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COMPUTATIONAL AND EXPERIMENTAL INSIGHT INTO SINGLE-MOLECULE
PIEZOELECTRIC MATERIALS
Christopher Wayne Marvin, PhD

University of Pittsburgh, 2017

Piezoelectric materials allow for the harvesting of ambient waste energy from the environment.
Producing lightweight, highly responsive materials is a challenge for this type of material,
requiring polymer, foam, or bio-inspired materials. In this dissertation, | explore the origin of the
piezoelectric effect in single molecules through density functional theory (DFT), analyze the
piezoresponse of bio-inspired peptidic materials through the use of atomic and piezoresponse
force microscopy (AFM and PFM), and develop a novel class of materials combining flexible
polyurethane foams and non-piezoelectric, polar dopants. For the DFT calculations, functional
group, regiochemical, and heteroatom derivatives of [6]helicene were examined for their
influence on the piezoelectric response. An aza[6]helicene derivative was found to have a
piezoelectric response (108 pm/V) comparable to ceramics such as lead zirconium titanate (200+
pm/V). These computed materials have the possibility to compete with current field-leading
piezomaterials such as lead zirconium titanate (PZT), zinc oxide (ZnO), and polyvinylidene

difluoride (PVDF) and its derivatives.



The use of AFM/PFM allows for the demonstration of the piezoelectric effect of the self-
assembled monolayer (SAM) peptidic systems. Through PFM, the influence that the helicity and
sequence of the peptide has on the overall response of the molecule can be analyzed. Finally,
development of a novel class of piezoelectrics, the foam-based materials, expands the current
understanding of the qualities required for a piezoelectric material from ceramic and rigid
materials to more flexible, organic materials. Through the exploration of these novel types of

piezoelectric materials, new design rules and figures of merit have been developed.
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1.0 INTRODUCTION

1.1 ENERGY HARVESTING

Energy harvesting is a critical goal to address energy efficiency and modern energy
demands. There is a demand for materials to harvest the ambient vibrations from the
environment and can be applied to different surfaces to convert energy such as body, pipe walls
for fluid flow,? and portable devices.® Having the ability to extend the battery lifetime of portable
electronics through ambient vibrations such as the wind and human motion is a desired
characteristic of these energy harvesting materials. These devices can harvest the energy from
walking around with the device in your pocket or the waste energy from walking around a
building can be used to supplement the power requirements of the building. Through this effect,
piezoelectric materials have been used in a wide variety of applications ranging from actuators,*

sensors and biosensors,>® motors,”8 and energy harvesters.%°

1.2 PIEZOELECTRIC ENERGY HARVESTING MATERIALS

Piezoelectric materials can be utilized in micro- and nano-power generators because of
their ability to harvest ambient vibrational energy. Lead zirconium titanate (PZT) has been

utilized in a micro energy harvesting device with a power output of 1.4 yW and 1.6 V at a

1



frequency of 870 Hz.!' This type of device is useful for harvesting waste vibrations from
machinery due to their frequency of vibrations being around 100 Hz, however, a large amount of
work is still needed to match the optimal harvesting frequency with the working frequency. A
piezoelectric nanogenerator based on aligned ZnO nanowires grown on a solid substrate and is
an excellent alternative to PZT due to the lack of lead in the material, making it an
environmentally green material. These ZnO materials have a power generation of 0.5 pW,
however, the mass of ZnO is significantly lower than PZT, leading to lightweight devices.
However, the resonance frequency of the ZnO materials is ~10 MHz, which is much higher than

conventional circumstances providing room for optimization.*?

1.3 CONVENTIONAL PIEZOELECTRICS.

Conventional piezoelectric materials include ceramics (lead zirconium titanate, PZT),*
nanowires/nanorods (zinc oxide, ZnO),** and polymers (polyvinylidene difluoride, PVDF).® The
application of mechanical stress to the material causes a polarization to occur in the material;
This induced polarization is called the direct piezoelectric effect. The interconversion can be
either direct, converting force into charge, or converse, converting electric charge into stress.
Conversely, if an electric field is applied to a piezoelectric material, the unit cell will deform.
The total response of the piezoelectric material requires alignment of the dipole moments of the
individual unit cells. These dipoles can be aligned through the application of an external electric
field while the material is above the Curie temperature, Tc, in a process called poling. The larger
the percentage of overall dipoles that are aligned, the larger the piezoelectric response of the bulk

material X



1.3.1 Origin of the piezoelectric property.

The piezoelectric property is exhibited when a material has a non-centrosymmetric unit
cell.r” For inorganic and ceramic piezoelectric materials, 20 of the 32 crystal classes exhibit
direct piezoelectricity,'® including both polar and non-polar crystals. For a non-polar crystal, this
effect can occur when a deformation causes an induced polarization to occur, as in ZnO
nanowires.!® Perovskite piezoelectric materials require a high voltage to be applied to the
material, a process called poling, in order to produce the necessary non-centrosymmetric unit
cell. Poling of a perovskite piezoelectric is required since the unit cell is centrosymmetric
otherwise. Poling breaks the centrosymmetry by forcing the central Zr** or Ti*" out and into half
of the unit cell, creating a dipole moment. Ceramic PZT and ZnO nanowires, Figure 1.1, are two
common examples of inorganic piezoelectric structures. Conventional piezoelectric materials
come in a variety of classes: non-centrosymmetric inorganic crystals/ceramics such as lead

zirconium titanate (PZT),% zinc oxide nanowires/nanorods (Zn0),%* and quartz;??

organic
polymers such as polyvinylidene difluoride and its copolymers;?® and 2D nanomaterials such as

MoS,.%



@ Pb”
Zr"

© Ti*

@O

Figure 1.1. Repeat units for the unit cells of: left.) Lead zirconium titanate perovskite and right.) ZnO Wurzite cell.

1.3.2 Piezoelectric coefficient

The generated charge and the force applied are directly related by the piezoelectric
coefficient, dij, where i is the direction of the force, and j is the direction of the electric field. The
most common piezoelectric coefficient, dss, relates the force and charge in the z-direction. To
represent their primary function, the units of dsz are pC Nt when referencing the direct effect,
since a force is applied and there is a resultant force; and pm V! for the converse effect, due to
the deformation due to the applied bias. These units are equivalent as shown in Equation (1.1)

below:

E — PV XF — pin _ pJ — pmXN — pm (1.1)
N N NXV NXV NXV %4

where C is coulombs, N is the force in newtons, V is volts, F is farad, J is joules, and m is

meters. A larger deformation or higher charge density or voltage will be created from materials

with a larger piezoelectric coefficient.



1.4  RATIONAL DESIGN OF NOVEL MATERIALS

The discovery of target molecules with an optimized piezoelectric response can be
performed using “virtual synthesis.” With computational chemistry, it is possible to screen a
wide range of molecules in a shorter amount of time than it would take to synthesize and analyze
novel compounds. With this quality, computational design of novel materials saves time, effort,
and money spent in the lab on failed or insignificant materials. Possible candidates can be
screened for desired properties without spending unnecessary weeks at the benchtop to produce
them. While the quantitative accuracy of a method may be unknown, the relative qualitative
properties can produce a vast amount of information.

In regards to the piezoelectric effect, agreement between computed and experimental
responses is quite high as shown by Werling, et al.?® In this work, the authors computed the
piezoelectric coefficient of the hydrogen bond in crystalline methyl-nitroaniline by using density
functional theory (DFT)/B3LYP. The high agreement demonstrated therein allows for great
confidence in the method applied for the calculations applied to the single molecular

piezoelectric systems.



1.5 SELF-ASSEMBLED MONOLAYERS

Interface determines surface properties

Terminal
Group

Alkane

Head Group

Metal
Surface

Figure 1.2. Schematic detailing self-assembled monolayer components for alkane-based SAMs.

Organic molecules can be chemisorbed onto a metallic surface in order to form highly-
ordered molecular assemblies known as self-assembled monolayers, or SAMs. These monolayers
allow for the tailoring of the surface chemistry of the metal surface for preferential
characteristics such as hydrophobicity, electronic conductivity, or local optical properties, for
example.?® SAMs are composed of a metallic substrate, an attached head group or ligand, a
spacer, and a terminal functional group, as seen in Figure 1.2. SAMs can be formed on many
different surfaces between alkanethiols and gold,?’ silver,?® copper,?® and other metals.?®*° Other
common substrates include oxides, such as FexOy, TiO2, and ITO, and silanes.?® With these other
substrates, a wider range of possible ligands exists including hydroxy-, carboxylic acid-, and
amine-terminated molecules. The most common protocol for forming SAMs on these metals is to

immerse a freshly cleaned substrate into a dilute (~1-10 mM) ethanolic solution of thiols for 12-



18 h at room temperature.?® These conditions allow for a high degree of reproducibility across a
wide range of alkane thiolates and metal substrates.

Minimization of the free energy of the SAM requires the adoption of high degrees of van
der Waals and hydrogen bond interactions with neighboring molecules. Along with this
minimized free energy, the SAM molecules acquire up to a 30° angle between the spacer, head
group, and substrate for an alkanethiol-based SAM on gold.?® In the perspective of this
dissertation, this angle causes the measured piezoelectric response of the SAM to be less than the
computed response since the alignment of the molecules are not directly along the orientation of

the applied field.

1.6 PRINCIPLES OF ATOMIC AND PIEZORESPONSE FORCE MICROSCOPY.

The sensitivity of atomic force microscopy (AFM) is ideal for the analysis of SAMSs in
regards to topography or piezoelectric response. 3! Atomic force microscopy is a form of
scanning probe microscopy with a surface resolution on the order of less than a nanometer. This
instrument senses the surface of a sample through attraction or repulsion of the surface being
analyzed. Using a photodiode, an IR-laser is reflected off a cantilever and measured as the tip
interacts with the surface as shown in Figure 1.3. Force measurements, imaging, and surface
manipulation can all be measured by AFM techniques. For example, upon calibration of the
instrument, the forces between the probe and sample can be determined and used to perform

force spectroscopy, such as piezoresponse force microscopy (PFM). An example is that the



topography of a sample can be scanned in three dimensions from the interaction between the tip
and the surface creating a height profile of an area of a sample. Manipulation of a sample can be
performed by changing the properties of the surface through direct interactions between the
probe and the sample, i.e. scanning probe lithography. AFM can be performed in either non-
contact or contact mode. The cantilever performs a tapping motion to sense the surface in order

to interact with the surface during a non-contact scan.

IR-Laser
DetglCtor — PhOtOd iOde Sou rce
Feedback

EESESESESL]

Figure 1.3. Working principle of an atomic force microscope. An IR-laser is placed on a cantilever probe which
interacts with the surface of a sample and the IR reflection is measured by a photodiode. Any deformation of this

signal is indicative of a change in topography of the surface of the sample.



1.6.1 Piezoresponse force microscopy (PFM).

Piezoresponse force microscopy is a contact-mode AFM technique which utilizes an AC
voltage applied to a conductive tip while scanning.® The AFM applies an electric voltage and
measures changes in the thickness, At. This induced At of the sample is characteristic of the
sample’s piezoelectric character. The relationship between the magnitude of the displacement
and the applied voltage can be used to calculate the piezoelectric coefficient of the sample. The
overall deflection of the cantilever measured by the photodiode in PFM is composed of three
distinct parts: the displacement of the tip, the displacement of the sample, and the tip-sample
interaction. To accurately measure the piezoresponse, only the displacement of the sample must
be considered. Since there are three components to the signal, limitations to obtaining
quantitative piezoelectric responses are present. These limitations include nonlocal effects from
the tip,® background signal interference, electrostatic effects from tip-surface interactions,

and potential drop from tip to surface.®!

1.6.2 Dual AC Resonance Tracking (DART) PFM

Dual AC resonance tracking expands on the piezoresponse force microscopy technique
by allowing for the cantilever to be operated at or near the contact resonance frequency in order
to take advantage of the tip amplification due to this coupling, allowing for quantitative
examination of biological and inorganic surfaces.®® Compared to conventional PFM which tunes
at a single frequency, DART-PFM utilizes a frequency feedback loop between two amplitudes
within which the contact resonance peak is located. At these boundary frequencies, the amplitude

is measured and it is possible to track changes in the resonance behavior, as seen in Figure 1.4.



Due to this tracking, the signal-to-noise ratio is increased since the contact resonance allows for
amplification of the signal. This amplification is directly related to the g-factor of the cantilever,
a dimensionless quantity inversely dependent on the cantilever energy dissipation;* the larger
the g-factor, the greater the amplification. Finally, the use of a simple harmonic oscillator model

of the tip allows for the amplification factor to be removed, and the actual response can be

calculated.

Amplitude

L 4

Frequency
Figure 1.4. Adapted from ref.®, the working principle of DART-PFM allowing for the frequency tracking technique

to be applied.
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1.6.3 Potential error in PFM/DART-PFM

There are many possible sources of error that may affect a PFM measurement such as
enhancement of the response due to high voltages, unknown tip geometry and thus field shape,
tip-sample contact stiffness is finite, and tip-sample electrostatic interactions.*® Due to the
unknown field shape and the finite tip-sample contact stiffness, the calculation of the
piezoelectric coefficient will be an underestimate due to the field having a lower impact on the
sample than is recorded by the instrument. Another electro-mechanical distortion,
electrostriction, can appear during a PFM experiment and can cause an overestimate of the
computed piezoelectric response.®” The difference between electrostriction and piezoelectricity is
that electrostriction responds quadratically to an applied electric field, while piezoelectricity is a

linear response.

1.7 OVERVIEW AND OBJECTIVES

The objectives of this dissertation are to use the concept of rational design in order to
develop novel targets for single-molecule piezoelectric materials with optimized responses using
density functional theory (DFT); develop optimized principles for piezoelectric materials with
improved response; utilize these design principles to develop piezoelectric peptides with greater
responses than other biological materials and demonstrate the response using piezoresponse
force microscopy (PFM); and develop a novel class of foam-based piezoelectric materials doped

with polar, rigid, small molecules which exhibit very high piezoresponses.
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The organization of the thesis is as follows:

Chapter 2 covers the computational and experimental methods utilized in the following
chapters. The computational methods utilize density functional theory and multiple applied
voltages to compute the piezoelectric response and the experimental methods discuss the use of
atomic force and piezoresponse force microscopy to analyze piezoelectricity.

Chapter 3 discusses the computational exploration of single molecule piezoelectric
materials based on the [6]helicene and phenanthrene backbone motifs. Density functional theory
(DFT) calculations are utilized and the effects of regiochemistry, dipole moment, polarizability,
steric interactions, and electron donating and withdrawing character of substituents on the
piezoelectric response are analyzed.

Chapter 4 expands the work from chapter 2 to include heteroatom substitutions in the
[6]helicene backbone to optimize the piezoelectric response. Still using DFT, it is shown that
there is a larger influence on the piezoelectric response from a lack of steric interactions than
from the increased (or decreased) electron density of the conjugated ring system by the
substitutions made. Nitrogen, oxygen, and sulfur heteroatoms were substituted into various
positions in the [6]helicene in order to examine the effects of both electron-rich and electron-
poor substitutions.

Chapter 5 demonstrates the experimental analysis of piezoelectric peptide monolayers
using piezoresponse force microscopy (PFM) to quantify the piezoelectric response. These
peptides differ in degree of helicity as shown by circular dichroism (CD) to assess the impact
helicity has on the piezoelectricity.

Chapter 6 discusses the development of a novel class of piezoelectric materials based on

the composite of polyurethane foam and rigid, polar, small molecules. This novel material shows
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a piezoelectric response on the same order of magnitude of PZT, that is, greater than 200 pC N,
can be produced from two non-piezoactive components. This chapter demonstrates the
relationship between dipole concentration in the composite material and the overall piezoelectric
response of the material.

Chapter 7 concludes the dissertation and provides future directions for the optimization

of these flexible peptide- and foam-based piezoelectric materials.
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20 METHODS

21 COMPUTATIONAL METHOD

Gaussian 09%® and density functional theory (DFT) are used for the computational study
of the [6]helicene and phenanthrene piezoelectric molecules in Chapters 3 and 4. The B3LYP
functional® with the 6-31G(d) basis set are used to optimize all computed structures. DFT is
known to be asymptotically incorrect and ignore dispersion,***? thus an example set of
calculations were performed on [6]helicene and phenanthrene using B97D,* CAM-B3LYP,*
PBE1PBE,* and wB97XD*® functionals in order to assess any variation in the trends. Since the
trends examined in this work appear independent of the functional chosen, B3LYP is selected for
the computations for consistency, as no experimental data exists for comparison. High agreement
has been found between the experimental piezoelectric coefficient, ds3, of 2-methyl-4-
nitroaniline, and the computed value using the B3LYP functional .?

The molecules are designed in Avogadro*’ in order to obtain a specific frame of
reference. This frame of reference is used to align the molecule to consider the geometric
deformation in response to an applied external electric field. The direction and magnitude of the
electric field are added to the Gaussian input. All final geometries were checked for consistency
since local minima exist in regards to certain functional groups (e.g. -NH. pyramidal inversion).

Unless otherwise specified (i.e., for examination of the direct piezoelectric effect), no constraints
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are applied to the optimization. Since optimization occurs in the 3N-6 internal degrees of
freedom, translations and rotations of the frame of reference can be removed by a select choice
of coordinates. We find that even with the automatic selection of internal coordinates from
Cartesian coordinates, only small (less than 1-3°) rotations occur.

The piezoelectric coefficient is a tensor derived from the applied electric field and the
resulting deformation. In this work, focus is placed on the deformation along the same axis as the
electric field, both in the z-direction, described as dss. The z-direction, although potentially
arbitrary, is defined to be the approximate lowest energy vibrational breathing mode. The dss
coefficient is calculated from the difference between the molecular length at an applied field

(Imax) and at zero applied field (lzer0) using Equation 2.1:

pm| _ (lmax—lzero) 1 nm pm
d33 [T] a (Uzero) X fieldL vV ] ><]"OOO[nm] (2'1)

Note that while this formula suggests a linear response of the piezoelectric response to
the applied electric field, there is no guarantee that all molecules will exhibit linear
electromechanical response. Depending on the molecule that is being examined, steric crowding
or other large energetic barriers may exist, limiting the range of motion and distorting the linear

piezoelectric nature.

2.2  SELF-ASSEMBLED MONOLAYERS

2.2.1 Sample preparation.

Gold-thiol monolayers are prepared using 1.0 mM solutions of dodecanethiol in ethanol
or peptide in distilled water. These solvents are chosen due to solubility and have no impact on
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the production of the monolayers. The substrates are gold metal on glass and cleaned by washing
with ethanol and water followed by sonication for 10 minutes in ethanol or water for the
alkanethiol or peptides, respectively. After cleaning, the substrates are dried with compressed air
or N2 and placed into the solution to sit for 24 hours to form an ordered monolayer. The
substrates are then taken out of the solution and rinsed three times with the respective solvent,

blown dry, covered, and placed in a desiccator until ready for analysis.

2.2.2 (AFM) / (PFM) analysis.

AFM and PFM measurements are performed using an Asylum Research MFP-3D SPM.
Semi-quantitative piezoelectric results can be obtained by using the dual-AC resonance tracing
(DART-PFM) mode. Gold-coated tips (TR400PB, Olympus) are used for the DART-PFM
characterization. These tips have a free-air resonance frequency of 10 kHz, but a contact
resonance of 35 kHz. The low spring constant of 0.02 N/m is significant due to the soft nature of
the organic and biomaterials. A tip-sample bias of 1.5 - 4 V is applied for each sample to
increase the quantitative nature of the technique. Topography, piezoresponse amplitude, and
phase images are all recorded. The recorded amplitude is g-corrected to take the tip-sample
resonance amplification DART-PFM utilizes into account. This g-correction is performed using
the default analyzing software. Each sample is measured at least three times for consistency. For
an increased quantification of the piezoelectric coefficient, each sample is examined over a range

of voltages from 1.5 - 4.0 V nm™.
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3.0 SINGLE-MOLECULE PIEZOELECTRIC CALCULATIONS

This work, written in collaboration with Xinfeng Quan, Leah Seebald, and Geoffrey R.
Hutchison*, was, in part, published as J. Phys. Chem. C, 2013, 117 (33), 16783-16790.
Copyright 2013, American Chemical Society

The author performed the calculations for the phenanthrenes, Hammett-Taft correlations, and

completed the functional group calculations for the [6]helicene backbone.

3.1 INTRODUCTION:

Piezoelectrics are polar materials that produce electrical charge in response to a
mechanical distortion (the direct effect) or change shape in response to an applied electric field
(i.e., the converse effect). Piezoelectrics differ from other shape-changing materials in that they
exhibit a continuous, reversible linear shape change in response to an applied field, not a binary
switching behavior like redox transitions*®*° or reports of conformational changes in proteins
based on STM.> As such, piezoelectrics have achieved use as combined sensors and actuators

53 nanogenerators,>°

for applications as wide-ranging as sensors,”>®?, field effect transistors,
ultrasonic motors,*® and scanning-probe microscopy manipulation.>’*® A variety of conventional
piezoelectric bulk materials are known, including perovskite materials such as lead zirconium

titanate (Pb[ZrixTix]Os or PZT)1%2% polyvinylidene difluoride (PVDF) and other
17



semicrystalline polymers,>8%! quartz, and some liquid crystals.>* Recent investigation into ZnO
piezoelectric nanowires has demonstrated the ability to generate electrical power (up to 0.78
W/cm? when integrated into textiles) through energy harvesting.2-¢4

The piezoelectric property of PZT and ZnO single crystals stems from the accumulative
dipole of each asymmetric unit cell,% and piezoelectric PVDF is achieved via a poling process in
which polymer microcrystals are oriented to a uniform direction.®® In this contribution, we first
report an initial computational exploration of single molecules to serve as
piezoelectrics/piezoelectric units. Regioisomer effects and the development of structure/property
relationships for improved molecular piezoelectric materials are included. In particular, we focus

on asymmetrically substituted donor-acceptor [6]helicenes and tetrahydrophenanthrenes, Figure

3.1

Figure 3.1. (left) [6]helicene backbone. (right) phenanthrene backbone.

These molecules and their derivatives are considered potentially useful in the field of
asymmetric catalysis,?>>* nonlinear optics,®” molecular switches and rotors,®®% and thin film
transistors.”® With a spring-like and highly polarizable shape, as we will show, asymmetrically-
substituted [6]helicenes and tetrahydrophenanthrenes respond to an applied electric field with a

conformational deformation along the long axis (i.e., a converse piezoelectric effect) and change
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polarization in response to a geometric distortion (i.e., a direct piezoelectric effect). Results and

Discussion.

3.2  HELICENES.

In this paper, we will first discuss the substituted fully conjugated [6]helicenes and build
a set of structure/property correlations. We will describe different regiochemical isomers using
amino and nitro substituents, functional group substitutions in the 4- and 15- position, along with
dipole moment and polarizability contributions to potential energy. The electric field was applied
along the direction of C2 to C15, Figure 3.1, and is defined as the z-axis of the system. The field
was varied between +1.29 V/nm, large on macroscopic terms, but small on an atomistic scale,
corresponding to the field due to an extra positive or negative charge at 1.06 nm from the
molecule. Over the field range, the distance between the two nitrogen atoms was predicted to
vary from 4.869 A to 5.480 A (corresponding to -1.29 V/nm and +1.29 V/nm applied field,
respectively) as illustrated in Figure 3.2. This deformation of 0.61A corresponds to ~12.5%
length change and a computed piezoelectric constant dsz of 45.8 pm/V, comparable to 9.9~26.7
pm/V for ZnO piezoelectric materials.”>2 Such a large ds3 implies that much smaller fields,
comparable to conventional piezoelectrics, can be used in experiments or practical applications.
Between atoms C2 and C15, a deformation of 0.22A also occurs, as illustrated in Figure 3.3,
indicating that the molecule performs a complete structural change beyond a simple bending of
the C-N amine and nitro groups. Molecules will be referenced so that position and functional

group is clear, such as 4-amino-15-nitro[6]helicene is 4a15n.
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Figure 3.3. (A) Calculated N to N and C2 to C15 distances in 4a15n under different applied external electric fields
demonstrating the converse piezoelectric effect. Note that while the deformations are largely linear across the field
strengths studied, some curvature does occur at high positive and negative applied fields. (B) Calculated polarization
(dipole moment per volume) in 4al5n at different constrained geometries, demonstrating the direct piezoelectric

effect. Similar nonlinearities are found at large deformations.

As observed in Figure 3.3(A), molecules exhibit a converse piezoelectric effect, and
while the variation in displacement is largely linear with applied external field, at large positive

and negative fields some nonlinearity is found. During contraction with a negative field, the
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molecular length begins to saturate beyond ~1.29 V/nm because of Van der Waals repulsion
between atoms in the helicene. As the molecule extends with a large positive field, the n-electron
polarization increases and slightly increases the deformation above linear response for fields
beyond +1.29 V/nm.

Similarly, Figure 3.3(B) demonstrates a direct piezoelectric effect, found by calculating
both the molecular dipole moment and van der Waals volume to give a polarization, at specific
geometric distortions. For each N-N (or C2-C15) distance, the carbon atoms were set to a
specific displacement and “frozen” for a constrained geometry optimization while all other atoms
relaxed. While the dipole moment derives from separated charges, clearly partial charges
redistribute as the conformation changes, yielding some nonlinearity, particularly at large
geometric distortions. Thus, single molecules clearly exhibit both direct and converse
piezoelectric effects. The remainder of the paper will discuss the converse effect, since its
calculation does not require arbitrary geometric constraints.

The piezoelectric response of the molecule is due to coupling between the molecular
dipole moment and the applied field, which changes the potential energy surface of the molecule
and creates a new global minimum energy geometry. Equation 3.1 describes the energy change
upon interaction with an external electric field of these systems: p is the dipole moment, (C m™);
F is the applied electric field, (V nm™); o is the polarizability of the molecule (C> m? J1); and B
is the hyperpolarizability, (C* m3 J2):

E(F) —E(F,=0)= iF + az B* + BuypFy° (3.1)
For the 4-amino-15-nitro[6]helicene (4al5n), the calculated energy change is 4.6 kJ/mol with
59% and 41% contributed from the dipole moment and polarizability, respectively and only

0.07% from the hyperpolarizability.

21



net dipole moment

axis component

—

Figure 3.4. Computed net dipole moment along with the x-, y-, and z-axis components.

If we assume this energy excites only the lowest-energy breathing mode of the helicene
(computed frequency of 31.4 cm™ and computed force constant of 0.0045 mdyne A%), the
overall harmonic deformation would be over 1.84 Al Clearly, multiple vibrations are excited,
and immense electromechanical response is possible even with a relatively small potential
energy change (4.6 kJ/mol). Figure 3.4 illustrates the non-monotonic change of the overall
molecular dipole moment. At about -0.5 V/nm, the dipole moment reaches a minimum and
increases as electric field increases or decreases. This effect derives from the near-orthogonality
of the applied electric field and the dipole moment, illustrated in Figure 3.2. If each component
of the dipole moment is considered (as in Figure 3.4 ), the z-axis component is affected most by

the applied field, and at large field strength, dominates the overall dipole moment.

3.2.1 Regiochemical Isomers.

Beyond 4al15n, all 16 amino-/nitro- regioisomers of [6]helicene, reflecting substitution at
each of the 4 free positions of both the “top” and “bottom” rings in Figure 3.1, have been studied
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for their predicted piezoelectric response. For each isomer, the geometry was optimized under a
varying applied external electric field as described above. The length changes described are
defined as the average change in length between the substituents from the molecule at 0 V/nm
applied field to the lengths at £1.29 V/nm. In all cases, a length deformation was found
proportional to the magnitude of the field and the predicted piezoelectric coefficients are

compiled in Table 3.3.1.

Table 3.3.1. Computed piezoresponse (ds3) of 16 isomers of amino- and nitro- substituted [6]helicenes.

Isomer lal3n 1l1al4n  laldn  lalén  2al3n  2al4n  2al5n  2al6n
dsz (pm/V) 12.7 10.5 7.4 1.8 39.9 37.0 23.1 6.7
Isomer 3al3n 3al4n 3al5n  3alén  4al3n  4ald4n  4al5n  4al6bn
dsz (pm/V) 23.5 447 36.7 6.1 13.5 23.7 48.8 8.3

The molecular geometry plays a large role in determining the overall deformation
potentials. For example, in isomer 1al6n, substituents on C1 and C16 are extremely close and
likely form an intramolecular hydrogen bond between the -NH2 and -NO- groups, restraining the
molecule from significant contraction (due to steric repulsion) or extension, giving the smallest
response in the series, 1.8 pm/V. Retaining only one substituent on C1 or C16, as in the isomers
lal5n, lal4n, 1al3n, 2al6n, 3al6n and 4al6n, allows larger space for the molecule to extend
and contract, so larger deformation is observed. The five isomers that exhibit a maximum
deformation above 30 pm/V are 2al4n (37.0 pm/V), 3al5n (36.7 pm/V), 2al3n (39.9 pm/V),

3aldn (44.7 pm/V) and 4al5n (48.8 pm/V). In these molecules, the two substituents are along
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the lowest energy breathing mode, yielding a large z- component of the dipole moment and little
steric repulsion.

For anisotropic properties such as piezoelectric response, the deformation of a material
depends not only on the strength of the applied field, but also on the direction. We considered
applied fields along multiple directions, since each molecule is inherently asymmetric, using
field strengths between +£1.29 VV/nm. Larger deformations take place when field is applied along
or close to the z-axis, along the molecular breathing mode, see Figure 3.4 and Figure 3.5. For
most of the 16 isomers, the largest deformation occurs when the field is applied along the C2 to

C15 axis.

Figure 3.5. Internal coordinate of a helicene structure with numbering of atoms.

24



3.2.2 Dipole moment.

To optimize single-molecule piezoelectric response, one might imagine a larger dipole
moment would give a larger geometric distortion. As discussed above, only the z-component of
the dipole moment is directly coupled to the applied field, and in the 16 regiochemical isomers
considered here, it is only a small component of the overall dipole moment. Consequently, there
is little correlation between the molecular dipole moment and the deformation, or even in the
magnitude of the z-component. As illustrated in Figure 3.6, there is some small correlation
between the fraction of the overall dipole moment in the z-direction at zero applied field and the

piezoelectric deformation.
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Figure 3.6. (left) Calculated z-fraction dipole moment and dss of regiochemical isomers. (right) Piezoelectric

response correlation with z-fraction of dipole moment.
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3.2.3 Functional groups.
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[6]helicene.

Several activating and deactivating functional groups with varying strength were studied,
resulting in 36 different 4- and 15- substituted [6]helicenes using a combination of 6 electron
withdrawing and 6 electron donating groups, with computed piezoresponse compiled in Figure
3.8. Although ITUPAC numbering would change depending on what functional group is attached
to the helicene, the numbering will be kept consistent with Figure 3.1 to limit possible confusion.
Hammett-Taft parameters were used for the ometa COnstants to determine the difference in
electronic directing character.”>’* In Figure 3.7, a strong correlation between the calculated
piezoelectric response and the difference in Hammett-Taft constants (Aometa) IS Observed.
However, a combination of a strong electron withdrawing group and a strong electron donating
group doesn’t insure a large z-fraction of dipole moment. The relationship of deformation and z-
fraction dipole moment is vague in these isomers, but with a stronger electron withdrawing

group and stronger electron donating group, the z-fraction of dipole moment changes less, which
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means those molecules favor a shape deformation rather than charge redistribution under the

applied field.

—a— Br
—e—Cl
+N02
—v—CO_H
40 A ——CF
—<+—CN

50

30+

20+

10 1

Piezoelectric Coefficient, d,, (pm/V)

0 T T T T T T
NH, OH OMe OEt Me  SH

Electron Donating Groups

Figure 3.8. [6]Helicene piezoelectric response, dss, with respect to varied electron donating and withdrawing

functional groups.

3.2.4 Polarizability.

The regiochemistry clearly complicates the correlation of molecular dipole moment and
computed piezoresponse. The high degree of correlation, however, between the difference in
Hammett parameters and predicted piezo coefficient suggests that higher dipole moments
generally yield greater geometric deformation. Figure 3.9 shows the relationship between
computed polarizability and deformation of the 16 amino- and nitro- substituted helicenes. While

the correlation is slightly higher than with the dipole moment, the regiochemistry also
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complicates the response. Instead, one can consider a series of elongated helicenes, adding more
fused benzene rings to linearly (i.e., rather than helically) extend the helicene. Such
“clamphenes” show dramatically increased geometric deformation (Figure 3.10), deriving

largely from their increased polarizability.
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Figure 3.9. Correlation between ds3 and ZZ polarizability for 16 regiochemical isomers of amino- and nitro-

[6]helicene.

As an example, a hypothetical helicene derivative is proposed for single molecule
piezoelectrics with high response, illustrated in Figure 3.10. This molecule could be considered
as adding a naphthalene group to both ends of a [6]helicene, increasing the “arm length” and thus
the linear distortion along the z-axis. For the clamp-like shape of the molecule, we name it 5-
amino-20-nitro “clamphene” (CP10-5a20n), shown in Figure 3.10. As with the [6]helicenes,
under an applied electric field range of +1.29 V/nm, the computed distance between the two
nitrogen atoms extends from 8.29 A to 10.94 A, yielding a 32% length deformation, and a

computed ds3 piezoelectric constant of 110 pm/V, comparable to many inorganic piezoelectric
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materials.®? As the arm length is further extended, the calculated dss increases even further as

seen in Figure 3.11.

Difference of N to N
distances: 2.65A
Deformation Scale:32.0%

Figure 3.10. (top) Extended —arene used for polarizability and upper-limit calculations. (middle) Example

“clamphene” 5-amino-20-nitro-“clamphene” (CP10-5a20n). (bottom) Computed deformation of CP-10-5a20n.
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Figure 3.11. Increased computed geometric deformation (left) as a function of the number of benzene rings in the

clamphenes and (right) as a function of the computed zz-component of the polarizability.

3.3 PHENANTHRENES.

The tetrahydrophenanthrene system is obviously a more flexible hinge due to the lack of
conjugation in part of the system and the incomplete ring system allowing for larger piezoelectric
deformations through a rotation around the double bond, but with the downside of potential
cis/trans isomerization. For the phenanthrenes, a field is applied along C2 to C9 on which lies
the breathing mode of the molecules. The same field range as [6]helicene, £1.29 V/nm, is
applied for all molecules studied. The distance between the first atoms on each functional group
is used in the determination of the piezoelectric response. In terms of regiochemistry,
polarizability, dipole moment, and functional group, the behavior of the substituted
phenanthrenes under applied electric field is similar to that of substituted helicenes.

Similar to the [6]helicene above, the piezoelectric response of this phenanthrenes
molecule is due to the coupling of the molecular dipole moment to the applied electrical field,
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which modifies the potential energy surface of the molecule and creates a new global potential
energy minimum. Using equation 3.1 above, the potential energy of the 3-amino-8-nitro-
phenanthrene, 3a8n, is 4.4 kJ/mol, with a contribution of 55% from the dipole moment and 45%
from the polarizability, slightly higher than the calculated contributions for [6]helicene.

As with the [6]helicene above, if we take into account only the lowest energy breathing
mode (computed frequency of 27.7 cm™, and computed force constant of 0.0030 mdyne A™Y), the
overall harmonic deformation would be over 2.21 A. Even though the potential energy change is
relatively small (4.4 kJ/mol), a large electromechanical change is possible, but again, multiple

vibrational modes are excited at once.

3.3.1 Regiochemical isomers.

All 16 possible combinations of regiochemical isomers comparable to [6]helicene were
tested for the phenanthrene. The geometry was optimized as described for the [6]helicene above.
A larger piezoelectric response is noted for regiochemical isomers where the functional groups
are along the breathing mode of the molecule and smaller responses are noted for molecules with

the functional groups close to the center of the system as shown in Table 3.3.2.
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Table 3.3.2. Computed piezoresponse (ds3) of 16 isomers of amino- and nitro- substituted phenanthrenes using an

applied field of £1.29 V/nm along C1 to C10.

Isomer la7n la8n 1a9n 1lalOn  2a7n 2a8n 2a9n 2al0n
dss (pm/V)  17.9 145 86 1.1 409 342 219 27
Isomer 3arn 3a8n 3a9n 3alOn  4ar7n 4a8n 4a9n 4al0n
dss (pm/V) 327 474 424 82 18.2 32.1 59.7 10.2

The molecular geometry plays a similar role in the phenanthrene system as it does in
[6]helicene. A response greater than 40 pm/V is predicted for four of the isomers: 2a7n (40.9
pm/V), 3a9n (42.4 pm/V), 3a8n (47.4 pm/V), and 4a9n (59.7 pm/V). The substituents for these
high deformation isomers are aligned mostly parallel with the applied field likely leading to a
large affect from the field. The small responses, less than 10 pm/V, seem to be due to the
increased distance between the substituents and the misalignment between the field and the

functional groups.
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3.3.2 Dipole moment.
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Figure 3.12. (left) Calculated piezoresponse (dss) for 16 regiochemical isomers for amino- and nitro- substituted

phenanthrene and z-fraction of the dipole moment of the 16 regiochemical isomers under an applied field of

+1.285 V/nm. (right) Correlation between ds; and the z-fraction of the dipole moment (%).

Just as [6]helicene, the z-component of the phenanthrene is directly coupled to the
applied field. As seen in Figure 3.12 there is a much larger correlation between the z-fraction of
the dipole moment for the phenanthrene and its piezoelectric response than [6]helicene. Of the

16 regiochemical isomers studied here, 13 have a contribution of over 50% from the z-

component of the dipole moment.
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3.3.3 Functional groups.

A variety of 3- and 8- substituted phenanthrenes were tested for their calculated
piezoelectric coefficient, and although this regiochemical isomer does not show the highest
calculated response above, the response of 4a9n had a large variation over the +1.285 V/nm
range that it was tested, so for consistency purposes we decided 3- and 8- substituted
phenanthrenes would be better experiments. Just as the [6]helicene above, in order to reduce
confusion, the numbering will not match the IJUPAC system, but instead will use the numbering
in Figure 3.1. Longer alkyl and alkoxy groups exhibit a larger percent deformation that we
suspect is due to the free rotation capabilities of these chains. Figure 3.13 shows the piezoelectric
deformation of 42 combinations of functional groups tested. Figure 3.14 shows that generally
stronger electron withdrawing groups (e.g., -NO2 and -CN) and stronger electron donating

groups (-NH2 and -OR) will have larger deformation.
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Figure 3.13. Phenanthrene piezoelectric response, dss, with respect to varied electron donating and withdrawing

functional groups.
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3.3.4 Polarizability.

Figure 3.15. Extended —arene with phenanthrene skeleton used to show effect of polarizability on piezo-response.

Since the polarizability of these molecules contributes a large percentage to the potential

energy of the “spring-like” system, then by increasing the polarizability a larger piezoelectric
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response should be predicted. Extending the conjugated system of the phenanthrenes by
increasing the number of fused aromatic rings, as seen in Figure 3.15, increases the polarizability
of the molecule and in turn, the piezoelectric response. There is a very high correlation between
the polarizability and the calculated piezoelectric coefficient, das, for the extended —arenes. With
this relationship, we find that molecules that are highly polarizable are better targets than
molecules with just a large z-component of the dipole moment based on the low correlation
between z-component and the piezoelectric response as seen in Figure 3.16. There is a large
correlation between both the extension of the system by increasing the number of fused aromatic
rings and the ZZ polarizability with the piezo coefficient, dss.

The reported responses might not be the highest for the systems of this size due to the
regiochemistry of the functional groups. The position was chosen so the results were comparable

between the extended —arenes.

Figure 3.16. (left) The computed piezo coefficient of the molecule increases as the number of additional fused
aromatic rings increases. This increase is correlated (center) to the increased polarizability (and thus induced dipole

moment) and not the z-component of the permanent dipole moment (right).
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3.4  CONCLUSIONS

We have demonstrated that single molecules can respond via piezoelectric distortion to
an applied electric field. Such changes are conformational in nature, as the coupling between the
applied field and the molecular dipole moment drive an expansion or contraction of the
molecular helix, along the breathing modes. The applied field changes the global minimum
geometry, on top of any vibrational displacements about the equilibrium.

Regioisomeric effects are found to be important, based on our study of 16 regioisomers
of amino-nitro[6]helicene and phenanthrene. The regiochemical effect on the piezoelectric
response is complicated, although we find a large predicted piezoelectric coefficient, das, for
several regiochemical isomers and a variety of substituted [6]helicenes and phenanthrenes, most
notably 4-amino-15-nitro[6]helicene with a piezoelectric coefficient of 45.8 pm/V and 49.5
pm/V for 3-nitro-8-propoxy phenanthrene, both comparable with inorganic materials, and far
above piezoelectric response in other organics, such as PVDF. Piezoelectric responses, upwards
of 100-200 pm/V, have been predicted for the extended helicenes and phenanthrenes, or
“clamphenes.” It should be mentioned that these responses are measured on single molecules and
not crystals nor multi-layers like conventional piezoelectric materials. We suspect that due to
enhancement of the local electric field, deriving from aligned molecular dipole moments, multi-
layer polar films may yield even greater response.?

Correlating dipole moment, polarizability, and steric interactions with the piezoelectric
response will provide future design direction. Modification of the piezoelectric response is
possible by changing the regiochemistry of these skeletons. In our study of substituted
[6]helicene, a range of 47 pm/V (1.8 to 48.8 pm/V) is shown solely by modifying the positions of

the substituents. The regiochemical effects are not completely clear but some initial reasoning
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behind the noticeable differences includes steric inhibitions, intramolecular hydrogen bonding
for certain substituents, and alignment with the applied electrical field. Preliminary studies have
shown that as the difference in Hammett-Taft constants increases, the piezoelectric response also
increases. Other design rules for good targets that have shown promise include high
polarizability, since the polarizability contributes ~41% of the potential energy, and a low force
constant to allow for larger deformations for lower input force.

From what we have shown, it is possible that there is little “upper limit” to the
piezoelectric response of molecules designed for conformational response. For example, in order
to generate a piezoelectric response of 500 pm/V, on par with lead zirconium titanate (PZT), a
molecule would need only a 50% change in length upon an applied electric field of 1 V/nm (e.g.
4 A to 6 A). While such a target molecule has not yet been discovered, it is easy to imagine that
such molecules can exist based on our computations of the extended systems, “clamphenes” and

well-known redox-mediated conformational changes such as biological ion channels.

38



4.0 HETEROHELICENE SINGLE-MOLECULE PIEZOELECTRICS

This work was written in collaboration with Cameron Selby, Anjali Premkumar, and Geoffrey
Hutchison*.

The author performed calculations and the complete analysis of the data.

4.1 INTRODUCTION

Building upon the results from the [6]helicene and phenanthrene computational study, it
was noted that the polarizability of this class of materials has a large influence on the overall
piezoelectric response. To further explore the effects of polarizability and electron density on the
response of these systems, electron rich and electron poor heterocycles such as thiophene, furan,
pyrole, and azacycles substitutions were placed along the backbone. These substitutions are
common, organic heterocycles, making these computational targets no less synthetically
accessible than the previous molecules.

Piezoelectrics are a class of materials that interconvert between electrical and mechanical
energy. This conversion can be defined two ways: the direct effect, where the mechanical force
is converted to electrical charge; and the converse effect, where an applied voltage bias causes a
change of shape. These materials are unique in that the effect is continuous, linear, and reversible

in response to an applied field or deformation. Consequently, there are a wide variety of uses for
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piezoelectrics such as sensors,” field effect transistors (FETs),>® actuators,’® and
nanogenerators.’’

Some of the more common materials used for piezoelectric devices are the perovskite,
lead zirconium titanate (Pb[ZrixTix]Os or PZT),”® zinc oxide (Zn0),%* and polyvinylidene
difluoride (PVDF).”® One of the inherent flaws of many piezomaterials, including PZT and
PVDF, is a lack of an intrinsic piezoelectric capability, meaning the application of a high poling
voltage (100 kV cm™) and temperature (120 °C) is required in order to achieve an enhanced
response.’® Recently, a novel class of piezoelectric composite materials was developed which
incorporates the flexibility of polyurethane foam with the tailorable properties of organic
molecules.?® These foam composites exhibit a piezoelectric response of up to 250 pC N
acquired through poling at significantly lower voltages (400 V mm™) than ceramics (10 kV mm-
1. The piezoelectric effect of PZT and ZnO arises from the aggregate dipole moments from the
asymmetric unit cells after poling.”” Taking these flaws into account, we proposed molecules for
replacements for these conventional piezoelectrics because they are inherently polar and we
discovered molecules that exhibit the piezoelectric property. Previous work found that the
piezoelectric response of the functional and regiochemical derivatives of [6]-helicene (maximum
45.8 pm/V) and tetrahydrophenanthrene (maximum 54.3 pm/V) in which it was noted that the
piezoelectric response can be maximized by changing the substituents and the regiochemistry.8!

In this report, examination of the single molecule piezoelectrics is continued by
thoroughly exploring the effect of substitution in the backbone with heteroatoms such as
nitrogen, oxygen, and sulfur leading to a modification of steric properties of the end rings in [6]-
and [7] helicene. We show an increase from 54.3 pm V! upwards to 108 pm V* for the

heteroatom substitutions that were made, doubling the previously computed results. Unlike
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conventional piezoelectric materials, the compounds discussed here achieve the piezoelectric
property from having an asymmetric molecular shape instead of a non-centrosymmetric crystal
structure. This difference allows for the compounds to exhibit the piezoelectric effect as a

monolayer without the need for high-voltage to achieve the piezoelectric character.

4.2 RESULTS AND DISCUSSION
4.2.1 Heterocycle substitutions.

This chapter will first discuss the effect heteroatom substitutions have on the
piezoelectric coefficient, dzs, when substituted along the backbone. This study was limited to
nitrogen, oxygen, and sulfur, atoms that are commonly found in organic molecules. An external
electric field was applied along the direction of C1 to Cis which is defined as the z-axis for
calculations. This field was varied along £1.285 V/nm to produce an accurate representation of

the linear piezoelectric property.

N ‘o 5

Figure 4.1. Structure showing the orientation of functional groups for (left) [6]helicene, (middle) [6]helicene with a

heterocycle, and (right) diphenanthrenyl heterocycle.
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Common organic heteroatoms were substituted in multiple positions using both [6]- and
[7]-helicene backbones. The [6]-helicene backbone was used when only the end rings were
modified in the case of pyridine and other aza-substituted ring systems. For the other
modifications, a 5-membered heterocycle was added along the backbone to accommodate for the
change in the structural relationships of the -NH2 and —NO- functional groups to allow for the

highest amount of alignment along the direction of the applied electric field as seen in Figure 4.1.

4.2.2 Single heteroatom substitution.
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Figure 4.2. Comparison of the piezoelectric coefficient of pyrrole, furan, and thiophene [7]-helicene.

The heteroatom modifications made here affect the helicene by changing the overlap of
the end-ring locations, so another ring is needed to align the functional groups. The angle
between the functional groups R: and Rz and the backbone differs by less than 10% with respect
to both the [6]- and [7]-helicene motifs. That said, both the oxygen and nitrogen heterocycles had

a larger piezoelectric response than the corresponding all-carbon helicene for each location as
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seen in Figure 4.2. The average response for nitrogen, 30.9 pm V!, is 4.5% greater than the
response of oxygen, 29.5 pm V1. Both nitrogen and oxygen consistently have larger
piezoelectric responses than the sulfur analog, 14% and 10% respectively, and the larger
responses for the non-sulfur heterocycles can be attributed to the larger size of the sulfur atom
causing a greater misalignment of the functional groups. In the case of CCCCXCC, where
nitrogen has a lower response than both oxygen and sulfur, the dihedral angle between the
functional groups is ~90°, compared to 30-35° for every other case. This large dihedral angle
shows a misalignment of the functional groups, thus lowering the overall piezoelectric response.
All three of the heterocycles had responses between ~25 — 30 pm V2, which is within the same
range as conventional polyvinylidene difluoride piezomaterials. The n-electron rich nature of
these three heterocycles is likely the leading cause of the variation of the responses from the all-
carbon [6]helicene. This increased electron density of the backbone allows for a larger

movement of electrons and an increased piezoresponse.
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4.2.3 Two-atom substitution.
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Figure 4.3. Two heterocycle substitutions implemented in the [6]helicene motif.

The oxygen and nitrogen heterocycles showed the greatest responses in the calculations
above, so the inclusion of sulfur is deemed fruitless since a goal of this research is the
optimization of the piezoelectric response. By adding in a second heterocycle into the [6]helicene
motif, the nitrogen substitutions showed similar average responses, 23 pm V=, however, there
were a few responses larger than the single substitutions, 36.8 and 35.4 pm V1. With nitrogen on
the first end ring, the responses were greater than the single substituted helicenes, 33 versus 30.9
pm V1. The average response for the double nitrogen substitutions in comparable to the average
for the single heteroatoms, 29.6 and 30.85 pm V1, a difference of 4.2%. However, for the case of
oxygen, the overall responses were lower than the single-heterocycle molecules, 23.1 versus 29.5

pm V1 a difference of 28.1%. Analogous to the single substitutions, the addition of the second
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furan ring causes a larger misalignment of the functional groups due to the increased size of the

oxygen versus the nitrogen.

4.2.4 Azahelicenes.

Figure 4.4. Left: 4-amino-15-nitro[6]helicene. Right: 4-amino-15-nitro[6]-azahelicene. Presence of H-

atom which interacts with 7-system of other half of the backbone.

Due to the largest responses being from when nitrogen atoms were the primary
substituted heteroatoms, the next logical course of action was to increase the number of nitrogen
substitutions made. We focused on the end groups of the helicene since substitutions in these
locations appeared to have the largest impact on the overall piezoelectric response. Discussing
only the top candidates, it appears that the steric hindrance that comes with having the hydrogens
directly above or below the opposite end ring causes a decrease in the available range of motion.
When one or both of these hydrogens are removed, Figure 4.4, the piezoelectric response is
greatly improved. Modifying the end ring to incorporate nitrogens affects the dipole of the entire
system as well, but it appears that the steric effect is the major cause of this large piezoelectric

response.
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Figure 4.5. Piezoelectric coefficient, dss, of azahelicene molecules with responses greater than 4-amino-15-

nitro[6]helicene. Lines indicate largest responses for (red): [6]helicene and (purple): phenanthrene from previous

study.
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The lack of a proton in the highlighted region allows for a wider range of motion due to
a lack of electrostatic interaction and an increased piezoelectric response, as shown in Figure 4.5
The largest response was seen in the azahelicene, 108 pm V! for abce, which removes two
hydrogens that overlaps the n-system of the other half of the ring. This response sets the record
for the largest computed molecular piezoelectric response and is also greater than the known
responses of BaTiOsz, 75 pm V1, PVDF, -28 pm V<, ZnO, ~30 pm V-, and our computed 4-

amino-15-nitro[6]helicene response of 45.8 pm V1,

4.2.5 Dipole moment and polarizability
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Figure 4.6. Correlation between piezoresponse and dipole moment (left) and z-fraction of dipole moment (right).

In the search for the cause for the increased piezoelectric response of the azahelicene
derivatives, the influence of the dipole moment was examined. The correlations between the
overall dipole moment, the z-fraction of the dipole moment, and just the z-component were all

analyzed as shown in Figure 4.6. The low correlation between the overall dipole moment and the
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piezoelectric response was no surprise because there needs to be a large alignment between the
dipole moment and the lowest energy vibrational mode as shown Chapter 3. The low correlation
of the z-fraction and the z-component of the dipole moment was unexpected since previous
results suggested a significant correlation between these two factors. The z-component of dipole
moment suggests a negligible influence on the piezoelectric response suggesting a much larger

contributor must be present.
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Figure 4.7. Correlation of polarizability with piezoelectric response of top 10 azahelicenes.

Progressing from the dipole moment, examination of how the polarizability influences
the piezo response is next logical step. As seen in Figure 4.7, although the polarizability shows a
larger correlation with the piezoresponse than the dipole moments do, the correlation is still
lower than the pure carbon [6]helicenes previously studied. The low correlations between the
piezoelectric coefficient and z-fraction of dipole moment and the polarizability, respectively, still

alludes to a broader reasoning for their increased responses.
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Through careful analysis of the locations of the nitrogen substitutions, a few key
observations can be made: it is beneficial to substitute the carbon in the “c” location; substitution
in the “e” position has almost no influence on the piezoelectric response, and substitutions in the

“d” and “f” position decrease the piezoelectric response.
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Table 4.1. Analysis of effect location of nitrogen substitutions have on piezoelectric response of azahelicenes.

To a molecule

Adding a . Causes the Number of
L with a : ;
Instance substitution to T response to applicable Exceptions
. substitution in
position _ . molecules
position
1 A c Increase 14 cde, cdef
2 A Not ¢ Decrease 15 None
3 B cde, not a Decrease 2 None
4 B ad, not c Decrease 4 None
5 B Not3or4 Increase 24 ae
6 C Anything Increase 30 bdef
7 D Not b, not both | Increase 11 None
aandc
8 D bf, not both a | Increase 3 None
and c, not e
9 D be, not a, not c Increase 2 None
10 D Not 7, 8,0r9 Decrease 15 None
11 E acd Decrease 4 None
12 E cdf, not a Decrease 2 None
13 E Not 11 or 12 Increase 25 None
14 F d, note Increase 7 abcd
15 F bde, not c Increase 2 None
16 F Not 14 or 15 Decrease 21 None
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43  CONCLUSIONS

Expanding upon our previous work on the [6]helicene scaffold, backbone modifications
have shown a considerable increase in the computed performance of the single-molecule
piezoelectric compounds. Through the addition of heterocycles to [6]helicene, multiple
characteristics of the molecular spring which impact the piezoelectric property are changed, such
as the alignment of the polar functional groups and the overlap of hydrogens with the n-system,
contributing to the largest computed response of 108 pm/V. These characteristics show that the
piezoelectric response is affected just as much by the flexibility and alignment of the system as it
is of the dipole moment and polarizability.

Of the systems tested, the largest piezoelectric response came from a conventional
[6]helicene backbone with nitrogen substitutions in the end rings. The substitutions which
removed a hydrogen that restricted the range of motion of the spring allowed for a larger
computed response. The addition of heterocycles to the [6]helicene scaffold affected the
piezoelectric response as well, however not in a favorable manner. Through these computations,
we conclude that even though electron-rich heterocycles lead to an increased electron density of
the conjugated system, the flexibility of the system impacts the response in a much larger

manner.
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5.0 QUANTITATIVE ASSESSMENT OF PIEZOELECTRIC PEPTIDES

This work was performed in collaboration with Haley Grimm, Nathaniel Miller, Seth Horne, and
Geoffrey Hutchison*.

The author performed the PFM and DART-PFM measurements for this project.

5.1 INTRODUCTION

The previous computational experiments elucidated that increased dipole moment,
polarizability, and reduced steric effects have the largest influence on the piezoelectric response
of single-molecule piezoelectric materials. Since asymmetric [6]helicene is a difficult synthetic
target to approach, different synthetically accessible targets were chosen: peptides. Having
access to both natural and unnatural amino acids, the dipole moment and helicity of peptides can
be tailored to fit most desired parameters. The tailorability and building-block approach to the
synthesis of peptides also allows for the synthesis of a set of peptides to directly test the
influence helicity or dipole moment have on the response by forming and characterizing self-
assembled monolayers (SAMSs) of these peptides.

This chapter discusses the quantitative determination and the origin of the piezoelectric
property in a series of a-peptides utilizing circular dichroism (CD), Fourier-transform infrared

(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and piezoresponse force
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microscopy (PFM). From our computational studies, we found that the spring-like structure of
the helicenes allows for a large piezoelectric response. Peptides also exhibit the spring-like,
helical structure through an o-helix secondary structure. Modified peptides are more
synthetically accessible than comparable tailored helicene derivatives. Using the results from our
computational studies, 2 sets of peptides were synthesized for the quantitative assessment of their
piezoelectric property when formed into self-assembled monolayers (SAMs). These sets differ
by whether they attach to the gold surface at the C- or the N-terminus, as seen in Figure 5.1. The
hypothesis for this work is that by modifying a-peptides to have varying degrees of helicity, a

correlation can be found between the helicity of the peptide and its piezoelectric response.

O

.

SH
P1 HS AUAKAUKAKAUY -NH, P4 AUAKAU KAKAUY—H/\/

o) O
SH
p2 HS/\)J\AAAKAAKAKAAY—NHZ P5 AAAKAAKAKAAY—H/\/
O
P3

C.

H
P6 AGAKAGKAKAGY—H/\/S

HS AGAKAGKAKAGY -NH,

Figure 5.1. Two sets of a-peptide sequences for C- or N-terminus attachment to gold surface.

5.2 RESULTS AND DISCUSSION
5.2.1 Circular Dichroism and relative helicity.

Circular dichroism (CD) was used to estimate the relative helicity of each peptide

studied. CD is a useful technique for the rapid assessment of helical and random-coil peptides
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due to the unequal absorption of left- and right-handed circularly polarized light. CD allows for
the determination of the secondary structure of peptides through the characteristic absorption
peak locations for a-helix, anti-parallel B, and disordered structures as seen in Figure 5.2. With
this information, it is possible to order the peptide sequences by the degree of helicity. Peptides 1

and 4 (AlB-substituted) are the most helical, while peptides 3 and 6 (glycine-substituted) are the

least helical.
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Figure 5.2. Left.) CD spectra of polypeptides with characteristic peak locations. Right.) CD spectra of peptides 1-3,

and their inverses 4-6.
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5.2.2 Fourier Transform Infrared Spectroscopy (FTIR) and Polarization Modulation

Infrared Reflectance Absorption Spectroscopy (PMIRRAS).

Circular dichroism is an excellent technique for rapid assessment of the secondary
peptide structure; however, this measurement can only be taken in solution. Since self-assembled
monolayers are surface-bound, another technique is needed to determine their secondary
structure. FTIR is a significantly more sensitive technique to secondary structure than CD,
allowing for lower concentrations required for analysis. 8 Peptides have amide A & B and amide
I-VII modes arising from in- and out- of plane displacements. Most of these modes are quite
complex, but amide I and Il are well understood. Amide | is the characteristic C=0 and C-N
stretching vibration, occurring around 1600-1700 cm™; amide Il is the N-H bending and C-N
stretching mode and occurs around 1500-1600 cm™. Increasing degrees of helicity cause this

peak to become red-shifted, shown in Figure 5.3.
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Figure 5.3. FTIR of a-peptides in solution and as monolayer.
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Using FTIR, it is possible to determine the secondary structure of the peptide on the
surface; however, background water is difficult to subtract from the scans due to the
hydrophilicity of the peptides. Water can be displaced with D2O in order to alleviate some of
these issues, but the peaks become shifted and broader due to the exchange capabilities of
deuterium.® D,0 does not absorb in the Amide | region and is relatively free from interference

from water peaks.
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Figure 5.4. Example monolayer structure assessment using FT-ATR and PM-IRRAS.

One downside to FTIR is that although the sensitivity to the monolayer is high, there is
broadening that can occur hiding the peak shifts which are indicative of more- or less-helical a-
peptides, Figure 5.4. A possible alternative is to use polarization modulation infrared reflectance
absorption spectroscopy, PMIRRAS, instead of FT-ATR. This technique is insensitive to
atmospheric H>.O and CO> and only molecular vibrations with some fraction of a dipole moment

perpendicular to the surface are active. These PMIRRAS experiments will be performed shortly.
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5.2.3 X-Ray Photoelectron Spectroscopy (XPS) for packing density determination.
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Figure 5.5. Left.) Sulfur 2p peaks for DDT and first series of peptides. Right.) Sequence and lack of N1s peak for
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DDT as expected.

An increased packing density of the peptide SAMs could lead to an increased
piezoelectric response due to more molecules interacting with the tip, causing a larger
deformation. With XPS, two goals can be achieved: the integrity of the sulfur-gold linkage can
be confirmed and the packing density of the peptides on gold can be determined relative to a

dodecanethiol standard.®* The S2p peaks in Figure 5.5 are indicative of a gold-thiol interaction

XPS: S2p Scans
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for a SAM, confirming the integrity of the bond.

To estimate the packing density, the ratio of sulfur-to-gold peak maxima of each peptide
is compared to the packing density of DDT. The packing density for each peptide is comparable

to that of DDT (4.62 x 10* molecules per cm?). The small variation of the packing density is not
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enough to affect the piezoelectric response of the monolayers, nor is there any apparent trend

between helicity of the peptide and packing density.
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Figure 5.6. Left.) Sample XPS data for peptide 2. Right.) Average packing density for DDT and peptides 1-6.

58



5.2.4 Piezoelectric Force Microscopy (PFM) and Dual AC Resonance Tracking (DART).
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Figure 5.7. Process for acquiring semi-quantitative piezoresponse response of the peptides.

Measurement of the piezoelectric response of a self-assembled monolayer (SAM) is
performed using an atomic force microscope (AFM) with the dual-AC resonance tracking-
piezoresponse force microscopy technique (DART-PFM). The change in thickness, At, of the
film is measured over a series of voltages ranging from 1.5 to 4 V as seen in Table 5.1. The
resulting slope of the line is a close approximation to the piezoelectric response of these films.
Ideally, the intercept of this line would pass through zero, however, due to electrostatic and tip-

sample interactions that is rarely the case.
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Table 5.1. Piezoelectric response data for peptides A-C, dodecanethiol (DDT), and quartz using DART-PFM.

Piezo.
PFM Amplitude at Coefficient
Date Sample 1.5V 20V 30V 40V (pm V”l) R’
11/3/2016
Peptide A 0.30 0.39 0.53 0.68 0.15+.004 0.999
Peptide B 0.28 0.35 0.44 0.69 0.16 £0.02 0.956
Peptide C 0.24 0.37 0.49 0.63 0.16 £0.02 0.963
11/9/2016
Peptide A 2.06 2.55 3.34 4.36 0.90+0.03 0.997
Peptide C 3.10 3.36 5.17 6.56 1.45+0.13 0.984
11/10/2016
Peptide A 2.61 3.14 6.32 9.83 2.80+0.30 0.967
Peptide B 2.72 3.09 5.92 8.69 247 +0.16 0.982
Peptide C 2.67 2.81 6.14 9.94 2.90+0.30 0.957
DDT 1.47 1.90 2.45 3.44 0.76 £.07 0.984
11/14/2016
Peptide A 5.17 8.59 11.01 11.02 2.20+0.79 0.770
Peptide B 1.68 2.33 3.02 4.34 1.02+£0.10 0.982
Peptide C 2.55 2.83 476 6.74 1.74 £0.17 0.982
12/9/2016
Peptide A 1.45 2.10 2.31 3.76 0.84 £0.19 0.910
Peptide B 1.94 3.75 7.00 7.87 2.42+0.45 0.935
Peptide C 1.79 2.02 3.40 4.05 0.97+£0.12 0.972
2/2/2017
Quartz 1.05 1.74 1.85 2.45 0.49+ .13 0.883
Quartz 4.13 5.79 8.39 11.50 2.90+0.08 0.998
Quartz 5.86 7.72 7.31 15.15 3.30+1.28 0.768
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Figure 5.8. Piezoelectric response of peptides A-C with dodecanethiol and quartz as reference.

The average response of the peptides is significantly greater than the dodecanethiol
monolayers. For the individual peptides, the average responses were 1.70 + 0.38, 1.25 + 0.38,
and 1.28 + 0.31 pm V' for peptide A, B, and C, respectively, and 0.70 + 0.06 pm V1 for
dodecanethiol. Using our method, the piezoelectric response of quartz was found to be 3.10 +
0.20 pm V1, close to the known value for di1 of 2.3 pm V1.8 The ds3 of these peptides is greater
than the response of collagen (0.8 pm V1),% bone (0.29 pm V1),#” and wood (0.04 pm V1).88
Although these peptides do not exhibit a greater response than quartz, this research provides a

foundation for future synthetic targets of peptidic piezomaterials.
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5.3  CONCLUSIONS

The a-peptides that were used in this set of experiments exhibited the piezoelectric
property when tested as SAMs on gold. However, exploring the hypothesis that there is a
correlation between the helicity of an a-peptide did not lead to a confirmation of the hypothesis.
The peptides did not exhibit significantly different piezoelectric responses; however, the
responses were significantly greater than dodecanethiol, thus, showing promise for this novel
class of piezoelectric materials. One future direction of this work is to pattern the surface with an
internal standard of a non-piezoactive molecule, such as 1-dodecanethiol (DDT) which will
allow for a more quantitative approach to the determination of dss due to the relationship
between the peptide and DDT’s response. Second, expanding the library of piezoelectric
molecules to include molecular foldamers®® which are able to utilize the design rules elucidated
in the computational work previously discussed,®! a complete understanding of the piezoelectric
effect of molecular monolayers can be had.

Further exploration of the origin and optimization of the piezoelectric property of
materials moves this research into the bulk scale. Increased flexibility and dipole
moment/polarizability have shown to have large influence on the response of single-molecules
and SAMs; this information can be applied to the bulk scale by optimizing each component
(flexibility and dipole moment) individually. The validity of the hypothesis can be tested by
choosing a matrix to be doped with a polar molecule. A flexible matrix, such as polyurethane
foam, doped with varied concentrations of polar molecules will provide the same conclusions

that were found from the computational and experimental work on the small-molecule systems.
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6.0 MOLECULARLY-DOPED POLYURETHANE FOAMS WITH MASSIVE

PIEZOELECTRIC RESPONSE

This work, written in collaboration with Michael Moody and Geoffrey R. Hutchison*, was, in
part, published as J. Mat. Chem. C, 2016, 4 (20), 4387-4392. Copyright 2016, Royal Society of
Chemistry.

The author performed experiments and assisted in the development of the mathematical

explanation for the effect.

6.1 INTRODUCTION

Piezoelectric materials have many technological applications, from actuators and sensors
to energy harvesting, and besides the commercialized ceramics and polymers, there are
promising piezoelectrics from a variety of material classes such as ceramic and polymer
composites, 9 space-charge electrets,®® nanostructured ceramics,**%® and molecular
monolayers.8* Nonetheless, each category has particular weaknesses as well as particular
strengths, and it may be that none of these is the optimal material class for piezoelectric
performance. Ceramics such as lead zirconium titanate (PZT) are widely used and routinely have
dss piezocoefficients above 200 pC/N,%® but they have limited flexibility. Polymers can be

subjected to larger mechanical strains,®” be formed more easily, and be poled at lower
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temperatures, down to room temperature,”® but their piezoresponse is at best an order of
magnitude lower than PZT (e.g., for polyvinylidene difluoride (PVDF) 20-30 pC/N).*® An
interesting approach is demonstrated in the space-charge electrets, where corona poling a voided,
nonpolar polymer causes charge accumulation.®® These structured materials can outperform
ceramics in both piezocoefficient (routinely from 200 to 800 pC/N)%10% flexibility, and
although temporal and thermal stability remain weak points, improvements have been made.1%2

The developments in space-charge electrets indicate that successful piezomaterials need
not be crystalline or have unit-cell-scale dipoles. In developing better piezoelectric materials, it is
desirable to consider other types materials that have highly polar, deformable elements. While
the figures of merit are different, polar nonlinear optical (NLO) materials have some similar
demands and some insightful design schemes. For example, doping a nonpolar polymer with a
polar compound has yielded considerable success, allowing the optimization of the dopant for
ideal optical properties and the optimization of the polymer for easy processing.1%-1% Complex
chromophore molecules are dispersed in nonpolar polymers such as poly(methyl methacrylate)
(PMMA) and poled to produce axial alignment.

In this work, we use the design concept of doped nonpolar polymers to create a new type
of flexible piezoelectric material. Here, the polarization and the bulk structure are provided by
two different systems, so each can be optimized independently. Mechanical properties are largely
determined by the host matrix, and so ideal mechanical properties, very important for usable
piezomaterials, can be selected from a large set of commodity polymers while relying on the
dopant molecules for electric polarization.

A dopant approach seems promising, but previous measurements of electromechanical

response of NLO materials have shown piezocoefficients of 1-2.5 pC/N,%1%7 an order of
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magnitude below PVDF. These materials, however, had been optimized for optical properties. A
simple model can guide the way to improved piezoelectric properties.

Some analyses of piezoelectric properties of dipole-doped systems have been published,
and accurate calculation requires careful treatment.%81%° General design rules, however, can be
obtained even from basic estimates.

The direct piezoelectric effect is the change in surface charge due to an applied force.
This can be quantified by the dij piezoelectric tensor elements (or simply piezocoefficients),
typically in pC/N. Because a polarization difference between two regions is equivalent to a
surface charge on their boundary, the piezoelectric charge per unit force can also be expressed as
the change in electric polarization (dipole moment density) per unit stress, and so the

piezocoefficient can be rewritten as in Equation (6.1).

d 40 dp
dzﬁz%z_ (6.1)
A

where P is electric polarization and ¢ is the stress. The macroscopic polarization can be
related to the total molecular dipole moment (i) of all dopant molecules with a correction for the

dielectric constant given in Equation (6.2).1%

__ €Exnt2 u
P = 5 3 (6.2)

where [ is the net dipole moment, V is the volume, and € is the dielectric constant in the
absence of dipolar rearrangement (e.g. at frequencies above molecular rotations).

For the system considered here, the deformation of the dipoles should be small compared
to the deformation of the bulk matrix. If the total dipole moment is assumed to be constant, the

polarization change during compression is due only to the change in volume. Carrying out
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derivatives  with  this  assumption and rearranging gives  Equation  (6.3).

+2 —pdv
d_P _ d(eog_*%) _ €Exot2 " V2 — €Exot2 " _i/v (6'3)

o o 3 o 3

av /V

For uniaxial stress in the small strain limit, the volume change is given by Equation (6.4).

%V =(1-2v)e=(1-2v) *% (6.4)
where v is Poisson’s ratio, € is the strain, o is the stress, and E is Young’s modulus. Using
Lamé’s relation between Poisson’s ratio, the bulk modulus K, and Young’s modulus yields

Equation (6.5).

av 1 E o _ 0
7—(1—2*(/2—&»5—& (6:5)
Combining equations (6.3) and (6.5) gives Equation (6.6) as an estimate of the

piezocoefficient:

—H
d=22, T (6.6)

3 3K

Values can be calculated for a typical chromophore-doped, poled polymer material. A
reasonable value for €. may be 4 (see APPENDIX C). Since the poling is less than unity, the
polarization should be scaled by approximately 0.3, typical for the poling fraction in NLO
materials.’’” For a PMMA matrix (K = 6.1 GPa)'!® with a 1 M concentration of a dopant with a
molecular dipole moment of 10 D, the expected piezocoefficient using Equation 6.3 is 0.7 pC/N,
in reasonable agreement with reports of NLO materials with piezocoefficients up to 2.5
pC/N.1%197 Despite the high polarizations achieved in these materials, the piezocoefficient is
low, since the bulk modulus is too high.

In optimizing the piezoresponse, low bulk modulus as well as high polarization will

contribute to a large piezocoefficient. Indeed, an inverse relationship between elastic stiffness
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and piezocoefficient has been observed in space-charge electrets.!* Even in conventional
polymer piezomaterials such as PVDF, meso- and nanoporous samples yield higher output
current than bulk samples,**21%® which may be partly explained by this mechanism. Although
assumptions were made in deriving the formula here, the qualitative relationship between d
piezocoefficient and elastic modulus is general and can be useful as a design principal in many
classes of materials.

Here, the drive for low modulus materials suggests the use of a structured material such
as a foam, to achieve a bulk modulus orders of magnitude lower than other materials of similar
composition. A foam structure results in decreased polarization because of the reduced relative
density, but this will be offset by the favorable mechanical properties.

The theoretical bulk modulus for open-cell foams with tetrakaidecahedral cells** is given
in Equation (6.7), where E is Young’s modulus and R is the relative density. Expressing the total
polarization as the product of the bulk polymer polarization and the volume fraction of polymer

(relative density), the piezocoefficient can be expressed as in Equation (6.8):
K= — (6.7)

- €ot? P/V et (PbulkR)/V _ b2, Pbulk/v

3 3K 3 3«ER/y 3 E

(6.8)

Again, using the reasonably conservative €, value of 4 and a poling fraction of 0.3, the
response for a foam system can be estimated. Using values for polyurethane (E = 100 MPa) with
2-chloro-4-nitroaniline (CNA), a polar small molecule (dipole moment 7.7 D) at a 0.5 M
concentration (1 molecule/ 3.3 nm?) gives a predicted piezocoefficient of 140 pC/N, an order of
magnitude larger than PVDF. Although this calculation is only an estimate, the exceptional

piezoelectric response warrants experimental testing. In this work, we report piezoelectric
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polymer foams based on a commercial polyurethane foam doped with polar small molecules and

electrode-poled.

6.2 EXPERIMENTAL

Polytek Development Corporation PolyFoam F-3 polyurethane precursors (part A,
Methylene bis(phenylisocyanate) and other isomers, and part B, polyether polyol and proprietary
copolymer) were obtained from BITY Mold Supply. Dopants were dissolved either in
polyurethane precursor part B or in acetone. Two parts precursor B and one part precursor A by
mass were combined, with solvent if used, and mixed before being portioned into a poling
fixture consisting of two electrodes (2 cm by 2 cm) with a fixed separation of 5 mm. Samples
were cured for two hours at room temperature with an applied bias of up to 2 kV, and copper
tape electrodes were attached to the top and bottom surfaces of the samples.

It was observed that increased ambient humidity affected results, so during periods of
ambient humidity over 40%, precursors were mixed and poled in a glove bag with nitrogen fill
(RH < 22%) and measured and stored in ambient conditions.

The quasistatic ds3 piezocoefficient was measured with a screw-thread compression
fixture and resistive force sensor (see schematic in Figure 6.1a) Short-circuit current from the
sample
electrodes and force sensor measurements were recorded with a Keithly 2612 sourcemeter while
varying forces were applied manually with the fixture. Measured currents were integrated to

determine charge, and the dss piezocoefficient was calculated as the regression slope of charge
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vs. force (as in Fig. 1b). Measurements were validated with commercial PVDF samples, which

gave a dsz response of 27.3 + 4.0 pC/N, in excellent agreement with the reported value.%

Fit: Q = 326F
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Figure 6.1. a) Schematic of foam material b) Net charge transferred as a function of applied force.

6.3 RESULTS AND DISCUSSION

In the model given by Equation (6.5), the piezocoefficient is directly proportional to the
molecular dipole moment and the concentration of the dopant, but inversely proportional to the
Young’s modulus of the matrix, suggesting that an ideal system consists of a compliant polymer
and a very polar dopant with a high solubility in the matrix and its precursors.

Testing of several dopants and poling conditions yielded foams in which electrical
current was associated with the application of force such that the integrated current signal
(charge) was proportional to applied force (e.g. as in Figure 6.1b). The slope of this relation is
the direct effect piezocoefficient. (See APPENDIX C) Differences between various samples and
unpoled or undoped controls indicated material piezoresponse as opposed to measurement-

related noise.
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Samples with varying concentrations of several dopants poled at 40 V mm™ showed
varying piezocoefficients, plotted in Figure 6.2 as a universal function of the product of dopant
concentration and molecular dipole moment (the theoretical maximum polarization).

As expected, the piezocoefficient is proportional to the product of the concentration and
the molecular dipole moment of the dopants. The response depends on the dipole moment but
not other chemical or structural factors. Pure benzoic acid and CNA crystals are not inherently
piezoelectric because they form centrosymmetric lattices (see APPENDIX C), yet their single-
molecule polarity can be used by incorporating them as dopant molecules in a polymer matrix to
create long-range polar order.

Quantitatively, the experimental piezoresponse of these samples is lower than the original
calculation. Assuming a polyurethane Young’s modulus of 100 MPa and converting to the units
used experimentally, the predicted value of the slope in Figure 6.2 would be 121 pC/N D M,

Thus, the measured response is only 5% of the value predicted for complete poling.
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Figure 6.2. Piezocoefficient as a function of the product of dopant dipole and concentration when poled at 40 V

mm,
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If the molecules are treated as independent dipoles in a uniform electric field, the
equilibrium total polarization at a finite temperature T can be described by the Langevin

function, Equation (6.9).%8

N Eloca kpT
P=7M*(coth’” R ) (6.9)

kgT  HElocal
where N/V is the concentration, p is the molecular dipole moment, and kg is Boltzmann’s
constant. Ejecal is the local electric field, for which varying values can be calculated depending on
choice of model. Regardless of model, it is proportional to the applied field, and for small

arguments, the Langevin function can be approximated as in Equation (6.10).

Nu  UEjocal
— sk — 6.10
v * 3ket (6.10)

Thus, the polarization should be directly proportional to the poling field for weak fields.

In correspondence with this model, the piezocoefficient was observed to increase with
poling field, as plotted in Figure 6.3. A response of 244 + 30 pC/N was measured at the
maximum poling field of 400 V mm™. This dramatically increased piezoelectric response
indicates appreciable poling of the dissolved CNA molecules. Given that the original calculation
uses an estimated dielectric constant and mechanical properties taken from specifications, this
piezocoefficient is in good agreement with the model, which suggests the validity of the

underlying mechanism.
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Figure 6.3. Piezocoefficient as a function of poling field for samples doped with 0.2 M 2-chloro-4-nitroaniline.

The voltage dependence distinguishes this effect experimentally from the mechanism in
space-charge electrets. While the piezocoefficients of charged void systems also increase with
poling field (as controlled by gas parameters in corona poling), the electric fields required for
similar piezoelectric responses are two orders of magnitude higher.!! The poling fields used here
are well below the breakdown field of air, so the piezoelectric response here is unrelated to
ionization and surface charge accumulation effects. These fields are also much lower than those
necessary for electrostrictive-induced piezoelectric-like behavior, where piezoelectric behavior is
only observed while applying large DC biases.?®

We find that another poling-dependent property of these materials is stability. (Fig. S3
(APPENDIX C) shows the initial decay rate of samples versus poling field and stability over
time.) Samples poled at low fields have responses which decay on the order of tens of minutes.
Samples poled at fields of 150 V mm™ or greater decrease by less than 20% over several days
(over four days in some cases) and then decrease by over 80% in less than two days. In light of

the significant poling fractions at these fields, the additional stability at higher poling fractions
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may be conferred by a cooperative effect, and this stabilization may be lost once the poling
fraction decreases below some threshold. At a concentration of 0.2 M, the average separation
between solute molecules is 2.0 nm, slightly over three molecule lengths in the case of CNA, so
dopant-dopant interactions are likely. Based on one model, dopant-dopant interactions increase
sharply at scales below 1 nm.*

The mechanism of piezocoefficient decrease over time is hypothesized to be rotational
diffusion of the dopants leading to depolarization, as has been observed in NLO materials.'® Re-
poling old, decayed samples over extended time periods (several days at room temperature)
restored the response, up to 114% of the original response. This reversibility is consistent with
flipping or conformational changes (i.e., molecular rotation in the polymer matrix) and seems to
rule out chemical changes or physical degradation. Because the dopants are relatively small
molecules without strong interactions with the polymer matrix, rotational diffusion at this rate is
likely.®® Larger dopants would likely improve stability by decreasing the rotational diffusion, as
would increasing interaction with the matrix by crosslinking dopants into the polymer.3! These
approaches would likely have reduced solubility and added complexity, respectively.

As a further demonstration of the utility of this work, measurements of power output
were made. A sample with a piezocoefficient of 112 pC/N had a voltage output of 307 mV/N at a
frequency of 3 Hz, implying an impedance of 915 MQ. The sample was connected to a load of 1
GQ and subjected to light finger taps while current through the load and voltage across the load
was measured. Typical finger taps yielded a peak current output of 5 nA and a peak power of 5
nW, with the power output varying with tapping intensity. Fig. 4a shows the power as a function

of time and Fig. 4b shows the device, emphasizing the high flexibility.
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Polyurethane foams are often used as shoe insoles, so one possible application would be
self-powered sensors. If used in shoe inserts, this material would permit useful power output.
Walking or running can produce over twice the body weight in instantaneous applied force. For a
piezocoefficient of 250 pC/N, a loading of 1000 N once per second would yield an average
current of 500 nA and peak currents above 5 pA. For an element ~15 cm? with a voltage output
of 130 mV/N, this would mean an output power of 65 pW, or 43 mW/m?. This is enough to
power a low-power application specific integrated circuit (8 uW),3 or, taking advantage of low-
power sleep modes, a general purpose microcontroller with a low duty cycle. Multiple-layer
devices could further increase power output and lower source impedance for ease of use with
typical loads.

As this is a new approach, there are many avenues for further research. Demonstrating
materials with higher stability by varying dopants would be desirable. Considering mechanical
properties and changing the matrix could lead not only to higher piezocoefficients but also to
materials tailored to specific applications. As this material system is a very general design, foams
could be selected for high loss (active dampening) or low loss (energy harvesting). Changing the
relative density should yield foams with the same piezocoefficient but a range of bulk moduli.
The wide range of potential polymers and dopants may also allow selection for properties such
as biodegradability®® for transient implantable electronics,®* or high optical transparency,
impossible with current synthetic piezomaterials. In fact, unlike in space-charge electret
materials, in this system the foam structure is not a key component of the electric polarization.
Instead, the foam simply provides desirable mechanical properties. This approach could be

applied to other materials with exceptionally low bulk moduli, such as brush polymers.®® For a
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given bulk modulus, non-porous materials are attractive because the polarization scales with the
volume fraction of solid.

This range of opportunities stands in contrast to the slow pace of development of
traditional piezoelectric materials and the modest pace of development of space-charge electrets.
Though innovative work has improved poling fractions and processability of polymers such as
PVDF, improvement is limited by the intrinsic piezocoefficient of the bulk polymer. In fact, the
high k coupling constants that have been achieved are indicators of how little room remains for
performance increases. Drastically increasing the piezocoefficient of a material with good
efficiency (such as PZT, kss = 67%%) requires drastically changing other properties to satisfy

conservation of energy. The general coupling efficiency is given in Equation (6.11).3°

k=d |X 6.11
\ﬁ (6.11)

Observing that the coupling efficiency cannot be greater than unity, the maximum d

d < \f; (6.12)

The only ways to increase this limit on piezoresponse are to increase the dielectric

piezocoefficient is given by Equation (6.12).

constant or decrease the Young’s modulus, and achieving large changes in either of these values
for a conventional ceramic is not easy. For a polymer foam with a Young’s modulus of 560 kPa
and a dielectric constant of 4, this upper bound is already quite high, 8,000 pC/N, and it could be
increased even further by decreasing the Young’s modulus of the foam.

The coupling constant argument may be restated in simple mechanical terms. The amount
of energy that can be harvested from a constant force increases with the amount of energy

mechanically coupled into the material, which increases with decreasing Young’s modulus. This
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is not often addressed in bulk ceramic or polymer piezomaterial development, where it is
difficult to tune mechanical properties over any large range. Ultimately, higher piezocoefficients
can only be achieved by increasing the unity-efficiency limit, and the tunability of molecularly-

doped polymer structures uniquely positions them to do so.
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7.0  CONCLUSIONS

7.1 SUMMARY AND CONCLUSIONS

The goal of this research was to discover viable alternatives to conventional ceramic
piezoelectric materials and devices via computational and experimental means.

Using density functional theory and GaussianQ9, the origin of the piezoelectric effect in
single molecules was explored. A computational method for the determination of the influence of
regiochemistry, functional groups, dipole moment, polarizability, and steric effects on the
piezoelectric response of these molecules was developed and two asymmetrically-substituted
molecular spring scaffolds were proposed: [6]helicene and phenanthrene. The highly conjugated,
rigid, structure of these backbones is analogous to the crystal structure of conventional
piezoelectric materials, leading to the conclusion that the deformation of these molecular
scaffolds is from the applied electric field, more than thermal influence. In addition, heteroatom
substitutions to the backbone were made and the effect that the electron-rich and electron-poor
qualities of these heterocycles had on the piezoresponse was examined. The computed
piezoelectric responses of these materials are shown to be upwards of 110 pm V1 for
azahelicenes and 270 pm V? for “clamphene” molecules, or extended helicenes. The
piezoelectric responses for these helicenes are on the same order of magnitude as PVDF and

within the range of PZT.
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Using the information gathered from the computational studies, a set of peptides with
varying degrees of helicity was synthesized and the piezoelectric response of the peptide self-
assembled monolayers was characterized using dual-AC resonance tracking piezoresponse force
microscopy; an atomic force microscope technique. Through this semi-quantitative method, we
show that the piezoelectric response of these peptide monolayers is within an order of magnitude
to quartz, and significantly greater than non-piezoactive molecules such as 12-dodecanethiol. By
doubling the length of the peptide, but keeping the sequence constant, no significant increase of
the piezoelectric response was noted. These SAMs are advantageous since they provide a
comparable response to quartz, with only a single-molecule film. These films provide a potential
starting point for novel piezoelectric materials which take advantage of the ultra-thin,
lightweight, tailorable qualities of organic and peptidic energy harvesting materials.

Expanding the piezoelectric research into the macroscale, we developed a novel class of
piezoelectric material which is a composite foam device. In this material, we doped polyurethane
foam with a polar organic molecule and aligned the dipoles in a process termed “poling.” Neither
of the component materials exhibited the piezoelectric effect even after poling; however, the
composite material showed a significant electrical response. We showed that the piezoelectric
response of these polyurethane foams is dependent on both the magnitude of the individual
molecular dipole moment (different polar molecules) and the degree of alignment of the dipoles
in the foam (varying poling voltages). The maximum response recorded from our piezoelectric
foams was 244 pC N1, within the order of magnitude of PZT. With this material, we determined
that the piezoelectric coefficient is proportional to the ratio of the dielectric constant of the
material over the Young’s modulus; i.e., the more polar, and more flexible the material, the

greater the piezoelectric response.
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7.2 FUTURE DIRECTIONS

There are several directions that this research can take beyond the results that are stated
in this thesis. For the computational, analytical, and device aspect of this work, the future of this
research is vast.

For the computational work in this thesis, a rapid, systematic approach to screening of
potential synthetic targets using the [6]helicene backbone would be useful for the advancement
of understanding to include the spring constant in the direction of deformation. This approach
could utilize a genetic algorithm to design novel piezoelectric helicene derivatives with a faster
throughput of variation from what was screened in this thesis work. Variations can include
functional group substitutions along the backbone, a larger range of heteroatoms, or extended

helicene systems.
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Even though these piezoelectric materials have large computed piezoresponses, the
synthetic accessibility of the asymmetrically-substituted [6]helicenes is rather low. A novel
synthetic route is required to create the [6]helicene derivatives with significant yield. Typical
approaches involve synthesis beginning at one functional group and building the helicene from
that point.*® While this is effective for some molecules, the yield of this approach is very small
in practice. A potentially successful approach would be to begin with a naphthalene derivative
and build the helicene from there, as shown in Figure 7.1. There is a synthetic by-product of the
first coupling reaction where the 2-aminostyrene adds to both sides of the naphthalene forming

the symmetric product. This by-product can be avoided by adding a 1:1 equivalency.

HO“OH Br, PPh; B Br NHz‘ Br
O o
CH4CN, 200 °C Herrman's Catalyst, NaOAc

>
NH, KOH, 180°C NH, N,N-dimethylacetamide, 140°C
OH———
H, N NO,
O H,N
hV, 1y, propylene oxide Herrman's Catalyst, NaOAc O O
NHZ‘ . ; 140°c> |
CO cyclohexane OO N,N-dimethylacetamide,
H,N %
O O hY, 1, propylene oxide
—_—

‘ | cyclohexane

Figure 7.1. Potential synthetic scheme for the synthesis of asymmetrically substituted [6]helicene.

The piezoelectric response of the peptides has plenty of room for improvement. With a

piezoelectric response on the order of magnitude of quartz (~2.5 pm V1), the response is on the
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low side for comparable materials. Moving forward with the piezoelectric peptides will involve
increasing the charge density and the flexibility of the backbone of the system. The charge
density can be increased with charged side groups such as lysine or glutamate. As for the
flexibility, short alkane side chains, such as glycine, can be added into the sequence. Preliminary
computational studies show that these responses should also be similar to the [6]helicenes of

~100 pm V1,
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APPENDIX A

SYNTHESIS OF ASYMMETRIC [6]JHELICENES
This appendix discusses the attempts at synthesis of the asymmetric [6]helicene
molecules discovered to exhibit high computed piezoelectric responses. The NMR spectra for the

compounds can be found in appendix B.

Al SYNTHETIC METHODS

2-Bromo-6-methoxynaphthalene (97%), 3-bromostyrene (97%), 3-vinylbenzoic acid
(97%), sodium acetate, and potassium hydroxide were purchased from Fisher/Acros. 4-
Bromostyrene (98%), N,N-dimethylacetamide, 2-aminophenethyl alcohol (97%), and
(x)propylene oxide (98%) were purchased from Aldrich Chemical Co., Inc. Hermann-Beller’s
catalyst  (trans-di(u-aceto)bis[o-di-o-tolylphosphino)benzyl]dipalladium(ll),  97+%)  was
purchased from Strem Chemicals, Inc. 2,7-Dibromonaphthalene was purchased from TCI
America. All chemicals were used as received without further purification.

Argon (grade 4.8) was supplied by Matheson TriGas. The photo-reactor is self-designed
and fabricated from the university glass shop. UV light source is from Philips (319657 H39kb-
175 Mercury Vapor Lamps, 175W, with outer glass shell removed by the university glass shop).

Electronic ballast is allocated from the university electronic shop.
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NMR measurements were performed on a Bruker 300 or 400 Ultrashield™ magnets with
AVANCE 111 300 or 400 Console (Bruker Biospin, Billerica, MA). Gas chromatograph-mass
spectrometer (GC-MS) measurements were taken on a Shimadzu GCMS-QP2010S fitted with an

AOC-20i autoinjector.

Br
L

~o

Appendix Figure 1. 2-(4-bromostyryl)-6-methoxynaphthalene

To a mixture of 2-bromo-6-methyoxynaphthalene (2.37 g, 10.00 mmol) and 4-
bromostyrene (2.00 mL, 14.00 mmol) in N,N-dimethylacetamide (50 mL) in a two-neck round
bottom flask charged with a stir bar, was added sodium acetate (0.902 g, 11.00 mmol) and trans-
bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(ll) (140.6 mg, 0.150 mmol) under
nitrogen and was heated to 130 °C. After stirring at 130 °C for 48 hr, the reaction mixture was
cooled to room temperature and quenched with 5% HCI solution and the aqueous layer was
extracted with dichloromethane. The combined organic layers were washed with brine, dried
over magnesium sulfate, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (10% ethyl acetate in cyclohexane) to afford2-(4-
bromostyryl)-6-ethoxynaphthalene (18.0 mg, 0.0531 mmol, 0.53% recovery) as a light yellow

solid. *H NMR (400 MHz, CDCls): & 3.933 (s, 3H), 7.127 (t, J = 12 Hz, 3H), 7.164 (s, 1H),
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7.209 (s, 1H), 7.251 (s, 1H), 7.45 (dd, J = 16.4, 8.4 Hz, 4H), 7.715 (m, 3H), 7.789 (s, 1H).; 1°C
NMR (400 MHz, CDCI3): & 158.08, 131.94, 127.77, 129.74, 129.71, 128.02, 127.40, 126.84,

126.82, 124.13, 119.29, 106.09, 55.50; GC-MS for C1sH15BrO ([M+]): 338.

Br ‘
L

Appendix Figure 2. 2-bromo-10-methoxybenzo[c]phenanthrene

To a solution of 2-(4-bromostyryl)-6-methoxynaphthalene (18.0 mg, 0.0531 mmol) in
cyclohexane (100 mL) was added iodine (13.5 mg, 0.0531 mmol) and propylene oxide (0.308 g,
0.372 mL, 5.31 mmol) under inert atmosphere. The reaction mixture was irradiated using a 175
W Hg-lamp. After 4 h of irradiation and stirring, the reaction mixture was concentrated under
reduced pressure and yielded 2-bromo-10-methoxybenzo[c]phenanthrene as a light yellow-green
solid. 'H-NMR (300 MHz; CDCls): & 3.47 (s, 3H), 6.72 (s, 1H), 6.83 (s, 1H), 6.85 (t, J= 3.5 Hz,
1H), 7.15 (dd, J= 8.5, 1.7 Hz, 1H), 7.23 (s, 1H), 7.29 (s, 1H), 7.31 (s, 1H), 7.34 (s, 1H), 8.38 (s,

1H), 8.66 (5, 1H); GC-MS for C19H13BrO ([M+]): m/z = 336.
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Appendix Figure 3. Methyl 3-(2-(10-methoxybenzo[c]phenanthrene-2-yl)vinyl) benzoate

To a mixture of 2-bromo-10-methoxybenzo[c]phenanthrene (13.0 mg, 0.039 mmol) and
methyl 3-vinylbenzoate (0.1 mL, 0.652 mmol) in N,N-dimethylacetamide (20 mL) in a two-neck
round bottom flask charged with astir bar, was added sodium acetate (3.20 mg, 0.039 mmol) and
trans-bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(ll) (2.00 mg, 0.002 mmol)
under nitrogen and was heated to 130 °C. After stirring at 130 °C for 24 hr, the reaction mixture
was cooled to room temperature and quenched with 5% HCI solution and the aqueous layer was
extracted with dichloromethane. The combined organic layers were washed with brine, dried
over magnesium sulfate, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (10% ethyl acetate in cyclohexane) to afford methyl 3-
(2-(10-methoxybenzo[c]phenanthren-2-yl)vinyl) benzoate(9.2 mg, 0.0220 mmol, 57% vyield) as a

light yellow solid.
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Appendix Figure 4. 2-vinylaniline

2-Amino-phenethylalcohol (2.08 g, 15.1 mmol) and potassium hydroxide (1.10g,
19.6mmol) were combined in a distillation apparatus, then heated to 180 °C under vacuum. A
clear, colorless oil was distilled over 3hours at 55 -60 °C at 0.25 Torr, 0.895g, 7.51 mmol, 50%
yield.1H-NMR (300 MHz; CDCI3): & 3.70 (s, 2H), 5.36 (dd, J= 11.0, 1.5 Hz, 1H), 5.68 (dd, J=
17.4, 1.5 Hz, 1H), 6.71 (dd, J= 8.0, 0.9 Hz, 1H), 6.86-6.77 (m, 2H), 7.14 (td, J= 7.6, 1.3 Hz, 1H),

7.35 (dd, J=7.6, 1.4 Hz, 1H).

NH2 | . '
Br

Appendix Figure 5. 2-(2-(7-bromonaphthalen-2-yl)vinyl)aniline

To a mixture of 2,7-dibromonaphthalene (1.00 g, 3.50 mmol) and 2-vinylaniline (0.417

0,0.824 mL, 3.50 mmol) in N,N-dimethylacetamide (25 mL) in a two-neck round bottom flask
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charged with astir bar, was added sodium acetate (0.292 g, 3.85 mmol) and trans-
bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(ll) (0.132 g, 0.141 mmol) under
nitrogen and was heated to 130 °C. After stirring at 130 °C for 48 hr, the reaction mixture was
cooled to room temperature and quenched with 5% HCI solution and the aqueous layer was
extracted with dichloromethane. The combined organic layers were washed with brine, dried
over magnesium sulfate, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (10% ethyl acetate in hexanes) to afford (Z)-2-(2-(7-
bromonaphthalen-2-yl) vinyl) aniline (97.0 mg, 0.299 mmol, 8.5% recovered) as a dark solid.

GC-MS for C1sH14BrN ([M+]): m/z = 323.
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APPENDIX B

NMR SPECTRA FOR [6]JHELICENE SYNTHESIS

Over the next few pages, the NMR spectra for the [6]helicene synthesis will be presented.
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Appendix Figure 7. NMR of 2-bromo-10-methoxybenzo[c]phenanthrene, 400 MHz
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Appendix Figure 8. NMR of Methyl-3-(2-(10-methoxybenzo[c]phenanthrene-2-yl)vinyl) benzoate, 300 MHz
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APPENDIX C

SUPPORTING INFORMATION FOR PIEZOELECTRIC FOAMS

A2 MEASUREMENT DETAILS

For measurement of quasistatic piezocoefficient, the sample electrodes were connected to
one channel of a Keithly 2612 sourcemeter in ammeter configuration. A Tekscan Flexiforce
A2013 resistive force was connected to another channel. A 1 V bias was applied to the
Flexiforce sensor and the current was measured to calculate resistance. The force sensor has a
reciprocal relation between applied force and resistance and had been previously calibrated with
loads from 1 N to 60 N. The force sensor, electromagnetically shielded from the sample with
copper tape, was placed over the sample in a stack consisting of a glass slide, the sample, another
glass slide, the force sensor, and a PDMS spacer, and this was placed into a fixture consisting of
a plastic contact point on a leadscrew operated manually.

Current and force data were collected every 34 ms over 70 s while varying forces were
applied. Net charge transfer was calculated by numerically integrating the current signal
(rectangle method). Example current, charge (with linear baseline correction), and force data are

shown in Appendix Figure 10.
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Appendix Figure 10. Measured current, charge (integrated current), and measured force over time during sample

testing.

Figure 6.2 plots peak heights from the charge signal against peak heights from the force
signal in Appendix Figure 10. Error bars are from the specified force sensor accuracy (5%) and
sourcemeter current accuracy multiplied by 1 second (18 pC). The charge is proportional to the
force until a saturation point, apparently corresponding to compression of the foam to ~20 — 30%
of its original thickness. Regression over the linear region gives the ds3 piezocoefficient in pC N
L with error bars from the fit. In cases where several measurements were made of the same
condition (Figure 6.2), error bars were the standard error across multiple samples.

This measurement setup was validated using commercial PVDF samples, which

were measured to have piezocoefficients of 27.3 = 4.0 pC/N, consistent with the reported value.
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A3 USE OF ACETONE AS DOPANT SOLVENT

Fit: 2.52x
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Appendix Figure 11. Piezocoefficient as a function of dipole moment concentration for samples prepared with

added acetone.

Higher dopant concentrations were obtained with the addition of acetone. Although these
data in Appendix Figure 11 also show a positive correlation between piezocoefficient and dipole
moment concentration, it is a much weaker correlation (R? = 0.161) and with a lower slope than

without acetone, plotted in Figure 6.1.

A4  EFFECT OF HUMIDITY

It was also observed that increased ambient humidity had a negative influence on the
piezocoefficient. Less than 10% of doped samples poled in lab conditions of relative humidity of

35 — 40% had responses distinguishable from control, in comparison to over 90% poled in
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relatively humidity of 20 — 25%. During periods of ambient humidity over 40%, precursors were
mixed and poled in a glove bag with nitrogen fill (RH < 22%) and measured and stored in
ambient conditions, leading to a yield of over 70%. Although the specific source of this influence
is unknown, it may also be related to the reduction of response with added acetone. Glovebag
samples showed somewhat higher responses than samples prepared in dry ambient conditions but

follow the same trends.

A5 STABILITY
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Appendix Figure 12. Initial decay rate of piezoresponse as a function of poling field.
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A6 CHLORONITROANILINE STRUCTURE

CNA crystallizes in a centrosymmetric structure, as shown below:

Appendix Figure 13. The crystal structure of 2-chloro-4-nitroaniline. (Structure data from 16 ) Note that

the unit cell is centrosymmetric.

A7 € CALCULATION

As € represents the dielectric response in the absence of permanent dipole motion, it
cannot be experimentally measured under quasistatic conditions. It can however, be estimated

from the Clausius-Mossotti equation given in Equation S1.

€o—1
€c0t+2

€Vm = %ch (S1)

where Vi is the molar volume, N is Avogadro’s number, and o is the molecular
polarizability.

For the case of benzoic acid (o ~ 2 x 103° CZ m? J1) [53] at a concentration of 1 M,

€- Works out to be 5.0. A dielectric constant of 4 corresponds to a doubling of polarization with

the factor of Equation S2 and appears to be within the range of realistic materials.

€Exot2
3
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A.8 FOAM VOID DIMENSION MEASUREMENTS

1000um

samples.
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Appendix Figure 15. Average void size with error of samples above. NP — non-poled and P is poled.

A9 OTHER TESTING METHODS

In principle, it would also be possible to measure the converse piezoelectric effect
mechanically. This would, however, be experimentally challenge. For an applied voltage up to
200 V, the deformation from a material with ds3 = 250 pC N* would be 50 nm. For a sample
with a cross section of 1 cm? and a thickness of 5 mm, the effective spring constant would be 11

kN m™ and the force for this deformation would be 0.56 mN. Such deflections would be better

measured by laser interferometry.
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