acetonitrile was added.
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Figure A.2: Effect of dopant concentration and poling field on piezoelectric response up to 10N. (A)

The piezoelectric response as a function of added CNA dopant solution concentration over an array

of poling fields using force values up to 10N. (B) The 0.1m CNA dopant solution subset showing

the piezoelectric response increasing as a function of poling field. Error bars represent standard error

across at least four samples.
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Figure A.3: Effect of dopant on piezoelectric response up to 10N. Piezoelectric response as a function

of dopant dipole moment for samples poled at 600V/mm after being doped with a 0.1m solution

using force values up to 10N. Dipole moments are experimental values in dioxane taken from the

literature.104–107 X-axis error bars are 5%; Y-axis error bars represent standard error across at least

four samples.
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Figure A.4: Stress–strain curve for sugar templated PDMS foam. Compressive modulus is the slope

of the secant (dashed green line) taken from zero strain to the strain corresponding to 10N of applied

force.
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Figure A.5: Stress–strain curve for a salt templated PDMS foam cured at room temperature.

Compressive modulus is the slope of the linear region (dashed green line).
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Figure A.6: Decay in piezoelectric response over time for a PDMS foam sample doped with 0.4m

CNA and poled at 800V/mm.
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A.2 Peak Finding Python Script

The following Python script was used to identify force and current peaks to calculate the

piezoelectric charge constant. The script is also available online at https://doi.org/10.

1021/acsaem.9b01061 and https://doi.org/10.26434/chemrxiv.7562456.v3.

1 #!/usr/bin/env python

2

3 #Python 2.7

4 import os

5 import math

6 import glob

7

8 #integrate area using a combination of triangles and trapezoids

9 #returns sum of all positive areas within given range

10 #'initial' -> initial index, 'final' -> final index

11 def exactPosArea(initial, final, time, data):

12 area = 0.0

13 for i in range(initial, final):

14 if ( i + 1 ) >= len(data):

15 break

16 data_init = float(data[i])

17 data_fin = float(data[i + 1])

18 dt = float(time[i + 1]) - float(time[i])

19 #if two consecutive points have opposite signs (from - to + OR + to -)

20 if (data_init > 0) ^ (data_fin > 0):

21 #'zero_inter' -> point where line between data points of opposite

22 #signs crosses zero

23 zero_inter = abs(dt * (max(data_init,data_fin) / (abs(data_fin) \

24 + abs(data_init))))
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25 if 0.5 * zero_inter * (data_init) > 0:

26 area += 0.5 * zero_inter * (data_init)

27 if 0.5 * zero_inter * (data_fin) > 0:

28 area += 0.5 * zero_inter * (data_fin)

29 else: #trapezoidal method

30 if 0.5 * (data_init + data_fin) * (dt) > 0:

31 area += 0.5 * (data_init + data_fin) * (dt)

32 return area

33

34 #calculate standard deviation of dataset 'data'

35 def standardDev(data, data_avg):

36 std_tmp = 0.0

37 for i in range(len(data)):

38 std_tmp += pow((data[i] - data_avg),2)

39 return math.sqrt(std_tmp / len(data))

40

41 #calculate the average of dataset 'data'

42 def avg(data):

43 return sum([float(i) for i in data]) / len(data)

44

45 #open data file, calculate / analyze data, write to analysis file

46 def main(path):

47 print(path),

48 with open(os.path.abspath(path), 'r') as fl:

49 time = []

50 force = []

51 current = []

52

53 for lines in fl:
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54 entries = lines.split()

55 if len(entries) > 5:

56 continue

57 #take time, current, and force values from text data

58 time.append(float(entries[0]))

59 current.append(float(entries[2]))

60 force.append(float(entries[3]))

61

62 #average force and current for first 25 data points

63 force_avg25 = avg(force[:25])

64 current_avg25 = avg(current[:25])

65

66 #calculate standard deviation of force and current for first 25 data

67 #points

68 force_std = standardDev(force[:25], force_avg25)

69 current_std = standardDev(current[:25], current_avg25)

70

71 #calculate threshold value for force and current using first 25 data

72 #points

73 force_baseline = force_avg25 + 3*force_std

74 current_baseline = current_avg25 + 3*current_std

75

76 #creates list of lists holding all time values for which force

77 #is above baseline

78 force_times = []

79 active_force = []

80 i = 0

81 while i < len(force):

82 while force[i] > force_baseline:
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83 active_force.append(time[i])

84 i += 1

85 if active_force != []:

86 force_times.append(active_force)

87 active_force = []

88 i += 1

89

90 #remove all forces with length one(1) or less

91 for i in force_times:

92 if len(i) <= 1:

93 force_times.remove(i)

94

95 #remove final data point to avoid errors with force applied during final

96 #time area

97 del force_times[len(force_times) - 1]

98

99 #finds the max force applied for each interval of active force

100 max_forces = []

101 for intervals in force_times:

102 tmp_max = 0

103 for times in intervals:

104 if force[time.index(times)] > tmp_max:

105 tmp_max = force[time.index(times)]

106 max_forces.append(tmp_max)

107

108 #calculate each delay between end of force and current going above

109 #baseline

110 delay_from_end = []

111 for i in force_times:
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112 force_end_time = i[-1]

113 end_time_index = time.index(force_end_time)

114 while ( current[end_time_index] < current_baseline ):

115 end_time_index += 1

116 if end_time_index >= len(current):

117 break

118 if not end_time_index >= len(current):

119 delay_from_end.append(time[end_time_index] - force_end_time)

120

121 if len(delay_from_end) > 0:

122 avg_delay_from_end = avg(delay_from_end)

123 std_delay_from_end = standardDev(delay_from_end, avg_delay_from_end)

124 if len(delay_from_end) <= 0:

125 avg_delay_from_end = 0

126 std_delay_from_end = 0

127

128 #calculate delay between start of force and current going over baseline

129 delay_from_start = []

130 for i in force_times:

131 end_time_index = time.index(i[0])

132 while ( current[end_time_index] < current_baseline ):

133 end_time_index += 1

134 if end_time_index >= len(current):

135 break

136 if not end_time_index >= len(current):

137 delay_from_start.append(time[end_time_index] - i[0])

138

139 if len(delay_from_start) > 0:

140 avg_delay_from_start = avg(delay_from_start)
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141 std_delay_from_start = standardDev(delay_from_start, \

142 avg_delay_from_start)

143 if len(delay_from_start) <= 0:

144 avg_delay_from_start = 0

145 std_delay_from_start = 0

146

147 #CALCULATE AREA UNDER CURRENT V. TIME CURVES

148

149 #area from start of force using only positive current values

150 posArea = []

151 max_currents = []

152 if len(force_times) > 0:

153 for i in force_times:

154 #calculate area beyond force curve until the mean of 3

155 #consecutive currents is greater than the baseline

156 final_index = time.index(i[-1]) + 3

157 avg3 = float('inf')

158 iteration = 0

159 #'avg3' -> most recent three current values, beginning after end

160 #of force

161 while ( avg3 > 0 ):

162 avg3 = avg(current[time.index(i[-1]) + iteration : \

163 final_index])

164 final_index += 1

165 iteration += 1

166 posArea.append(exactPosArea(time.index(i[0]), final_index, \

167 time, current))

168 else:

169 final_index = 0
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170

171 #calculate peak current values in time period after applied force

172 tmp_max = 0

173 for i in range(time.index(i[0]), final_index):

174 if ( i + 1 ) >= len(current):

175 break

176 if current[i] > tmp_max:

177 tmp_max = current[i]

178 max_currents.append(tmp_max)

179

180 #remove all area and force values corresponding to where the area equals

181 #zero

182 #(zero area corresponds to a non-significant force, only slightly above

183 #baseline)

184 tmp = 0

185 while tmp < len(posArea):

186 if posArea[tmp] == 0.0:

187 del posArea[tmp]

188 del max_forces[tmp]

189 tmp -= 1

190 tmp += 1

191

192 #remove forces and currents such that all corrected forces are relevant

193 #(remove any forces < 0.5 N)

194 tmp = 0

195 while tmp < len(max_forces):

196 if (max_forces[tmp] - force_avg25) < 0.5:

197 del max_forces[tmp]

198 del posArea[tmp]
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199 tmp -= 1

200 tmp += 1

201

202 #write results of analysis to a new file in the same location with

203 #the same name, appended by '_analysis.txt'

204 write_target_dir = os.path.abspath(path)[:-4] + '_analysis.txt'

205 with open(write_target_dir, 'w') as newFile:

206 #column headers

207 newFile.write('Applied Force\t')

208 newFile.write('Corrected Force\t')

209 newFile.write('Charge <positive only>\t')

210 newFile.write('\n')

211

212 #data

213 for i in range(len(max_forces)):

214 newFile.write(str(max_forces[i]) + '\t')

215 newFile.write(str(max_forces[i] - force_avg25) + '\t')

216 newFile.write(str(posArea[i]) + '\t')

217 newFile.write('\n')

218 if len(max_forces) < 5:

219 print('Warning! Less than 5 data points.')

220 else:

221 print('')

222

223 ###############################################################################

224

225 rootdir = os.path.abspath(raw_input('Enter Starting Directory: '))

226

227 #case if data text file path is entered directly
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228 if rootdir.endswith('.txt') and not rootdir.endswith('analysis.txt'):

229 main(rootdir)

230

231 #case if folder containing data files is entered

232 else:

233 os.chdir(os.path.abspath(rootdir))

234

235 #used to break out of excess loops if 'rootdir' contains data text files

236 end_break = False

237

238 #go through each day's folder within the overall data folder

239 for f in glob.iglob('*'):

240 #error catch if individual data folders are selected

241 if('.' not in f):

242 os.chdir(os.path.abspath(f))

243 else:

244 end_break = True

245 #go through each data text file and perform calculations

246 for t in sorted(glob.iglob('*.txt')):

247 #catch to bypass analysis text files located in the same folder

248 if not t.endswith('analysis.txt'):

249 main(t)

250

251 #reset current working directory to the root directory in order to

252 #move onto the next file

253 os.chdir(rootdir)

254 #break out of excess loops

255 if end_break:

256 break
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Appendix B: Supplementary Information for

Intrinsically Polar Piezoelectric

Self-Assembled Oligopeptide Monolayers

B.1 ANOVA

Analysis of Variance (ANOVA) was used to determine if different effects have statistical

significance. The ANOVA calculations were performed using LibreOffice Calc (v. 6.4.5.2)

software, and the results are presented in Tables B.1–B.12.

Table B.1: ANOVA charge constant results for DDT-PU PCBs. The data do not show a statistically

significant effect between tests of the piezoelectric charge constant (d33) using different DDT-PU

coated PCBs.

Group Count Sum Mean Variance
d33 DDT-PU PCB 1 16 130.04 8.13 16.86
d33 DDT-PU PCB 2 19 147.41 7.76 13.06
d33 DDT-PU PCB 3 18 165.79 9.21 21.68

Source of Variation SS df MS F P-value
Between Groups 20.76 2 10.38 0.61 0.55
Within Groups 856.62 50 17.13
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Table B.2: ANOVA charge constant results for PU PCBs. The data do not show a statistically

significant effect between tests of the piezoelectric charge constant (d33) using different PU coated

PCBs.

Group Count Sum Mean Variance
d33 PU PCB 1 15 58.76 3.92 4.59
d33 PU PCB 2 13 57.01 4.39 6.19

Source of Variation SS df MS F P-value
Between Groups 1.25 1 1.53 0.29 0.60
Within Groups 138.46 26 5.33

Table B.3: ANOVA charge constant results for thin PU PCBs. The data show a statistically

significant effect between tests of the piezoelectric charge constant (d33) using different thin PU

coated PCBs.

Group Count Sum Mean Variance
d33 Thin PU PCB 1 14 116.61 8.33 14.96
d33 Thin PU PCB 2 14 55.09 3.94 2.65
d33 Thin PU PCB 3 4 34.03 8.51 2.52

Source of Variation SS df MS F P-value
Between Groups 154.91 2 77.45 9.50 0.000 67

Within Groups 236.54 29 8.17

Table B.4: ANOVA charge constant results for carboxylate-terminated versus amide-terminated

peptides. The data appear to show a statistically significant effect (P-value<0.05) between tests of

the piezoelectric charge constant (d33) using carboxylate-terminated and amide-terminated peptides.

Group Count Sum Mean Variance
d33 Carboxylate-Terminated Peptides 61 369.62 6.06 11.07

d33 Amide-Terminated Peptides 52 395.13 7.60 19.82

Source of Variation SS df MS F P-value
Between Groups 66.52 1 66.52 4.41 0.038
Within Groups 1675.00 111 15.09
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Table B.5: ANOVA charge constant results for carboxylate-terminated peptides. The data do not

show a statistically significant effect between tests of the piezoelectric charge constant (d33) using

different length carboxylate-terminated peptides.

Group Count Sum Mean Variance
d33 CA6 14 70.78 5.06 7.44
d33 A6C 14 80.03 5.72 5.91
d33 CA9 16 104.47 6.53 16.34
d33 CA12 16 106.44 6.65 14.44

Source of Variation SS df MS F P-value
Between Groups 24.85 3 8.28 0.73 0.54
Within Groups 635.19 56 11.34

Table B.6: ANOVA charge constant results for amide-terminated peptides. The data do not show a

statistically significant effect between tests of the piezoelectric charge constant (d33) using different

length amide-terminated peptides.

Group Count Sum Mean Variance
d33 CA6-NH2 14 102.39 7.31 17.44
d33 CA9-NH2 18 135.32 7.52 18.75
d33 CA12-NH2 14 87.76 6.27 9.06

Source of Variation SS df MS F P-value
Between Groups 13.43 2 6.71 0.44 0.65
Within Groups 663.22 43 15.42

Table B.7: ANOVA charge constant results for DDT-PU versus PU coated PCBs. The data

show a statistically significant effect between tests of the piezoelectric charge constant (d33) using

unfunctionalized and DDT functionalized PU coated PCBs.

Group Count Sum Mean Variance
d33 DDT-PU 46 365.69 7.95 12.90

d33 PU 28 115.77 4.13 5.18

Source of Variation SS df MS F P-value
Between Groups 253.32 1 253.32 25.32 0.000 003 4

Within Groups 720.31 72 10.00
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Table B.8: ANOVA charge constant results for normal thickness versus thinner thickness PU coated

PCBs. The data show a statistically significant effect between tests of the piezoelectric charge

constant (d33) using PCBs coated with normal thickness PU and thinner thickness PU.

Group Count Sum Mean Variance
d33 Normal PU 28 115.77 4.13 5.18

d33 Thin PU 32 205.73 6.43 12.63

Source of Variation SS df MS F P-value
Between Groups 78.61 1 78.61 8.58 0.0049

Within Groups 531.44 58 9.16

Table B.9: ANOVA voltage constant results for DDT-PU PCBs. The data show a statistically

significant effect between tests of the piezoelectric voltage constant (g33) using different DDT-PU

coated PCBs.

Group Count Sum Mean Variance
g33 DDT-PU PCB 1 14 11 714 837 99 346

g33 DDT-PU PCB 2 14 6396 457 35 136

g33 DDT-PU PCB 3 16 7603 475 31 404

Source of Variation SS df MS F P-value
Between Groups 1 309 918 2 654 959 12.10 0.000 074

Within Groups 2 219 335 41 54 130

Table B.10: ANOVA voltage constant results for PU PCBs. The data do not show a statistically

significant effect between tests of the piezoelectric voltage constant (g33) using different PU coated

PCBs.

Group Count Sum Mean Variance
g33 PU PCB 1 14 6566 469 52 126

g33 PU PCB 2 14 6543 467 58 555

Source of Variation SS df MS F P-value
Between Groups 18.66 1 18.66 0.000 34 0.99
Within Groups 1 438 852 26 55 340
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Table B.11: ANOVA voltage constant results for thin PU PCBs. The data show a statistically

significant effect between tests of the piezoelectric voltage constant (g33) using different thin PU

coated PCBs.

Group Count Sum Mean Variance
g33 Thin PU PCB 1 16 33 812 2113 1 742 123

g33 Thin PU PCB 2 16 16 132 1008 160 542

g33 Thin PU PCB 3 8 7671 959 416 999

Source of Variation SS df MS F P-value
Between Groups 12 087 411 2 6 043 705 7.11 0.0024

Within Groups 31 458 975 37 850 243

Table B.12: ANOVA voltage constant results for normal thickness versus thinner thickness PU

coated PCBs. The data show a statistically significant effect between tests of the piezoelectric

voltage constant (g33) using PCBs coated with normal thickness PU and thinner thickness PU.

Group Count Sum Mean Variance
g33 Normal PU 28 13 110 468 53 292

g33 Thin PU 40 57 615 1440 1 116 574

Source of Variation SS df MS F P-value
Between Groups 15 566 850 1 15 566 850 22.84 0.000 010

Within Groups 44 985 256 66 681 595
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B.2 Supplementary Figures on Piezoelectric Response
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Figure B.1: Process by which the piezoelectric charge constant (d33) is obtained. (A) Simultaneous

measurement of force and short-circuit current over time. The gold shading represents the time over

which the current is integrated to calculate charge; the absolute value of the charge is then used. (B)

Charge–force plot for a CA6-NH2/DDT-PU PSAM device showing a d33 of 9.93 pC/N.
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Figure B.2: Process by which the piezoelectric voltage constant (g33) is obtained. (A) Simultaneous

measurement of force and open-circuit voltage over time; the baseline of the measured voltage is first

corrected for measurement drift. The dashed gold line shows corresponding force and voltage peaks.

(B) Induced electric field–external stress plot for a CA12-NH2/thin-PU PSAM device showing a

g33 of 1565mVm/N. Induced electric field is calculated by dividing voltage by sample thickness;

external stress is calculated by dividing applied force by electrode area.

145



DDT/PU

DDT/DDT-PU

DDT/thin-PU

Control PSAM Device

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

d 3
3 P

ie
zo

re
sp

on
se

 (p
C/

N
)

Figure B.3: Piezoelectric charge constant (d33) values for 1-dodecanethiol (DDT) control PSAM

devices. Control values are less than 3 pC/N. Error bars represent standard error across multiple

samples.
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Figure B.4: Piezoelectric voltage constant (g33) values for 1-dodecanethiol (DDT) control PSAM

devices. Control values for normal thickness PU devices are less than 300mVm/N. Error bars

represent standard error across multiple samples.
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Figure B.5: Long term storage stability of samples showing they retain piezoelectric response over

several months of storage in a vacuum desiccator. (A) Response grouped by sample. (B) Response

as a function of storage time. Error bars represent standard error across multiple tests.
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Figure B.6: The piezoelectric voltage constants (g33) of sealed PSAM devices. The g33 of sealed

PSAM devices is similar to that of other samples despite the thinner PU layer; the d33 is much lower

(not shown); and the stability is much better. Error bars represent standard error across multiple

tests.
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Figure B.7: Stability of sealed PSAM devices showing that they retain response over 18 d and

approximately 900 test cycles under ambient conditions. The increase in response over time is due,

in part, to the gradual decrease of preload force due to the nature of the testing setup. Data were

excluded around day 11 due to HVAC instability. Error bars represent standard error is the slope of

the robust linear regression for each individual test.
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B.3 Supplementary Note: Computational Details and Discussion

The piezoelectric response of carboxylate/amide-terminated peptides is ultimately dependent

on the strength of the H-bonds constituting their own α-helices, whose lengths are defined in

Figure B.8.

Figure B.8: Atomistic visualization of the carboxylate-terminated peptide CA6 in liquid water from

room-temperature ab initio molecular dynamics simulations. In the inset, a magnification displaying

the definition of the four crucial interatomic distances (d1, d2, d3, d4) determining the α-helix

structure is shown. Equivalent definitions also hold for the amide-terminated peptide CA6-NH2

structure. Red, grey, yellow, blue, and white coloring refer to oxygen, carbon, sulfur, nitrogen, and

hydrogen atoms, respectively.

In order to atomistically monitor the behavior of carboxylate-terminated peptides CA6

and amide-terminated peptides CA6-NH2, a series of ab initio molecular dynamics (AIMD)

simulations at room conditions and under the effect of different field intensities was executed.

As shown in Figure B.9, in the zero-field regime and at room temperature, the four NH· · ·O

internal distances of the CA6 species exhibit values statistically falling within the range of

typical strong-to-moderate H-bonds (i.e., ∼ [1.7−3.2] Å), with the exception of d4 which also
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probes longer distances. This latter represents the weakest interatomic bond—among those

defining the α-helix—since it shares the acceptor oxygen atom with the bond defined as d3

(Figure B.8). This way, the α-helix structure of CA6 is essentially determined by the H-bonds

identified by d1, d2, and d3. On the other hand, the probability distributions characterizing all

four internal H-bonds of the amide-terminated peptide CA6-NH2 exhibit broader distributions

than their counterparts in the CA6 species, indicating that amide-terminated α-helices are

less rigid than the carboxylate-terminated ones. In fact, both d1 and d3 distributions are

slightly broader in CA6-NH2 with respect to their homologues in CA6, as shown in Figure B.9.

Moreover, the weakest H-bond of the CA6 peptide, identified by d4, develops into very feeble

interatomic interactions, exhibiting distances beyond the typical lengths of very weak H-bonds

(i.e., ∼ 4 Å). Nevertheless, the most prominent difference is recorded for the H-bond defined

as d2. Whereas in the CA6 peptide structure such a bond exhibits lengths which are ascribable

to H-bonds with a predominantly covalent character (i.e., ∼ 2 Å), in the amide-terminated

CA6-NH2 species the same bond shows lengths typical of very weak H-bonds or even being

purely electrostatic in nature. Those microscopic aspects are crucial not only in interpreting

the results concerning the electric-field-induced effects on the α-helices of the peptides shown

in Figures B.10 and B.11, but also in the understanding of the larger piezoelectric response

of the amide-terminated peptides with respect to their carboxylate-terminated counterparts

emerging from experiments.

A series of analyses on the crucial H-bonds defining the α-helix was executed. As shown

in Figure B.10, the application of electric field strengths on the order of 0.5 V/nm perturbs

the internal H-bonds of the CA6 structure. In fact, one of the four bonds characterizing the

α-helix (i.e., d1) starts exploring larger distances. However, all the remaining probability

distributions associated with the other H-bonds are not significantly altered by the field

action, as shown in Figure B.10. Such a finding highlights, once again, the robustness of the

structure of the carboxylate-terminated peptide CA6. On the other hand, a field intensity of
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Figure B.9: Probability distributions of the lengths of the four H-bonds characterizing the α-helix

structure of the carboxylate-terminated peptide (CA6; solid blue curves) and the amide-terminated

peptide (CA6am; dashed yellow curves), as determined by ab initio molecular dynamics simulations

in the zero-field regime (i.e., E = 0.0 V/nm). For the distances definition, please refer to Figure B.8.
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Figure B.10: Probability distributions of the lengths of the four H-bonds characterizing the α-helix

structure of the carboxylate-terminated peptide CA6 in the zero-field regime (solid black curves) and

at field strengths of 0.5 V/nm (dashed blue curves) and 1.0 V/nm (dotted red curves), as determined

by ab initio molecular dynamics simulations. For the distances definition, please refer to Figure B.8.

1.0 V/nm is able to almost completely break the α-helix structure, leaving partially intact

only the H-bond identified as d3 and the weakest (and very weak) intermolecular bond defined

as d4, as shown in Figure B.10.

As previously mentioned, in the zero-field regime the structure of the amide-terminated

peptide CA6-NH2 is less rigid than its own carboxylate-terminated counterpart. The weaker

internal H-bonds constituting the α-helix render the CA6-NH2 structure more sensitive to the

application of external electrostatic potential gradients. In fact, a field strength of 0.5 V/nm

is already able to largely affect most of the lengths of the bonds under investigation, as shown

in Figure B.11.
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Figure B.11: Probability distributions of the lengths of the four H-bonds characterizing the α-helix

structure of the amide-terminated peptide CA6-NH2 in the zero-field regime (solid black curves) and

at field strengths of 0.5 V/nm (dashed blue curves) and 1.0 V/nm (dotted red curves), as determined

by ab initio molecular dynamics simulations. For the distances definition, please refer to Figure B.8.
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B.4 AFM Images of PCB Substrate
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Figure B.12: AFM amplitude scans of PCBs. (A) Bare, unfunctionalized PCB with a height RMS

roughness of 68 nm. (B) CA6 functionalized PCB with a height RMS roughness of 52 nm.

B.5 Minimum Working Example of Voltage Peak Finding Python

Script

The following is a minimum working example of the Python script used to identify force

and voltage peaks to calculate the piezoelectric voltage constant. The script is also available

online at https://github.com/hutchisonlab/g33-piezoelectric-constant and https:

//doi.org/10.26434/chemrxiv.13151069.v1.
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1 #!/usr/bin/env python3

2

3 import numpy as np

4 import pandas as pd

5 import statsmodels.api as sm

6 from scipy.stats import linregress

7 from scipy.signal import find_peaks

8

9 # Load data

10 a = pd.pandas.read_csv('data.txt', delimiter='\t')

11

12 # Correct baseline

13 x = a.iloc[30:530]['Time (s)']

14 y = a.iloc[30:530]['VoltageB (V)']

15 slope, intercept, r_value, p_value, std_err = linregress(x, y)

16 a['Corrected Voltage'] = a['VoltageB (V)'] - slope * a['Time (s)']

17 baseline = np.mean(a.iloc[30:530]['Corrected Voltage'])

18 a['Corrected Voltage'] = a['Corrected Voltage'] - baseline

19

20 # Identify Force and Voltage Peaks

21 # Average initial force

22 force_avg = np.mean(a.iloc[30:530]['ForceA (N)'])

23 force_std = np.std(a.iloc[30:530]['ForceA (N)'])

24 # Calculate force baseline

25 force_baseline = force_avg + 3*force_std + 0.2

26 # Calculate force peaks

27 force_peaks, force_properties = find_peaks(a['ForceA (N)'],

28 height=force_baseline, distance=100, prominence=0)

29 force_index = a['ForceA (N)'].index[force_peaks]
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30 force_times = a.iloc[force_index]['Time (s)']

31 force_times = force_times.values

32 force_values = a['ForceA (N)'].values[force_peaks]

33 force_values_rel = force_properties['prominences']

34 # Calculate voltage peaks

35 voltage_peaks, voltage_properties = \

36 find_peaks(a.iloc[530:]['Corrected Voltage'], distance=100, prominence=0)

37 voltage_index = a.iloc[530:]['Corrected Voltage'].index[voltage_peaks]

38 voltage_times = a.iloc[voltage_index]['Time (s)']

39 voltage_times = voltage_times.values

40 voltage_values = a.iloc[530:]['Corrected Voltage'].values[voltage_peaks]

41 voltage_values_rel = voltage_properties['prominences']

42

43 # Process results

44 area = 0.035 * 0.035 # meters

45 separation = 0.00004 # meters

46 x = force_values_rel / area

47 y = voltage_values_rel * 1000 / separation

48 # Calculate robust linear regression

49 x_rlm = sm.add_constant(x)

50 huber_t = sm.RLM(y, x_rlm, M=sm.robust.norms.HuberT())

51 hub_results = huber_t.fit()

52 # Calculate slope percent standard error

53 percent_std_err = hub_results.bse[1] / hub_results.params[1] * 100

54 slope = hub_results.params[1]

55 intercept = hub_results.params[0]

56 print('Response\tIntercept\tSlope-Percent-Standard-Error\t')

57 print(str(slope) + '\t' + str(intercept) + '\t' + str(percent_std_err))
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Appendix C: Supplementary Information for

Oligopeptide-Based Piezoelectric Materials:

Understanding Electromechanical Coupling in Molecules

C.1 Materials and Methods

C.1.1 Peptide Devices

In brief, oligopeptide self-assembled monolayers were grown from 0.1mol dm−3 solution by

soaking the gold-coated printed circuit board (PCB) for 48 h. A peptide functionalized

PCB was placed facing either an unfunctionalized polyurethane (PU) coated PCB or a

1-dodecanethiol (DDT) functionalized PCB. This assembly was then subjected to various

compression forces while either the resulting short-circuit current or open-circuit voltage

was measured. The current was integrated and the piezoelectric charge constant (d33) was

calculated from the slope of the linear fit of charge versus applied force. Similarly, voltage was

converted to electric field by dividing by sample thickness; the result was plotted again applied

force to obtain the piezoelectric voltage constant (g33). Linear fits were calculated using

robust linear regression with the Huber’s T norm. Full experimental details are available in

our previous work;67 some data is reused while additional data was collected in an analogous

manner. Peptides used for newly reported measurements (CFA6-NH2, CA6F-NH2, CYA6-

NH2, CA6Y-NH2, CA6X-NH2, CA7-NH2, and CA8-NH2) were obtained from Anaspec

(unpurified grade, used without further purification).
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C.1.2 PFM Measurements

Piezo force microscopy (PFM) measurements were taken using our DC-sweep DART-PFM

method.82 Voltage offsets of ±0.5V, ±1V, ±1.5V, and ±2V were used.

C.1.3 Computational Methods

Density functional theory (DFT) calculations were run using Gaussian 16. Oligopeptides

were initially optimized using the B3LYP functional with the 6-31G(d) basis set. Calculations

were then run using either the B3LYP or ωB97X-D3 functional both with the Def2SVP basis

set. Ab initio molecular dynamics simulations were performed similar to those in our previous

work.67
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C.2 Supporting Figures
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Figure C.1: Relationship between measured piezoelectric charge and voltage constants for peptide

self-assembled monolayer (PSAM) devices. The dotted line is a robust linear regression of the data

(calculated using the statsmodels Python package152 with Huber’s T norm) and can be used to

calculate the effective relative permittivity of the devices. Since the piezoelectric charge and voltage

constants are related by the relative permittivity, the slope of the linear fit is equal to the inverse of

the absolute permittivity, so ε = εrε0 =
1

slope and εr =
1

ε0·slope where ε is the absolute permittivity,

εr is the relative permittivity, and ε0 is the vacuum permittvity. The data give a relative permittvity

value for the PSAM devices of 2.91.
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Figure C.2: Correlation between calculations made using the different measurement reference points.

B3LYP and ωB97-XD functionals were used where the length change was calculated using the

distance between either [C] the N-terminus and the carbonyl carbon of the C-terminus or [O] the

N-terminus and the carbonyl oxygen of the C-terminus.
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Figure C.3: Correlation of piezoelectric response between PFM measurements and device scale

measurements. For device scale measurements, the results with dodecanethiol (DDT)-functionalized

PU coated PCBs are used (e.g., CAX/DDT-PU).
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Figure C.4: Correlation of piezoelectric response between DFT calculations and device scale mea-

surements. For device scale measurements, the results with dodecanethiol (DDT)-functionalized PU

coated PCBs are used (e.g., CAX/DDT-PU). B3LYP and ωB97-XD functionals were used where the

length change was calculated using the distance between either [C] the N-terminus and the carbonyl

carbon of the C-terminus or [O] the N-terminus and the carbonyl oxygen of the C-terminus.
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Figure C.5: Atomistic visualization of the amide-terminated peptide CA7-NH2 in liquid water from

room-temperature ab initio molecular dynamics simulations. The total length of the peptide is

calculated as being the distance between the the sulfur on the cysteine of the N-terminus and amide

nitrogen of the C-terminus. The direction of the applied electric field is also indicated. Red, grey,

yellow, blue, and white coloring refer to oxygen, carbon, sulfur, nitrogen, and hydrogen atoms,

respectively.
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Figure C.6: Probability distributions of the length of the structure of the amide-terminated peptide

CA7-NH2 at field strengths of 1.0V/nm (+Z) (solid curve) and −1.0V/nm (−Z) (dashed curve),

as determined by ab initio molecular dynamics simulations. For the distances definition, please refer

to Figure C.5. Note the multiple dominant helices.

Figure C.7: Probability distributions of the length of the structure of the amide-terminated peptide

CA6F-NH2 at field strengths of 1.0V/nm (+Z) (solid curve) and −1.0V/nm (−Z) (dashed curve),

as determined by ab initio molecular dynamics simulations. For the distances definition, please refer

to Figure C.5.
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Figure C.8: Probability distributions of the length of the structure of the amide-terminated peptide

CFA6-NH2 at field strengths of 1.0V/nm (+Z) (solid curve) and −1.0V/nm (−Z) (dashed curve),

as determined by ab initio molecular dynamics simulations. For the distances definition, please refer

to Figure C.5. Note the multiple dominant helices.

Figure C.9: Probability distributions of the length of the structure of the amide-terminated peptide

CA6Y-NH2 at field strengths of 1.0V/nm (+Z) (solid curve) and −1.0V/nm (−Z) (dashed curve),

as determined by ab initio molecular dynamics simulations. For the distances definition, please refer

to Figure C.5.
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Figure C.10: Probability distributions of the length of the structure of the amide-terminated peptide

CYA6-NH2 at field strengths of 1.0V/nm (+Z) (solid curve) and −1.0V/nm (−Z) (dashed curve),

as determined by ab initio molecular dynamics simulations. For the distances definition, please refer

to Figure C.5. Note the multiple dominant helices.
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Appendix D: Supplementary Information for

Double-Wave Method Ferroelectric Measurements

of a Corannulene Derivative

D.1 Minimum Working Example of Ferroelectric Analysis Python

Script

The following is a minimum working example of the Python script used to convert current

traces into into current–voltage and charge–voltage loops.

1 #!/usr/bin/env python3

2

3 import numpy as np

4 import pandas as pd

5

6 # Load data

7 file = 'data-file-name'

8 a = pd.pandas.read_csv(file + '.csv')

9

10 # Set parameters

11 numberTests = 16

12 maxVoltage = 10

13

14 # Calculate voltage steps

15 voltage = []

16 for i in range(50):
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17 voltage.append((i + 1) * (maxVoltage / 50))

18 for i in range(50):

19 voltage.append(maxVoltage - (i + 1) * (maxVoltage / 50))

20 for i in range(50):

21 voltage.append(-(i + 1) * (maxVoltage / 50))

22 for i in range(50):

23 voltage.append(-maxVoltage + (i + 1) * (maxVoltage / 50))

24

25 # Make main dataframe

26 data = pd.DataFrame(a.iloc[np.r_[300:400,600:700]]['Time (s)'])

27 data.reset_index(drop=True,inplace=True)

28

29 voltagedf = pd.DataFrame(voltage,columns=['Voltage (V)'])

30 data['Voltage (V)'] = voltagedf['Voltage (V)']

31

32 # Loop through current data for each test

33 for i in range(numberTests):

34 # Combine positive peaks

35 x0 = a.iloc[300 + 600 * i:400 + 600 * i]['Time (s)']

36 yA0 = a.iloc[300 + 600 * i:400 + 600 * i]['CurrentA (I)']

37 yB0 = a.iloc[450 + 600 * i:550 + 600 * i]['CurrentA (I)']

38

39 y0 = []

40

41 zip_object0 = zip(yA0,yB0)

42 for yA0_i, yB0_i in zip_object0:

43 y0.append(yA0_i-yB0_i)

44

45 # Combine negative peaks
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46 x1 = a.iloc[600 + 600 * i:700 + 600 * i]['Time (s)']

47 yA1 = a.iloc[600 + 600 * i:700 + 600 * i]['CurrentA (I)']

48 yB1 = a.iloc[750 + 600 * i:850 + 600 * i]['CurrentA (I)']

49

50 y1 = []

51

52 zip_object1 = zip(yA1,yB1)

53 for yA1_i, yB1_i in zip_object1:

54 y1.append(yA1_i-yB1_i)

55

56 # Combine postive and negative peaks into one list

57 for j in y1:

58 y0.append(j)

59

60 # Make df and add to data

61 df = pd.DataFrame(y0,columns=['test' + str(i + 1)])

62 data['test' + str(i + 1)] = df['test' + str(i + 1)]

63

64 # Average current

65 col = data.loc[:,'test1':'test' + str(numberTests)]

66 data['Average Current (A)'] = col.mean(axis=1)

67

68 # Calculate charge

69 data['Average Charge (C)'] = np.nan

70 data.at[0,'Average Charge (C)'] = 0

71 for i in range(1,len(data.index)):

72 data.at[i,'Average Charge (C)'] = data.iloc[i-1]['Average Charge (C)'] \

73 + (data.iloc[i-1]['Average Current (A)'] + \

74 data.iloc[i]['Average Current (A)']) / 2 * (data.iloc[i]['Time (s)'] \
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75 - data.iloc[i-1]['Time (s)'])

76

77 # Correct shift between positive and negative voltage

78 shift = data.iloc[100]['Average Charge (C)'] \

79 - data.iloc[99]['Average Charge (C)']

80 for i in range(100,len(data.index)):

81 data.at[i,'Average Charge (C)'] = data.iloc[i]['Average Charge (C)'] \

82 - shift

83

84 # Save processed data

85 data.to_csv(file + '-charge-current.csv', \

86 columns=['Voltage (V)','Average Current (A)','Average Charge (C)'])
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