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ABSTRACT

Improvements to flexible polymer temperature sensors have the potential to substantially
improve human health through a variety of devices such as core body temperature sensors,
temperature mapping, and IR imaging. In this thesis we examine a novel resistive ion
conducting polymer-based temperature sensitive material. This material outperforms
vanadium oxide and other leading temperature sensing materials for the temperature range
15-65 °C allowing for high performance use in medical devices. Unlike conventional

materials, this polymer can be readily integrated into flexible devices.

In this thesis we explore both the fundamental science and applications of this material. In
Chapter 2 of this thesis, we explore the electrical and chemical properties of this polymer
through impedance spectroscopy, Fourier transform infrared spectroscopy, and
thermogravimetric analysis. We explore the formation of interpolymer complexes exhibited
by this copolymer. We demonstrate its application to temperature mapping and infrared light
detection. Chapter 3 explores the effects of water on ion transport within the polymer.
Demonstrating that the metal cation is the charge carrier, and that water uptakes primary
effect is the lowering of the polymers’ glass transition temperature. Through visible
spectroscopy we additionally demonstrate tetrahalocobaltate formation in this and a related
polymer. In Chapter 4, we demonstrate an ultra-thin dual heat flux core body temperature
sensor leveraging this polymer. We evaluate its response time then verify its functionality by
leveraging an agar tissue phantom. We explore the formation of thin film sensors in Chapter
5. We demonstrate a simple sensor with a thin film architecture and discuss in depth the
engineering challenges presented by commercialization of this architecture in the context of
roll-to-roll fabrication. We demonstrate the sensor is strongly affected by external humidity
and develop and demonstrate humidity buffer materials inspired by humidity fixed point salt

solutions to address this problem.

In conclusion this thesis provides a window into the mechanism of a novel temperature

sensing polymer and explores its commercialization and future applications.
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Chapter 1

INTRODUCTION

1.1 Research Objectives

In this thesis, we examine poly(acrylic acid-co-2-hydroxyethyl acetate)’s (HEA-AA)
functionality as an ion conduction based temperature sensor and develop its application

space. The main objectives of this research are:

e Develop a fundamental understanding of the high temperature response exhibited by

HEA-AA, the mechanism of charge transport, and the factors affecting both.
e Explore applications for the uniquely high response of HEA-AA

e Examine and resolve the roadblocks preventing HEA-AA from moving from the

laboratory to the household or clinic.

This research provides insights into the mechanisms of ion transport in polyelectrolytes, in
addition to developing temperature sensing materials and devices that have the potential to

significantly improve human health both in the clinic, on the job, and at home.
1.2 The Nature of Temperature Sensing

Measuring temperature directly is a fundamentally difficult approach. As such, many
approaches to measure temperature have been developed and all rely of how temperature
leads to changes in other measurable properties of a well characterized material. There are
many exceptional reviews on temperature measurement, here we are not attempting to

provide a thorough review, but instead to touch on some of the methods that are utilized.!-?

The traditionally thought of thermometer relies on measuring the thermal volumetric

expansion of a liquid. Bimetallic strips and gas thermometers function leveraging this same
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approach of thermal expansion.! Beyond these thermocouples are an extremely common

device that relies on the thermoelectric effect. However, one of the largest fields of
temperature measurement are resistive devices. The “gold-standard” resistive device are the
platinum resistance thermometers. However, due to the high cost of platinum resistance
thermometers, devices relying instead on changes in the resistance of semiconductor
materials are some of the most common temperature measurement devices today.! Many
other methods of temperature measurement have been developed, but amongst these the

majority of traditional temperature measuring devices rely upon rigid materials.

As we have seen a growth in wearables there has been a corresponding growth in the
development of flexible temperature sensing devices typically functioning in a resistive or
thermoelectric manner.> Recently there has been increased interest in ionic temperature
sensors operating through a variety of methods including resistive, capacitive, and
thermoelectric.” In this thesis we will explore a flexible resistance / impedance based ion

conducting polymer temperature sensor.
1.3. Research Impacts

The development of high-performance temperature sensing materials that can be leveraged

in low-cost manufacturing approaches has the potential to substantially improve human life.
1.3.1 Core Body Temperature Measurement

Core body temperature measurement is a powerful tool in wearables for monitoring a
person’s overall health.® The core temperature is modulated by a wide variety of feedback
mechanisms and can provide useful insights into various bodily cycles.”!? Beyond
monitoring typical changes in body temperature, it can provide a powerful tool for detecting
the onset of illnesses prior to the occurrence of overt symptoms.!*~1¢ This can enable early
treatment and isolation to prevent the spread of sicknesses. For first responders, military, and
17-19

outdoor workers another key application arises, environmental illness detection.

Environmental illness occurs when the CBT is driven too high or two low by enviormetnal
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factors and represents a significant risk to these personnel. By leveraging wearable core

body temperature sensors, environmental illnesses can be detected and addressed prior to

severe bodily harm.

However, current CBT approaches suffer from significant issues that limit their utility in
day-to-day wearables. The “gold-standard” approach for CBT monitoring requires surgical
placement of a sensor in the patient’s aorta, this is obviously not an option for wearable

sensors. 2021

Other approaches of measuring a person’s temperature have been utilized. Skin temperature
is trivial to measure, however it does not provide meaningful insights into CBT. Patients with
elevated CBT can show normal skin temperatures as it is heavily modulated by perfusion.?!
Oral temperatures see widespread use, however the action of mouth breathing can
significantly skew the measured temperature value. For this reason, oral temperatures only
stabilize after 7-11 minutes of nasal breathing. Thus oral temperature is not a reliable
approach for wearables especially for athletes.?*??> Tympanic temperature see widespread
clinical use, however, it has been found to lose accuracy in exercising patients.!®2!-22 Rectal
temperature has often been treated as a gold standard, however it shows a significant time
lag and is disfavored due to discomfort.??!>> Esophageal temperature is similarly too

uncomfortable for wearable applications.??

Gastrointestinal pills are the first of the temperature measurement approaches discussed here
that has been used extensively in exercising patients.?? However, a multi-pill trial has shown
significant variations in the reported temperature up to 1.1 °C presumably due to differences
in pills location.?’ Furthermore, gastrointestinal pills are expensive and not suitable for day-
to-day use. As there has been a movement away from gastrointestinal pills, we have seen a
growth in algorithmic methods.?>** These methods extrapolate from pulse rate, respiration,
and motion to estimate CBT. However, these approaches require making many assumptions

about the patient and have yet to be proven reliably accurate in diverse patients.
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An alternative approach known as the zero heat flux sensor has been found to be highly

accurate. In this method, a temperature flux sensor is applied to the patient’s skin at select
regions. A heater is attached to the top of the flux sensor and the sensor is heated until no
temperature flux is measured across the sensor. This zero-flux state occurs when the heater
reaches CBT.?® While these sensors can be highly accurate, they suffer from high power
demands and as such are not viable for wearable devices.?® Alternatively, a single heat flux
sensor leverages a heat flux sensor applied to a specific location of the body.?”?® These
sensors can be accurate however, they rely on assumptions about the underlying tissue that

are not always accurate.

In contrast, the dual heat flux sensor is extremely promising for this application. By
leveraging two heat flux sensors with differing thermal resistances the resistance of the
underlying tissue can be eliminated and thus measurements can be made with minimum
assumptions.?® However, current dual heat flux sensor’s performance is directly limited by
the accuracy of the individual sensing elements.?” This leads to thick sensors often with rigid
components. Further work is needed to refine the dual heat flux sensor and improve these
individual sensing elements. In Chapter 4, of this thesis we explore a DHF CBT device
developed utilizing the HEA-AA polymer that is 20x thinner than the next thinnest device in
the literature and is highly flexible.

1.3.2 Contact Temperature Mapping in Medical Applications

Beyond CBT we foresee other healthcare applications for high performance, flexible
temperature sensors that can be fabricated at a low cost. Contact temperature mapping
approaches can provide powerful insights into skin inflammation.*® This can be utilized to
monitor wound healing and for early detection and monitoring for infections.*! A specific
application of interest is the detection and monitoring of skin ulceration. By enabling early
detection, ulceration treatment can be initiated prior to skin breakage which improves patient
care outcomes.>?3* As such, the development of large sheet sensors to monitor for ulceration
3537

in bedridden patients represents a promising application for this technology.

Additionally, diabetic foot ulceration represents an immense cost in healthcare reaching $9 -
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$13 billion in the US alone and causes > 50% of all lower limb amputations.’® Early

detection can greatly improve outcomes and can be approached through the development of
smart insoles.>**! However, conventional temperature sensors are typically rigid materials
that may cause discomfort during wear. By leveraging flexible soft polymer-based
approaches, we believe we can create temperature mapping insoles that will enable
comfortable long-term wear. Additionally, properties of HEA-AA allow for potentially far
lower fabrications cost compared to conventional mapping sensors. While Chapter 5 does
not focus on the temperature mapping aspects, it represents significant progress toward the
commercialization of flexible thin-film temperature sensors intended for integration into

temperature mapping and other applications in healthcare and industry.
1.3.3 IR Imaging

IR imaging has seen utilization for screening of passengers for infections during the Covid-
19 pandemic.*** Furthermore, it can represent a powerful tool for monitoring patient’s for
signs of localized inflammation or circulation issues.***> Beyond healthcare, IR imaging has
broad applications towards industry, security, and defense. Current uncooled IR imaging
devices utilize arrays of microbolometer sensors (Fig. 1.1). These sensors are fabricated by
suspending a film of thermistor type temperature sensing material above the wafer. IR
photons are focused onto the sensing material and the temperature of the material increases.*
By increasing the response of this sensing material, the sensitivity of the microbolometer can
be increased.*’ Additionally, by moving to a sensing material that can be deposited through
spin-coating instead of other deposition processes, we believe that the cost of device
fabrication can be significantly decreased. Chapter 2 briefly touches on IR detection with

HEA-AA.



Sensing Material

Figure 1.1: Diagram of microbolometer sensor.*
1.4 Conclusions

This thesis explores the development of ion conduction based temperature sensors. These
temperature sensors exhibit high responses and have the potential to significantly improve
human health both in the clinic and at home. Beyond healthcare, improved low-cost flexible
temperature sensors have the potential to significantly impact both industry and consumer
devices. In this thesis we will both explore the fundamental science of this material in

addition to applications and the commercialization of it.
1.5 Chapters Outline

In this thesis, we explore an ion conductive polymer approach to temperature sensing. The
research carried out on this project can be broken into: 1) exploring the fundamental science
surrounding the structure and mechanisms of the polymer, 2) applications and

commercialization of this material.

Chapter 2 introduces this material through the biomimetic temperature sensing polymer
variant. In this chapter, we leverage various techniques to demonstrate the basic behaviors

of the polymer and explore some of the mechanistic details of the polymer.

Chapter 3 provides an in-depth mechanistic study into the role of water within the polymer.
We explore how charge conduction occurs. Furthermore, we investigate how water affects
the dynamics of the polymer and its effect on the temperature response. We additionally

explore the formation of tetrahalocobaltate within the polymer.



.
Chapter 4 represents a shift into applications with the development of DHF CBT sensors.

In this chapter we explore the fabrication and theoretical performance of ultra-thin CBT
sensors. We demonstrate the electrical properties of HEA-AA films prepared with a variety
of metal chlorides. We then demonstrate the time response of our sensor and its accuracy

leveraging an agar tissue phantom.

Chapter 5 explores the necessity of humidity buffer materials for thin-film sensors. Here, we
explore the challenges of commercialization of HEA-AA through the roll-to-roll fabrication
of thin-film sensors. We discuss the limitations of thin film moisture barriers and demonstrate
the necessity to develop humidity buffer materials. We discuss the development of these

materials and the results to date in integrating these materials into sensors.

In Chapter 6, we discuss observations and predictions made about HEA-AA that are not

found in other chapters. We additionally discuss future directions with the HEA-A A material.

In Chapter 7, we provide a summary of the main conclusions of the thesis.
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Chapter 2

BIOMEMETIC BLOCK COPOLYMER FOR TEMPERATURE SENSING

The work in this chapter has been adapted from:

Tae Hyun Kim , Zhou Zhun, Yeong Suk Choi, Vincenzo Costanza, Linghui Wang, Joong
Hwan Bahng, Nicholas J. Higdon, Youngjun Yun, Hyunbum Kang, Sunghan Kim and
Chiara Daraio. Flexible biomimetic block copolymer composite for temperature and
long-wave infrared sensing. Science Advances, 9.6, 2023.

N.J.H. provided technical support for FTIR analysis. N.J.H. provided comments and

revisions to the manuscript.

The section “Further Work on Mechanisms of this System” represents further laboratory
work carried out by N.J.H. used to clarify the temperature response mechanism amongst the
authors during the revisions of the manuscript and does not appear in the before mentioned

Science Advances paper.

Supplementary information can be found in Appendix A.

2.0 Abstract

Biological compounds often provide clues to advance material designs. Replicating their
molecular structure and functional motifs in artificial materials offers a blueprint for
unprecedented functionalities. Here, we report a flexible biomimetic thermal sensing (BTS)
polymer that is designed to emulate the ion transport dynamics of a plant cell wall
component, pectin. Using a simple yet versatile synthetic procedure, we engineer the
physicochemical properties of the polymer by inserting elastic fragments in a block
copolymer architecture, making it flexible and stretchable. The thermal response of our
flexible polymer outperforms current state-of-the-art temperature sensing materials,
including vanadium oxide, by up to two orders of magnitude. Thermal sensors fabricated

from these composites exhibit a sensitivity that exceeds 10 mK and operate stably between
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15 © and 55 °C, even under repeated mechanical deformations. We demonstrate the use of

our flexible BTS polymer in two-dimensional arrays for spatiotemporal temperature

mapping and broadband infrared photodetection.
2.1 Introduction

Organic electronic materials are emerging as competitive alternatives to conventional
silicon-based microelectronics because of their low-cost manufacturing!? and
multifunctionality.®* The ability to tailor their properties at the molecular level makes them
appealing for a range of sensing applications, such as wearable and implantable devices,
which require specific characteristics that are difficult to achieve with inorganic compounds,
like flexibility and stretchability. The increasing demand for all-organic electronic devices
has led to the developments of a growing number of soft and active materials for a variety of
physical>¢ and biochemical sensors,’® paralleled by the advancements in elastic substrates

and conductors,”!? as well as in their fabrication and integration strategies.!!-!2

Organic thermal sensors have also been proposed for remote health care, robotics, and
environmental and industrial monitoring applications.!*!3 However, thermal sensing devices
relying on organic materials are often limited by their response performance, which is not
yet comparable to their inorganic counterparts. Several approaches have been suggested to
improve materials’ response to temperature, for example, by using inorganic fillers,
nanocomposites, volume expansion, or the use of transistor-type devices for signal
amplification.!*!7 However, these strategies generally involve complex fabrication steps and
device architectures, function only in narrow temperature ranges, or provide limited

response.

To overcome these limitations, it is necessary to develop organic materials that intrinsically
present high thermal response and flexibility in a relatively simple scaffold that can be
fabricated to scale with reproducible performance. However, the ability to design new
materials depends on understanding the fundamental transport mechanism and structural

dynamics in organic molecules'®!” and on linking these properties to their functional
Y. g g prop
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characteristics. Although promising advances have been made, for example, with first

principle simulations and data-driven approaches,?*?! the field is still lacking predictive
models for the design and synthesis of such materials. One approach to design new materials
is to gain insights from building blocks found in biological matters and to emulate their

structures in synthetic materials.
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Figure 2.1: Biomimetic design of the flexible BTS polymer. (a) Schematic illustration of the plant
cell wall structure and of pectin. (b) Design of the ABA-type block copolymer, withm=5,n=35,p
=100, and r = 85.7. The hydrophilic A block, rich in carboxyl (red) and hydroxyl (blue) groups, is
designed to electrostatically interact with metallic cations. The hydrophobic B block, composed of
poly(n-butyl acrylate), is designed to provide mechanical flexibility and stretchability to the network.

As shown in the particle size measurement (bottom right), the synthesized polymer exists in a
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colloidal state in ethanol due to phase separation. (c) Hypothesized mechanism governing the

temperature response of the synthetic block copolymer. Rearrangement of the potential wells at low
and high temperature in which the cations are confined (top). When an external electric field is
applied, temperature rises cause an increase in ion migration through the hydrophilic channels formed
between the colloidal particles in the polymer matrix (bottom). (d) Mechanical flexibility and
stretchability of the synthetic block copolymer. The dried pectin film is prone to tear after a slight
bending deformation (left), whereas the composite polymer is robust to repeated stretching motions

because of the soft B block (right). The polymer is stretched 300% from its original shape.

Recent investigations of plant cell wall components reported that pectin, a structurally and
functionally complex acid-rich polysaccharide,”> has a remarkable response to
temperature.?*-2° Pectin consists mostly of repeating units of d-galacturonic acid (Fig. 2.1(a)).
At neutral pH, the d-galacturonic acid units of low-ester pectin form ionic bridges with Ca?",

creating an “egg-box” complex in which cations are encapsulated.?®?’

Increasing the
temperature of a Ca?’—cross-linked pectin results in an exponential increase in ionic
conduction.?** However, pectin is most abundantly found in agricultural products, e.g., fruit
peels, and its chemical composition is directly influenced by climate, plant origins, and
extraction methods.?® Hence, devices fabricated with pectin, as a sensing element, present

inconsistent electronic properties and demonstrate poor structural stability.

Here, we introduce a new flexible biomimetic thermal sensing (BTS) polymer that emulates
the structure and functional motifs of pectin. The synthetic BTS polymer composite exhibits
superior thermal sensitivity while also being mechanically robust and flexible (Fig. 2.1(b)).
The basic architecture consists of an ABA-type triblock copolymer, synthesized through
reversible addition-fragmentation chain transfer (RAFT) polymerization (Fig. A.l1.(a)),
which is a versatile living radical polymerization method used to engineer structures with
intrinsic mechanical flexibility (thermoplastic elastomers), suitable for organic electronic

materials.?3!
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2.2 Results

2.2.1 Design of the Flexible BTS Polymer

To mimic pectin’s temperature response, we conceptualize the polymer architecture by
reducing the complex pectin structure to a simpler backbone, bearing only the minimally
required cues for the desired functions. We hypothesize that the carboxyl groups, hydroxyl
groups, and the conformation of sugar pockets are all essential components within the d-
galacturonic acid that chelate divalent cations forming the egg-box complex.?®*2 In the ABA
architecture, the “A” blocks represent two flanking hydrophilic regions, displaying motifs
that can bind with divalent cations, composed of random placement of 2-hydroxyethyl
acrylate (HEA) and acrylic acid (AA). Upon chelating with divalent cations, the A blocks
present a temperature response mechanism similar to that of pectin (Fig. 2.1(c)). However,
the cationic interactions result in a “pseudo-cross-link,” forming a hard segment with high
glass transition temperature (Tg).>* To add mechanical flexibility, the polymer is further
modified by introducing low-T, polymer molecules as soft segments. Poly(n-butyl acrylate),
with low glass transition temperature (T <—50 °C),** is inserted in the middle block “B,” to
serve as an elastic strand in the network and to make the polymer membrane stretchable (Fig.
2.1(d)). In ethanol, the synthesized polymer exists in colloidal states with an average particle
diameter of 96.9 nm (Fig. 2.1(b) and Fig. A.1(b)). The hydrophilic-lipophilic balance value
of the hydrophilic A block, calculated on the basis of Davies’ method, is 13.03,

corresponding to the oil-in-water emulsifier range (table A.1).

To verify the functional roles of the polymer moiety relating to the temperature-dependent
ion transport, we first characterize the structural components of the as-synthesized block
copolymer, using gel permeation chromatography (GPC) and nuclear magnetic resonance
(NMR) measurements (Fig. A.2). The synthesized polymer shows a weight-average
molecular weight (Mw) of 113,600 g/mol with a dispersity of 1.08. This is similar to the Mw
of natural pectin but with a much narrower weight distribution.*> The monomer feed ratio of

the hydrophilic (hard) and hydrophobic (soft) segments is 1:5 (tables A.2 and A.3).
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Adding divalent calcium ions into the flexible BTS polymer solution results in a cloudy

appearance, revealing a network formation through ionic cross-links. The cross-linked
solution is cast on a plastic sheet and dried to remove the remaining solvent (Fig. 2.2(a)).
During this process, the mixture is monitored in situ using attenuated total reflectance—
Fourier transform infrared (ATR-FTIR) spectroscopy to examine the film formation
behavior. The characteristic peaks clearly elucidate structures of the designed polymer (Fig.
2.2(b) and table A.4) and the presence of water contained inside (Fig. A.3). While the solvent
evaporates, the neighboring chains of the block copolymer form interpolymer complexes
(IPCs) between the AA-HEA functional groups. This interaction between the carbonyl
oxygen and hydrogen of the hydroxyl group (hydrogen bonding) is suggested by the
thermogravimetric analysis (TGA) profile (Fig. 2.2(c)).® Here, the IPCs may play a role in
aggregating the colloidal particles to form ion transport channels between the interacting A
blocks (Fig. 2.1(c)). At elevated temperatures, the number of ions overcoming the energy
barrier increases, which leads to a higher diffusion constant and hopping rate between the
coordination sites through the absorption of thermal energy and the polymer’s segmental
motion. Under an applied electric field, the probability of ions moving forward becomes
favorable, generating a net current flow through the polymer network. The maximum amount

of AA that can be involved in IPC formation is calculated as 86.13% (table A.6).

To interrogate the importance of chemical composition within the A block, series of
copolymers with varying ratio of AA to HEA are synthesized (Fig. 2.2(d) and table A.7).
The polymer film with even proportion of carboxyl-to-hydroxyl groups demonstrates the
highest activation energy and temperature response. Modifying this ratio to approximately
1:2 results in a >7-fold decrease in response, while films consisting of only the carboxyl
groups lead to a response depletion. The result reveals that both hydroxyl and carboxyl
groups collectively play important roles in chelation of Ca®" and the subsequent formation
of the egg-box—type interactions analogous to the coordination environment in pectin.
Moreover, the high temperature response can be explained by the high-energy barrier created

by strong binding forces between these side chains and calcium ions.
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Figure 2.2: Film formation behavior and component analysis of the block copolymer. (2) Digital
images of the cross-linked block copolymer solution drop-casted on a flexible plastic substrate. The
amount of cross-linking metal ions used for all tests is fixed to 100% unless otherwise stated. a.u.,
arbitrary units; EtOH, ethanol. (b) Time series of ATR-FTIR spectra after polymer deposition. During
1 hour of air dry, ethanol starts to evaporate, and subsequently, water is absorbed and saturated by the
hygroscopic regions in the polymer matrix. *Peak assignments of the ATR-FTIR spectra (table A.4).
(c) TGA profile of the polymer film before and after washing in DI water. Titration analysis is
performed to determine the percent of IPC formed in the composite film based on the amount of
bounded metal ions after wash. Inset: Corresponding FTIR spectra of the films. (d) Arrhenius plot of
different block copolymers. Activation energy compared between different polymer films with
varying ratio of carboxyl to hydroxyl functional groups (type 1: m=5,n =35, p=100; type 2: m =4,
n=7,p=100; type 3: m =10, n = 0, p = 100). Inset: Corresponding thermal response of each type
of polymer compared. Measurements are performed using the electrode design fabricated in Fig.
A.6(b) with an AC voltage bias of 300 mV at 200 Hz. (¢) Relation between the concentration of metal
ions in the composite film and the amount of water adsorbed. Weight percentage of the polymer,
Ca*', and water is calculated on the basis of the TGA profile and the coupled gas-phase FTIR spectra
of the dried polymer films (Fig. A.5) with varying amount of CaCl; (table A.5). A linear relationship
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is observed between the CaCl, concentration and water absorbed by the composite film. (f)

Impedance spectra of the polymer film with and without Ca*".

By varying the concentration of ions, the films are further profiled using TGA-FTIR to verify
components from gas-phase diffusion (Figs. S4 and S5). The linear relationship (R2 = 0.987)
between Ca?" concentration and water in the film indicates that water absorption is mainly
caused by metal ions (Fig. 2.2(e)). Last, to investigate the conducting species within the
polymer matrix, electrochemical impedance spectroscopy analysis is performed. Polymer
films with and without Ca?" are prepared, and the system’s conductivity as a function of AC
frequency is measured (Fig. 2.2(f)). The conductance profile of the film with no metal ions
is flat until 10 kHz, whereas the one with Ca?>" shows an increase below 100 Hz due to
electrode polarization followed by a plateau. This reveals that calcium cations are the major

transporting charge carrier of the system.
2.2.2 Characterization of the Flexible BTS Polymer

To characterize the temperature response, we fabricate an array of circularly shaped
interdigitated electrodes on a flexible plastic substrate and then drop cast and dry 5 pl of the
cross-linked BTS polymer solution on the electrodes’ surface (Fig. A.6(a-b)). After mounting
the samples on a custom-built thermal cycler, the output current is measured while applying
an AC voltage of 300 mV at 200 Hz. The alternating signals enable stable measurements
over time, reducing the possibility of ionic charge depletion caused by DC bias. Here, 300
mV is chosen on the basis of the minimum level of current (to avoid self-joule heating) that
could be stably read from the sensor considering the signal noise floor at room temperature

(RT).

The hydration state of organic materials closely correlates to the ionic transport and the
material’s mechanical properties.>’” To monitor the effect of water in the polymer’s
performance, we dried the films under various conditions and repeat the measurements (Fig.
2.3(a)). When the polymer film is fully hydrated, a relatively low temperature response is

observed. Under these conditions, conduction through water channels dominates the
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transport, suppressing the effect of ions, which is mainly responsible for the large

temperature-dependent impedance changes. As the film is dried, removing unbound water
from the chain, the response increases markedly, indicating the growing portion of Ca**
mediated transport.?> However, further dehydration results in a decreased response due to
loss of conduction paths. A maximum root mean square (RMS) current response (I4s°c /Iis°c
) of 80.04 A/A is exhibited over the defined temperature range. This normalization approach
has been adopted to compare between state-of-the-art thermal sensing materials,
characterized under different measurement conditions. By measuring the output current at
constant temperature in air, a sensing resolution of less than 8.68 mK is obtained with
negligible hysteresis (Fig. A.6(c-d)). Compared to the state-of-the-art thermal sensing

materials, including vanadium oxide,*®*° inorganic devices,***

and natural pectin
products,>>** the overall temperature response of the resulting flexible BTS polymer

composite is orders of magnitude higher (Fig. 2.3(b)).
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Figure 2.3: Characterization of the flexible BTS polymer sensor. (a) Current variation as a
function of temperature, measured between 15 © and 45 °C with an applied voltage of 300 mV at 200

Hz (bottom) and the corresponding current response calculated at different hydration levels (top).

Darker blue lines represent higher hydration, and lighter blue lines represent lower hydration. Inset:
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Device schematic and configuration for electrical measurement. (b) Response comparison between

state-of-the-art temperature sensing materials and devices, normalized with signals at 15 °C. (c)
Frequency-dependent current measured between 1 Hz and 5 MHz at varying temperatures (top) and
the corresponding current response calculated when 300 mV was applied (bottom). Maximum
response of 161.3 is obtained at 17.8 Hz. (d) Cyclic stability test over 100 cycles of continuous
temperature oscillation between 15 © and 45 °C. (e) Temperature error extracted from the thermal
sensor as a function of normal pressure and (f) bending strain (curvature). All plots represent data

from polymer solution cross-linked with 100% concentration of CaCl..

To evaluate the materials’ response as a function of excitation frequency, we measure the
samples’ impedance spectrum between 1 Hz and 5 MHz using 300 mV (Fig. 2.3(c)). At
lower frequencies, in which the transport is mainly induced by ion migration, change of
temperature results in a large variation of current. A maximum current response of over 160
A/A is evident around 20 Hz. At frequencies above the charge relaxation, transporting ions
within the polymer are not able to follow the alternating electric field (polarization

dominated) and no longer contribute to the temperature-dependent conduction behavior.

After conditioning the polymer film to its optimal hydration status, cyclic stability is
evaluated by heating the sensor from 15 ° to 45 °C for 6 hours while monitoring the current.
Before measurements, a thin layer of parylene-C is conformally coated around the device to
serve as a moisture barrier and electrical insulation. The device shows high stability (Fig.
2.3(d) and Fig. A.7) with minimum variation in current response, lying within the £2.39%

fluctuation boundary over 100 cycles of continuous use.

To characterize the effect of mechanical solicitations, the sensors are compressed or bent at
different pressures and curvatures. Although a slight decrease in conduction is observed
during compression (Fig. A.8), the average temperature error converted from the difference
in current read-out, with and without loading, is less than 0.11 °C up to a pressure of 250 kPa
(Fig. 2.3(e)). This demonstrates that the sensor response is relatively insensitive to strain.
Under bending deformations, an even lower temperature error is detected (Fig. 2.3(f)). To

test whether the strain insensitivity persists after repetitive mechanical loading, we subject
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the samples to 100 cycles of bending (bending radius = 1.6 mm) or compression (to a

maximum pressure of 25 kPa). The current remains similar to that of the as-fabricated
samples, indicating high mechanical stability and elastic recovery. In contrast, dehydrated

pectin films are brittle and prone to tear (Fig. 2.1(d)).
2.2.3 Spatiotemporal Temperature Mapping

We exemplify the applicability of our flexible BTS polymer composite for spatiotemporal
temperature mapping and long-wave infrared (IR) photodetection. First, we create a flexible
temperature sensing sheet, consisting of a 10 by 10 array of uniformly spaced sensors, placed
1 cm apart (Fig. 2.4(a)). We attach the sensor matrix on a circular glass plate with a point
heat source located on its center and monitor the thermal gradient evolving across the glass
surface in real time. The continuous heat flow along the plate’s radius is visualized in a time-
dependent temperature map (Fig. 2.4(b)), obtained by measuring and interpolating the
current variation on five polymer sensors. High temperature response, paired with its
flexibility and compliance, offers opportunities in various engineering applications, such as
batteries, packaging of perishable items, and wearable thermometers that require continuous

spatial monitoring of temperature over three-dimensional surfaces.
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Figure 2.4: Temperature sensing array based on flexible BTS polymer. (a) Schematic diagram
of a flexible thermal sensor for large-area, multipixel temperature mapping. The sensor is placed on
top of a glass plate where a heat source in the middle is used to generate a thermal gradient across the

surface. Inset: Time versus temperature profile of the heat source (top) and the measured temperature
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value from each sensor (bottom). (b) Spatiotemporal reconstruction of the temperature evolution

across the glass plate. Data are extracted from five sensor pixels along the radius of the glass slide.
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Figure 2.5: IR sensor based on flexible BTS polymer. (a) Schematic of the fabricated long-wave,

thermal IR detector. (b) Current as a function of IR power irradiated at a wavelength of 8.5 um. Inset:

Representative current profile during a 4-s period of IR exposure in air with different power. Current

is measured using an applied voltage of 1 V at 200 Hz. (c) Responsivity of the IR detector at different

wavelengths. Inset: Wavelength-dependent absorption intensity of the block copolymer. (d) Real-

time detection of thermal radiation generated by a hand wave motion. Covering the hand with a sheet

of paper, the rise in current is reduced due to limited transmission of irradiation power. Covering the

hand with an aluminum sheet, no change or decrease in current is observed due to IR reflection.
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Next, we experimentally demonstrate an uncooled, long-wave IR sensor that can detect

thermal radiation across a wide spectral range (Fig. 2.5(a)). To reduce thermal loss via heat
conduction, we fabricate electrodes on a thin polyimide (PI) membrane (2 um) (Fig. A.9(a-
b)). To measure the responsivity (Al/P), the entire device was placed in a hermetically sealed
chamber with a zinc selenide (ZnSe) transmission window (Fig. A.9(c)). The sensor was
biased at 1 V AC at 200 Hz to increase the sensor’s signal-to-noise ratio, ensuring no
excessive self-heating caused by joule dissipation (Fig. A.10). Monitoring the current change
as a function of applied power at 8.5-um wavelength, we observe an exponential increase in
current, following an Arrhenius behavior (Fig. 2.5(b)). To investigate the spectral
responsivity of the sensor, we vary the wavelength of the incident IR with an applied power
of 4 mW. The sensor responsivity is closely correlated to the spectral features of the polymer
absorption spectrum, in which the characteristic peaks are located (8 to 14 um) (Fig. 2.5(c)).
Last, we use our sensor to detect IR-emitting objects near RT. With a hand waving motion
above the sensor, a correlating current variation is detected (Fig. 2.5(d)). Current decrease is
observed when the hand is covered with a sheet of paper. We repeat the measurement with
an IR reflective aluminum sheet to verify whether this behavior is induced by thermal
radiation. The aluminum layer blocks the irradiation emitted not only from the hand but also

from the surrounding environment, resulting in a further decrease in sensor current.
2.3 Discussion

The results presented here demonstrate a biomimetic approach to design a thermally
responsive polymer for organic electronics. Inspired by the functional motifs in the pectin-
Ca?" complex, we create a block copolymer that demonstrates an extremely high thermal
response with a sensing resolution of below 10 mK. By using a versatile synthetic procedure,
we also show the ability to tailor physicochemical properties that enables optimization of the
material’s temperature sensitivity and endows mechanical flexibility and stretchability.
Additional functionalities can be introduced by tailoring the polymer architecture and its side
chains, for example, increasing its electrical conductivity, response time, or IR absorption

spectrum for diverse thermal sensing platforms. The resulting material is stable under cyclic
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loading and insensitive to mechanical solicitations, extending its capability and potential

use for wearable sensors and consumer electronics. In particular, these aspects have promise
to affect technological advances in the medical or health care field that can allow continuous
and noninvasive personalized monitoring of minute pathophysiological thermal stresses
caused by disruption in homeostasis, infection, inflammatory responses, and mental stresses

or sleep deprivation.

Although our BTS polymer has shown promising results, several challenges and room for
improvements remain. Because of its nonlinear, exponential response to temperature and
hydration-dependent sensitivity, a precalibration curve needs to be acquired before initial
measurements, and care must be taken during sensor packaging. In addition, an alternative
synthesis procedure such as the continuous polymerization method will allow us to reduce
batch-to-batch variation and enable mass production. Last, it will be of interest to further
investigate the transport mechanism supplemented by molecular dynamic simulations to
further delineate the thermal sensing behavior of the system to potentially improve the
material sensitivity, dynamic range, or even the mechanical features by modifying the

polymer composition and coordinating metal ions.

Interests on realizing all-organic electronic devices with functionalities that their inorganic
counterparts cannot provide are on the rise. While many organic electronic components such
as substrates, electrodes, and transistors have been developed, advancement and mechanistic
understanding of the organic sensory elements have not progressed in parallel. To bridge this
gap and to fully optimize the specific features of our flexible BTS polymer, further
mechanistic studies accompanied by molecular dynamic simulations to delineate the exact
origin of the high thermal response should be followed. We anticipate that our material and
design concept can be used for fundamental studies of ion transport mechanisms in the form
of such simplified polyelectrolytes, which can be generalized to different ionic conducting

polymeric systems.
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2.4 Further Work on Mechanisms

In this section, we will expand upon experiments that I carried out, which clarified the writing
and revisions of the paper, however, did not find their way into the main text of the paper.
While these experiments are included here, they were aimed as exploratory experiments with
regards to various hypothesis and are less rigorous than those experiments intended for
scientific publication. They principally center on the potential influence of IPC formation
and calcium binding in the polymer system. While this paper focuses on BTS, a block
copolymer with an ABA structure (the A blocks comprised of a random copolymer of acrylic
acid and 2-hydroxyethyl acetate, the B blocks comprised of n-butyl acetate), these
experiments where largely carried out with HEA-AA, a random copolymer of acrylic acid
and 2-hydroxyethyl acetate that lacks the B blocks of the BTS polymer. We believe that this
polymer should exhibit similar behaviors to the BTS polymer with identical charge transport

mechanisms.
2.4.1 Solid Evidence of IPC Formation Within Our Polymer Under Select Conditions

Mixed solutions of poly(acrylic acid) (PAA) and poly(2-hydroxyethyl acetate) (PHEA) are
well known to exhibit water insoluble IPC formation when mixed in water solutions. These
formations are known to be pH dependent with IPC formation being arrested by
deprotonation of the acrylic acid in higher pH solutions.*® Our polymers (both BTS and
HEA-AA) are especially interesting as they both contain the acrylic acid-co-2-hydroxyethyl
acetate random copolymer motif. We would expect these polymers to exhibit self IPC
formation. This unusual behavior can lead to a wide variety of proposed effects of self IPC
formation on film formation, film structuring, and charge transport mechanism. In this

section we will explore the evidence for IPC formation in these materials.

As discussed previously, IPC formation is implied by the TGA spectrum of BTS. PAA and
PHEA exhibit staged decomposition spectra.® In PAA, this spectrum shape is attributed to
a formation of cyclic anhydride rings during the decomposition. Meanwhile, in PAA-PHEA
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composites and other IPC forming materials, a single decomposition is observed.’®* This

is attributed to the strong IPC hydrogen bonding networks disrupting the cyclization reaction.

This shift in TGA spectrum is used in the above discussion to conclude that IPC formation
is likely within our films. This is only somewhat compelling evidence, as the PAA
decomposition mechanism should be reduced in the BTS and HEA-AA polymers due to the
nature of a random copolymer reducing the number of adjacent acrylic acid sites. These
reductions lead to expected reductions in the number of acrylic acid decompositions that

could be observed in the TGA spectrum.

A quintessential behavior of IPC forming solutions is the observation of pH dependent
solubility in water. This behavior has been observed for HEA-AA solutions in water
solutions. Fig. 2.6, compellingly demonstrating that HEA-AA can undergo IPC formation
when in water solution. Interestingly, we find the critical pH (pHec:it) for the increase in
turbidity to be pH 5-6, this is far higher than observed for equal mixtures of PAA and PHEA
(2.4-2.8).%6 The implications of this change in critical pH value are unclear, further studies

are warranted leveraging turbidity and viscosity titrations to explore this phenomenon.

pH>10 pH<5 pH 6 pH>10 pH<5 pH6 pH5.5

| Time

Figure 2.6: HEA-AA IPC formation in water solution. (a) 5 mL 0.05M KOH in water. (pH > 10
by pH strip) (b) Addition of 0.5mL of (0.15g/mL) HEA-AA in ethanol, white gum produced. (pH <
5) (c) Addition of 0.3M KOH in water, partially dissolved (pH 6). (d) Addition of further 0.3 M KOH
in water, HEA-AA fully dissolved (pH > 10). (e) Addition of 1% HCI in water, cloudy solution
resulted (pH < 5). (f) Addition of 0.3 M KOH in water, Clear solution observed with foamy surface
(pH 6). (g) Addition of 1% HCI in water, cloudy solution resulted (pH ~ 5.5). From this we can
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estimate pHeric for HEA-AA as between pH 5 and pH 6. This is of note as it is far higher than for

HEA/AA mixtures.

An interesting controversy within the lab is the question of the water solubility of HEA-AA.
This unusual behavior was observed far before discussions of IPC formation were brought
forth. It is observed when water is added to HEA-AA films that a small quantity of HEA-
AA is dissolved, this can then be recast onto another surface leading again to an HEA-AA
film. This effect is also observed in ion-HEA-AA films and is especially noticeable with
CoCl-HEA-AA films. We now attribute this slight solubility to pH shifts in the water upon
initial addition allowing for a small quantity to be dissolved. In essence the initial solubility
of the polymer originates from the quantity of polymer needed to drop the pH of the solution
beyond pHcit for IPC formation.

In HEA-AA lacking metal ions, dried HEA-AA can be observed to form a white interface
layer when water is added (Fig. 2.7). The HEA-AA is found to exhibit an unusual gummy
texture. When dried, this water treated HEA-AA is found to remain gummy and is insoluble
in ethanol, which typically is a good solvent for HEA-AA. We believe that this is indicative
of the formation of strong IPC networks between polymer chains that is not observed in non-
water exposed HEA-AA. This calls into serious question the degree of IPC formation in our

active films.

Figure 2.7: IPC behavior in water environment. (a) 0.15 g of HEA-AA dried for 25 hr at 90 °C (5
hr under vacuum prior to pump failure) (b) 1 mL water was added showing white layer at HEA-AA
/ water interface. The supernatant was poured off then both were dried, the polymer returned to its

yellow coloration. 2.1 mg of HEA-AA, producing a visible film, was collected from the supernatant.
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(c¢) The polymer was repeatedly mixed with water then the water poured off ( ~ 4 mL per aliquot,

75mL total) however no significant dissolving was observed. The polymer was then subjected to
mechanical stirring and was observed to have a gummy texture. (d) Gummy texture of water exposed
HEA-AA after pouring off the water. (¢) Gummy texture of water exposed HEA-AA after drying
under alternating heating at 90 °C and dry air spray. (f) 1 mL of ethanol was added to the dried water
exposed polymer and the solution was stirred. The polymer was found to not redissolved in ethanol

despite ethanol typically being a good solvent for HEA-AA.
2.4.2 Evidence That IPC Formation May Not Play a Major Role in Our Films

It was suggested, based on a paper looking at metal ion binding to arachidic acid, that metal
ions bound to carboxylic acids cannot be extracted by water in absence of a strong acid.**
This idea was used by a senior author on the paper upon which this chapter is based to
conclude that the bound metal ions cannot function as the conducting species in this system.
This was further used as the basis for table A.6 in the SI of this paper. Based on the evidence
laid out below and in later chapters of this thesis, it can be concluded that these assumptions

made in the paper are incorrect.
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Figure 2.8: Cobalt acetate in water. (a) Cobalt acetate dissolved in water. (b) Cobalt acetate

dissolved in water with lithium chloride. (c) UV/Vis spectra of cobalt acetate and cobalt chloride in
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water. Note the spectra show identical peak shapes indicating both form cobalt hexaaqua upon

being dissolved in water.

Upon dissolving cobalt (II) acetate in water, a pink solution resembling that of cobalt
hexaaqua is formed. The addition of a saturated solution of lithium chloride in water causes
the solution to exhibit a rapid color change to dark blue in line with the formation of
tetrachlorocobaltate (Fig. 2.8(a-b)). The formation of this metal anion is explored further in
Chapter 3. The UV/Vis spectrum of cobalt (II) acetate dissolved in water was obtained and
then compared to the spectra of cobalt (II) chloride. The samples exhibit a high spectral
similarity indicating that both form cobalt hexaaqua ions readily when mixed into a water
solution (Fig. 2.8(c)). These observations imply that the cobalt-acetate bond is readily broken

in aqueous solution in absence of a strong acid counter to the claims made above.

PAA is a useful analog for ion binding in the HEA-AA and BTS polymer systems. PAA
cannot exhibit IPC formation alone, however, it exhibits ion binding and we suspect ion
mediated chain crosslinking. It has been utilized within the Daraio group as an analog for
spectroscopic  studies and studies of ligand binding mediated formation of
tetrahalometallates. PAA when drop-cast into a thin film under typical laboratory humidities
and temperatures (20-70% relative humidity, 18-26 °C) forms a gooey sticky film. If the film
is dried on a hot plate (70-90 °C) for an extended period (>3 days) an extremely brittle dry
film result. Similarly when HEA-AA is cast under typical laboratory humidities and
temperatures, a gooey, sticky film results that can be dried at elevated temperatures.

However, the dried HEA-AA films exhibit lower brittleness than the PAA films.

When both PAA and HEA-AA films are drop-cast with divalent metal ions and briefly dried
on a hot plate (60-90 °C, < 1hr) the resulting films are solid and are found to not be tacky.
This is especially interesting as we expect films containing ions to be more hydrophilic and
as a result contain more water at a given temperature and humidity. This is notable as water
is known to function as a plasticizer in this class of polymers, this is discussed in depth in
Chapter 3.446 As such one might expect ion containing films to exhibit softer properties, this

is not what is observed. We attribute this change in properties to two factors. First, cation
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bridged chain crosslinking leading to an increase in the rigidity of the polymer. Second,

the occupation of carboxyl sites by cations reduces/eliminates the tackiness of the polymer
films. These mechanisms imply direct bonding of the divalent cations to the polymer’s
carboxyl sites. When dried PAA films containing calcium chloride or cobalt chloride are
rinsed or immersed in water they immediately dissolve. This directly implies that the metal
ion — carboxyl bond can be cleaved by water in solution counter to the claims used to draw

conclusions in table A.6.

In order to further probe table A.6, films were cast and dried (70 °C) comprised of CaCls,-
PAA, CaCl,-HEA-AA, and HEA-AA without added metal ions. These films were then
immersed in water (Fig. 2.9(a)). In line with previous experiments it was observed that the
CaCl-PAA film fully dissolved, the CaClb-HEA-AA film turned cloudy white, and the
HEA-AA film turned an opaque white. The films were then subjected to a slight mechanical
agitation consisting of running the gloved pad of a thumb over the films (Fig. 2.9(b)). The
CaCl>-HEA-AA film was observed to readily be removed from the surface. The HEA-AA
film was found to far more robust, and was not completely removed. This implies that the
crosslinking in submerged HEA-AA and CaCl,-HEA-AA films are fundamentally different.
The most likely mechanism of chain crosslinking in the HEA-AA film is the formation of
IPC. The presumably extensive IPC networks lead to a robust film. In the CaCl,.-HEA-AA
films, there are two mechanisms of crosslinking: 1) IPC formation, 2) metal-bridges. We
have found from the PAA films that acrylic acid based metal-bridges are not robust to water
immersion. We speculate here that the majority of CaCl: is stripped from the films during
water immersion. In BTS polymer, it was observed that 88.38% of the CaCl; is stripped
during extended water immersion. We expect acrylic acid sites involved in calcium binding
are in a deprotonated state. When water is reintroduced and the CaCl, is stripped away, some
of these sites may remain in a deprotonated state preventing them from engaging in IPC
formation. We would expect this to reduce the mechanical strength of the films inline with
what is observed. If we assume the CaCl: is readily stripped from acrylic acid sites by water,
this begs the question of the origin of the remaining bound 11.62% Ca** in the BTS polymer

TGA experiments. Here we hypothesize that as I[PC formation occurs in the polymer, it limits
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the diffusion of water and CaCl,, resulting in some trapped salt. We believe this is inline

with the observations here for HEA-AA and PAA, in addition to being inline with
experimental results for the BTS polymer. Follow up studies leveraging mechanical testing

are warranted.

CaCl,-PAA

CaCl,-
HEA-AA

"~ CaCl,-HEA-AA CaCl,-PAA HEA-AA /

HEA-AA

Figure 2.9: Submerged polymer films. (a) CaCl,-PAA, CaCl,-HEA-AA, and HEA-AA films
submerged in water. The PAA film fully dissolves. The CaCl,-HEA-AA film turns cloudy. The HEA-
AA film turns opaque. (b) Films after being gently rubbed with pad of the thumb. Note, the CaCl,-
HEA-AA film is fully removed, while a portion of the HEA-AA film remains.

For the purposes of understanding ion binding to the polymer, one of the most useful tools is
FTIR spectroscopy. It allows us to track how the water content in the polymer varies between
polymer films. Furthermore, as discussed in Chapter 3, metal-carboxyl bonding leads to a
distinct shift in the carboxyl stretching mode. This shift is on the order of 160 cm™! from
typically ~1700 cm™! to 1550-1600 cm™. As such it is possible to qualitatively measure the
degree of metal carboxyl bonding in the polymer system. In addition, PAA/PHEA IPC
formation has been observed to cause a slight carboxyl peak shift corresponding to the
hydrogen bond formation.*® This peak shift is far smaller than that observed for metal-

carboxyl binding.
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Figure 2.10: FTIR spectra of ion-HEA-AA films subjected to water immersion. (a) CaCl,-HEA-
AA, notice the significant reduction in the Ca*"-carboxyl and the water peaks. (b) CoCl-HEA-AA
notice the significant reduction in the Co**carboxyl and the water peaks. (c) HEA-AA without added

ions. Notice the reduction in the water peaks and slight red shift to the carboxyl peak.

In order to better understand the stripping of metal ions from polymer films by water
immersion, FTIR studies were carried out. Films were prepared by drop-casting 2.5ulL of

polymer solution onto glass slides, then drying the samples on a hotplate (70 °C, 1hr).
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Samples were then placed in a water bath for a set amount of time, then dried again on a

hot plate (70 °C, 1 hr). After this procedure, ATR-FTIR was obtained on a Nicolet 6700
FTIR spectrometer. For this analysis, the FTIR spectra were trimmed to 1300-2000 cm™! and
normalized. Films were prepared from CaClh-HEA-AA, CoCl-HEA-AA, and HEA-AA.
For each material, control film was collected that was not dipped in the water bath (ND), one
film was subjected to a quick dip less than 10 seconds (QD), and the remainder were

subjected to fixed time intervals of 1, 5, and 10 minutes.

The CoCl>-HEA-AA films were found to exhibit a slight blue coloration. This coloration
disappeared once the films were soaked in water and redried. As discussed in Chapter 3, we
now understand this coloration originates from the tetrachlorocobaltate anion. As we do not

expect this anion to be bound to the polymer, this result is not unexpected.

In the control CaCl,-HEA-AA and CoCl,-HEA-AA films, we observe a clear peak feature
around 1550-1600 cm™ which we have identified in the metal-carboxyl peak, it is notable
absent in the HEA-AA film, (Fig. 2.10(b-c)). Upon a quick dip in the water bath, the intensity
of this peak dramatically decreases (decrease by ~60% in CaCl,-HEA-AA and ~57% in
CoCl-HEA-AA). By comparing the 10 min dip to the quick dip, we can observe that over
time the metal ions continue to be stripped out of the polymer binding sites (a further decrease
by ~26% for CaCl.-HEA-AA and 22% for CoCl-HEA-AA, relative to the quick dip

samples).

We can further examine the water peak located at ~1630-1650 cm!. This can be seen as a
clear peak in the metal-HEA-AA films and as a shoulder in the HEA-AA film. Upon water
immersion, the intensity of this peak dramatically decreases. Given water immersion seems
to strip ions from the films, this result is not unexpected as water content in this class of films
is known to correlate with salt content, this originates from the hydrophilicity of these salt
complexes. Explaining this behavior in the ion-free HEA-AA film presents a larger
challenge. We expect in this polymer, the inherent hydrophilicity originates from the polar
carboxyl, ester, and hydroxyl functional groups and especially the ability of the carboxyl and
hydroxyl groups to engage in hydrogen bonding with water. We hypothesize that water
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immersion drives the formation of robust hydrogen bonding networks between polymer

chains, this is in line with the observation that HEA-AA immersed in water then dried is no
longer soluble in ethanol as discussed above. We hypothesize here that once the HEA-AA
forms these extensive IPC crosslinking bridges two things occur: 1) the hydrophilicity of the
polymer is reduced as the number of free carboxyls and hydroxyl hydrogen binding sites are
reduces, 2) the formation of these crosslinking bridges causes diffusion channels in the
polymer to collapse, limiting the diffusion of both ions and water within the material, thus

limiting the ability of water in reach potential binding sites within the polymer.

The peak at ~1675 cm™! represents one of the fascinating mysteries in this system. A variety
of internal density functional theory studies have failed to show any absorption peaks within
this range. This peak does not correlate with bulk water content, see Chapter 3, and is found
in films both containing and lacking metal ions. As noted in Chapter 3, this peak appears in
films exposed to both water vapor and deuterium oxide vapor, therefore we suspect that it
does not originate from a structure involving water. Here we see it greatly reduces in
intensity with water immersion. We hypothesize that this originates from some form of
unusual hydrogen bonding structure involving either the carboxyl or ester sites. We
hypothesize that the formation of extensive IPC networks upon water immersion in some

manner reduces these unusual structures.
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Figure 2.11. Film specific comparison at various water immersion times. (a) Films that were

not dipped into water. Notice the large differences between each material. (b) Films that were dipped
into a water bath for < 10 seconds) (c) Films immersed for 1 minutes. (d) Films immersed for 5
minutes. (¢) Films immersed for 10 minutes. Notice the high similarity between the films, Some of
the metal-carboxyl peak remains. The water peaks have largely disappeared. The HEA-AA carboxyl

peak shows a notable red shift relative to the other samples.

The peak at 1750-1700 cm™! originates from both the carbonyl and ester functional groups.
In metal ion-HEA-AA films, a slight blue shift can be seen in this peak location with water
exposure. The origin of this blueshift remains unknown. In films lacking metal ions, this
peak shows a distinct red shift with water immersion. We speculate that this redshift
originates from the formation of IPC binding sites. Density functional theory calculations
have been carried out examining these potential IPC binding interactions. They were carried
out utilizing ORCA quantum chemistry version 4.2.0, and leveraged the B3LYP functional
and def2-TZVP basis set.*’->7 While these calculations are do not match our experimental
data, they show a 48 cm! shift in the carboxyl peak from 1807 cm! to 1759 cm™!. This may
loosely correlate with the observed shift in the carboxyl peak in the HEA-AA films upon

water exposure.
2.4.3 Conclusions of This Further Study

Our polymer films can engage in IPC formation, however, the degree of IPC formation in
our cast films remains unknown. FTIR of the polymer demonstrates that the metal ions bind
directly to the acrylic acid monomers, these bound metal ions can be stripped by bulk water.
Any acrylic acids engaging in metal ion binding is unable to engage in IPC formation.
Differences in the mechanical properties of films and the spectroscopic data implies the cast
salt-HEA-AA films do not engage in extensive IPC formation. As shown in Chapter 3, the
presence of the metal cation and polymer alone is necessary for the high temperature
response behavior. From these we conclude that while further studies into IPC formation in
this system may provide interesting insights, the mechanism of the polymer’s high

temperature response originates from the binding site of metal ions to the polymer and is tied
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to the overall structure of the polymer. We speculate here that IPC structures may play a

role in the structuring of the polymer to enable charge transport, however, these remain

speculations. Further work is needed.
2.5 Materials and Methods
2.5.1 Materials

HEA, tert-butyl acrylate (t-BA), n-butyl acrylate (n-BA) monomers, and a dual-functional
chain transfer agent (CTA) S,S-dibenzyl trithiocarbonate (DBTTC) were purchased from
Sigma-Aldrich. DBTTC was used to expedite the synthesis of the ABA polymer for
multistep processing.’® Azobis (isobutyronitrile) (AIBN), a radical initiator, was purchased

from Sigma-Aldrich and recrystallized from methanol before use.
2.5.2 Synthetic Procedure of The ABA Block Copolymer

ABA-type block copolymers were prepared via RAFT polymerization (Fig. A.1(a)). During
the entire polymer synthesis process, the resulting material was characterized using GPC and
NMR (IH NMR) (Fig. A.2).> First, N>-purged HEA 1 (1.16 g, 10 mmol) and t-BA 2 (1.28
g, 10 mmol) were dissolved in 2 ml of dimethylformamide (DMF), followed by DBTTC 3
(29 mg, 0.1 mmol). The mixture was further purged with N> for 3 min. Next, AIBN (0.81
mg, 5 umol) was added into the reactor and lastly stirred at 75 °C under inert N2 atmosphere.
The reactor was cooled down and vented to air. The residual monomers (t-BA and HEA)
were removed by vacuum, following precipitation in 100 ml of cold diethyl ether that
resulted in a yellow oil of bis[p(t-BAio-r-HEA0)] trithiocarbonate (macro-CTA). The yield
of polymerization monitored using 1H NMR was 80% (2.02 g). Next, the macro-CTA was
mixed with N2-purged n-BA 4 (12.8 g, 100 mmol) and AIBN (0.81 mg, 5 pmol), along with
15 ml of DMF. The mixture was purged again under N for 3 min, followed by stirring at 75
°C under N, atmosphere. The reactor was cooled down and vented to air. Residual n-BA was
removed by vacuum to yield a protected form of ABA block copolymer, p[(t-BAs-r-HEA5)-
b-(n-BA)100-b-(t-BAs-r-HEAs)]r. Here, a conversion rate of 81% was achieved (11.24 g).
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Last, 1 g of the protected polymer was dissolved in 3 ml of dichloromethane (DCM) and

combined with 3 ml of trifluoroacetic acid (TFA). The deprotection reaction was carried out
at RT and stirred overnight. DCM and TFA were removed by vacuum after precipitating the
polymer in cold diethyl ether. As a result, a highly sticky yellow oil as the final form of the
deprotected ABA block copolymer, p[(AAS5-r-HEA5)-b-(n-BA)100-b-(AAs-r-HEAs5)]r, was
produced. The conversion of tert-butyl groups into AA was confirmed using |H NMR from
the deprotected block copolymer (100% conversion to AA form).

2.5.3 Polymer Characterization

The size of the colloidal particle formed in ethanol was measured using a zeta potential and
particle size analyzer (Otsuka Electronics, ELSZ-2000) at RT (Fig. 2.1(b) and Fig. A.1(b)).
After dissolving the samples in deuterated DCM (CD:Cl2), NMR spectra were obtained
using Bruker Ascend 500 (500 MHz). Spectral analysis was performed using Topspin 3.2
software. GPC was carried out in tetrahydrofuran on two MZ-gel (10 um) columns composed
of styrene-divinylbenzene copolymer (Analysentechnik) connected in series with a
miniDAWN TREOS multiangle laser light scattering detector. The film formation of the
block copolymer was monitored in situ from the composite mixtures using ATR-FTIR
spectroscopy using a Nicolet iS50 FTIR spectrometer. The synthesized block copolymer was
dissolved in ethanol (1 mg/1 ml) with metal ions (0.3 M), mixed, placed on top of the ATR
module, and continuously dried in air at 22 °C under 23% relative humidity. The ATR-FTIR
spectra were obtained as a function of time. Table A.5 summarizes the composition of the

tested mixtures.

TGA was carried out on dried composite films (20 mg) using a Discovery TGA (Thermo
Fisher Scientific) with the following settings: ramp rate, 10 °C/min; temperature range, 30 °
to 650 °C; and N, flow rate, 10 ml/min. For material identification, TGA-FTIR
measurements were performed in parallel to TGA to analyze the gas-phase FTIR spectra
using a Nicolet iS50 FTIR spectrometer. The spectrometer was equipped with an auxiliary
experiment module, composed of an optional mercury cadmium telluride detector, a 10-cm

path-length nickel-plated aluminum flow cell, and an integrated digital temperature
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controller. After the integrated digital controller reached a constant 130 ° C temperature,

FTIR spectra were collected every 5 min between 0 and 65 min. For each measurement, a
total of 32 scans were averaged with 4 cm™ resolution. Impedance spectroscopy analysis
was performed using an impedance analyzer (Zurich Instruments MFIA). AC frequency was

swept between 1 and 100 MHz (100 points) with a voltage biased at 1 V.

Percentage of IPC formed in the polymer film was calculated using the AA-Ca?" titration
method with the assumption that two AA functional groups are involved to form a
coordination bond with a single Ca?". To begin with, the total amount of AA and metal ions
(100% CacCl,) in the polymer solution mixture was calculated (table A.6). Next, the TGA
and FTIR spectrum of the composite film was measured before and after washing with
deionized (DI) water (Fig. 2.2(c)). To completely rinse out the unbound metal ions from the
polymer matrix, the film was soaked in 200 cm?® of DI water excessively with continuous
stirring (120 rpm) at RT for 72 hours and dried. The proportion of Ca?>* bound to the polymer
was calculated by subtracting the weight percentage between the two TGA profiles at 550 °©
C, which corresponds to the residual content of metal ions (chelated Ca?* with AA = 11.62%,
free Ca®" = 88.38%). The free and bound Ca?" ions were recognized from the FTIR spectra
(inset of Fig. 2.2(c)) at 1640 and 1560 cm™!, respectively. On the basis of the number of Ca?*
ions bound to the polymer film, the percentage of AA used to from IPCs was estimated as

86.13% (table A.6).
2.5.4 Device Fabrication

The block copolymer was dissolved in anhydrous ethanol at a concentration of 0.15 g/ml.
Simultaneously, metal ion salt (CaCl,) was dissolved in anhydrous ethanol at a concentration
of 0.3 M. The ionically cross-linked polymer solution was obtained by mixing the two
solutions at a volume ratio of 1:2. To fabricate the flexible temperature sensors, a thin sheet
of polyester terephthalate (PET; 20 um) was washed and attached to a 4-inch (100 mm)
silicon wafer. On top, a layer of photoresist was spin-coated and patterned using the standard
lithography process. The surface was then treated with O; plasma (Plasma-Therm SLR 720)
followed by Ti/Au evaporation (CHA Mark 40 electron beam evaporator) with a thickness
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of 200/1000 A. The entire sheet was immersed in acetone for metal lift-off, exposing the

circularly shaped interdigitated electrodes (D = 4 mm, 30 pum wide with 20-pum spacing).
Last, the PET sheet with the patterned electrodes was released, rinsed, and dried for use.
Next, a total of 5 pl of cross-linked polymer solution was drop cast on top of each sensing
pixel and dried at RT for 1 hour. To test different hydration status for optimal temperature
response, the composite polymer was further dehydrated using dry air and sealed using a
permeable PI tape. For cyclic studies, a thin layer of parylene-C (2 um; ParaTech LabTop
3000 Parylene coater) was conformally coated around the devices to prevent water
absorption or evaporation. External electrical connection was made using an anisotropic
conductive film or an electrical probe set. The cross-sectional view of the fabrication process

is shown in Fig. A.6(a).

The IR bolometers were fabricated following similar steps but with slight modifications. An
8-inch (200 mm) glass wafer was cleaned in piranha solution for 30 min, rinsed using DI
water, and dried under a nitrogen stream. The dried wafer was then plasma-treated. PI
solution [10 weight % in dimethylacetamide (DMAc)] was spin-coated to a thickness of 2
um and baked on a hot plate at 250 °C for 60 min to cure the resin and fully remove the
trapped DMACc in the film. Using a hard mask, a 100-nm-thick Au was thermally evaporated
on the PI film to form the same interdigitated electrode design used above and rinsed using
DI water, followed by a complete dry step. For handling purpose, a guiding layer of PI tape
was placed on the wafer surface and cut into pieces with a knife. Last, each PI film containing
a single electrode design was released and attached on a custom-made plastic holder with an
opening at its center for air suspension (membrane structure). A total of 5 pl of cross-linked
polymer solution was drop cast on top of the sensing pixel and dried at RT for 1 hour. Fig.

A.9(a) illustrates the entire device fabrication process.
2.5.5 Experimental Setup

A measurement stage was built to evaluate the temperature sensor (Figs. A.7(a) and A.8(a)).
The system was composed of a Peltier-Element (model Qc-31-1.4-8.5m) connected to a

custom circuit board for controlled sample heating and cooling. The sensors were connected
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through electrical probes, and signals were measured using an impedance analyzer (Zurich

Instruments MFIA). During measurements, the temperature of the Peltier block was
continuously monitored with a Pt100 platinum resistance thermometer, which was calibrated
by a FLIR thermal camera (model A655sc). For multiple cyclic tests, we generated a
temperature sine wave between 15 © and 45 °C through the dedicated control board.

For IR measurement, the bolometer was placed in a hermetically sealed chamber (MPS-PT,
Micro Probe System, Nextron Corp.) with a zinc selenide (ZnSe) transmission window (68-
503, Edmund Optics). Fig. A.9(c) illustrates the optical setup. A quantum cascade laser
(QCL; MIRcat-QT Mid-IR Laser) was used to apply IR radiation to the device at various
wavelengths. The beam size of the QCL was 4.8 mm in diameter. The power of the emitted
IR was calibrated using a power meter (PM16-401, Thorlabs) or an IR detector (PVMI-4TE,
VIGO System). For both temperature and IR measurements, RMS current and phase from
the impedance analyzer were continuously logged and visualized using a custom software

(Python, LabVIEW).
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Chapter 3

ION TRANSPORT IN THERMALLY RESPONSIVE
POLYELECTROLYTES

The work in this chapter has been adapted from:

Linghui Wang*, Vincenzo Costanza*, Nicole J Higdon, Tae Hyun Kim, and Chiara
Daraio. lon Transport Phenomena in Thermally Responsive Polyelectrolytes (in

preparation).

Supplementary information can be found in Appendix B.

3.0 Abstract

The understanding of transport phenomena in ion-conducting polyelectrolytes is crucial to
enable progress in fields such as organic electronics, sensors, and energy storage and
conversion. Recently, a new class of bio- and synthetic polyelectrolytes have gained
significant attention due to their exceptional response to temperature changes. Earlier work
suggested that the mechanisms responsible for these polyelectrolytes’ exquisite temperature
response arise from the interaction between the coordination complexes and the cross-
linking ions, as well as from the presence of water. Here, we analyze the role of water in
the conductivity and temperature response of 2-hydroxyethyl acrylate — acrylic acid (HEA-
AA) cross-linked by CaCl,. By combining thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and Fourier-transform infrared spectroscopy (FTIR), we show
how the increase in water content changes the ion mobility without affecting the ions’
number density. By examining visible spectroscopy, we see evidence of tetrahalometallate
anion formation which we speculate directly affects the ions” number density. We analyze
different transport phenomena, at a wide range of frequencies and water concentrations,
using impedance spectroscopy. Our investigation reveals a strong correlation between the

segmental motion of polymer chains and ion transport in HEA-AA, as evidenced by the
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relationship between DC conductivities and segmental relaxation. Furthermore, we

observe a decrease in DC temperature response with increasing water concentration. By
analyzing the Arrhenius plot at various water concentrations and applying the Vogel-
Tamman-Fulcher (VTF) model, we demonstrate that this reduction in the temperature
response mainly originates from the decrease in the glass transition temperature, providing
further evidence for the link between ion transport and segmental motion. We note that the
effect of water content on the dielectric response of HEA-AA is similar to the effect of
temperature over a broad range of frequencies, despite the fact that the concepts of time-

humidity superposition and time-temperature superposition do not apply in our system.

3.1 Introduction

Ion transport in polyelectrolyte has been known to be sensitive to temperature and relative
humidity level.!* Recently, researchers have found ways to leverage this sensitivity to create
sensors that are highly responsive.>® These polyelectrolyte-based sensors have several
advantages over traditional silicon-based sensors, including good flexibility, solution
processability, lightweight, low cost, and biocompatibility.” These properties make them
particularly well suited for use in wearable technology, robotics, and prosthetic devices,
where flexible and conformal sensing materials that can be produced with a large area are
required.®? Previous research on ion conducting polyelectrolytes focuses mostly on their
potential applications in energy storage and actuation, such as lithium-ion batteries and fuel

10—

cells.!'®12 A comprehensive examination of the underlying factors affecting the sensing

properties of polyelectrolytes is necessary for the advancement of sensor technology.

Polyelectrolytes are polymers in which the monomeric unit bears an electrolyte group.
The presence of these charged moieties allows polyelectrolytes to solvate ions and support
ion transport without the need for a liquid solvent. Even though some polyelectrolytes could
conduct solvent-free, for highly charged and therefore highly hydrophilic polyelectrolytes,
water vapor adsorption is difficult to avoid. The hydration level of the polymer matrix is
sensitive to the environment’s relative humidity (RH) and could strongly affect and modify
the transport properties of the material.!*! The role of hydration has been extensively studied

in polyelectrolyte complex and polyelectrolyte multilayer, where oppositely charged
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polyelectrolytes crosslink with each other and form a complex.!*~!> However, for metal-

ion cross-linked polyelectrolytes, the underlying features of the conduction mechanism are
still not well understood. In this paper, we performed a comprehensive study on the transport
mechanism and its relationship with the relative humidity level in CaCl; cross-linked 2-
hydroxyethyl acrylate — acrylic acid (HEA-AA), a recent class of polyelectrolytes mimicking
the functionality of pectin that has been shown to present outstanding temperature sensing
properties.’

HEA-AA is composed of polar 2-hydroxyethyl acrylate (HEA) groups and acrylic acid
(AA) groups, randomly distributed. Together, these functional groups have the ability to bind
with metal cations, similar to pectin®!¢ (Fig. 3.1(a)). According to the general model of
transport in an ion-conducting medium, the DC conductivity, o, is given as the sum of the

individual contributions from every conducting species, i:

i i : (1

Here, N;is the number density of the carriers, u; the mobility, and ¢; the charge of the i-th
conducting species. In our case, besides calcium ions, protons could also disassociate from
an acrylic acid monomer and contribute to the overall conductivity.

Water content can affect the conductivity of the polyelectrolyte in multiple ways:

(1) The plasticizing effect is another well-known impact that water may have on
polyelectrolyte.!” Water as a plasticizer could solvate the hydrophilic regions of the polymer
backbone and screen the electrostatic interaction between the polymer chains. This screening
effect results in an increase in the free volume and an enhancement in the segmental motion
of polymer backbones and side chains. An increase in the chain’s segmental motion further
facilitates ion transport through co-diffusion.!® As a result, the ion mobility increases leading

to a rise in the ion conductivity (Fig. 3.1(b)).

(2) Water might also modify the way calcium ions interact with their coordinating

environment. The hydration shell that surrounds the calcium ion, could reduce the
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electrostatic interaction between the calcium ion and the negatively charged groups on the

polymer backbone. This effect could lower the activation energy for ion hopping, enhance
segmental motion and also generate free calcium ions that are solvated in water

molecules(Fig. 3.1(c)).

(3) Similarly, increasing water content could potentially increase the proton mobility!®

and also boost its number density by assisting proton dissociation from carboxyl groups.
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Figure 3.1: Schematic diagrams representing the conduction mechanisms in HEA-AA. (a)
Crosslinking mechanism and ion transport in HEA-AA. (b)-(c) Effect of water concentration on the

ion environment and the coordination complex.

Deconvoluting individual contributions is often not trivial, since multiple mechanisms can

superimpose resulting in a single measured quantity, the conductance. In this work,
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conductances measured are proportional to corresponding conductivities with the same

constant of proportionality because the electrode configurations remain always unchanged.
Therefore, conductivity ¢ and conductance G are used interchangeably in the following
discussions. In this paper, we first identify the dominant carrier responsible for the thermal
response at low humidity levels, by performing controlled experiments. Then, combining the
results obtained by gravimetric and calorimetric analysis, Fourier-transform infrared
spectroscopy (FTIR), impedance spectroscopy, and temperature response as a function of
water content, we evaluate the ion transport mechanism and determine the role of water

within the polymer matrix.

3.2 Dominating Conducting Species at Low RH
Before diving into the effect of water on the overall conductivity, we need to first identify
the dominant conducting species at low RH. In the CaCl.-HEA-AA system, there are three
possible conducting species: (i) chloride ions, (ii) calcium ions, and (iii) protons from the
carboxyl groups. It is difficult to separate their contributions to the overall conductivity.
However, the dominant conducting species is expected to play the most influential role in the
temperature response, at low RH. Therefore, to identify the main charge carrier, we identify
the ion species responsible for the temperature sensitivity (as defined in eq. 2). To do so, we
compared the temperature response in three different polymer-salt compositions: (a) HEA-
AA only, (b) HEA-AA and sodium chloride, and (¢) HEA-AA and calcium chloride. In these
three systems, the only possible carriers are (a) protons, (b) protons, sodium cations, and
chloride anions, and, (¢) protons, chloride anions, and calcium cations, respectively. In these
three cases, the temperature response (R) will be proportional to the conductivity of the
different conducting species:
_ Ot (T3)

og+(TY)
o+ (Ts) + ona+ (T2) + 00— (T3)
ou+(Th) + tone+(Th) + oci-(Th)
o+ (To) + oci-(T2) + 0caz+ (1)
og+(Th) + oci-(Th) + ocaz+ (T1) (2)

ZO’[,:O'HJr—f—O'Cﬁ —>Rb:

E Oc =0+ +0ci- +0ca2+ — Rc -
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with 72 > T1 being the two temperatures between which the response (R) is calculated. If

Ru= Rp= Rcthen out >> acr—,0c.2+. On the other hand, if any R is larger than the others, it
follows that the corresponding unique potential carrier is the main contributor to the
conductivity. We characterized the temperature responses at RH 5% of (a) HEA-AA, (b)
HEA-AA with sodium chloride (NaCl), and (c) HEA-AA with calcium chloride (CaCl,). As
shown in Fig. 3.2(a) , by adding NaCl, the temperature response doubled. Interestingly,
adding CaCl; leads to an almost 9-fold increase in the temperature response. Following our
previous reasoning, this result indicates that the calcium ion is the main contributor to the
temperature response and the main current carrier. Although the increased response could
partly be attributed to the change in glass transition temperature, we assume that the
difference in glass transition temperature alone is not large enough to cause this 9-fold
increase. To further confirm this result, we performed Density Functional Theory (DFT)
calculations, to estimate the binding energy of calcium ions, sodium ions, and protons to the
carboxylate group in HEA-AA (Fig. 3.2(b)).2%3% A previous study suggested a positive
correlation between the binding energy and the thermal response.!® As expected, a calcium
ion shows a larger binding energy to acrylate when compared to a sodium ion or a proton.
These results demonstrate that the calcium ions are the dominating contributors to the high-
temperature response, and therefore also the main conducting species in the CaCl.-HEA-AA

system at low RH.
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Figure 3.2: Dominating conducting species at low RH. (a) Normalized DC conductances of HEA-
AA, HEA-AA cross-linked with NaCl, and HEA-AA cross-linked with CaCl, at a temperature
between 27 °C and 62 °C. Conductivity curves were normalized by the conductivity value at 27 °C
for temperature response comparison. (b) Binding energies calculated using DFT for proton, calcium
ion, and sodium ion. The corresponding chemical equations are as follows from the top of the y-axis:
Acetate + Na“ — Na'(Acetate), Acetate + Ca*" — Ca”'(Acetate), Acetic + ClI” — CI (Acetic), Acetate
+ H30" — Acetic +H>O. Green bars correspond to the binding energy in a vacuum. The purple bars

correspond to the binding energy in an implicit water solvent.

While this paper focuses on CaCl.-HEA-AA due to design parameters for medical devices,
other divalent metal ions can provide a high temperature response. Preliminary work with
cobalt-based systems provide further evidence that the metal cation is the conducting species.
By reacting the insoluble cobalt carbonate salt with the HEA-AA polymer in ethanol solution,
we can produce anion-free Co-HEA-AA films. Response testing of these films shows
consistently similar behavior between the cobalt chloride and cobalt anion-free films (Fig.
3.3(a)) . This demonstrates that the chloride ions are not critical for the conduction behavior.

By comparing the normalized maximum currents reached during response testing for cobalt
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anion-free films, cobalt chloride, cobalt bromide, and calcium chloride films, it becomes

clear that the identity of the anion does significantly affect the hydration behavior of the film
(Fig. 3.3(b)).
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Figure 3.3: Effect of anion on temperature response. (a) Temperature response of various ion-
HEA-AA systems showing the minimal effect of the anion. (b) Humidity response of various ion-

HEA-AA systems showing the notable effect of the anion

3.3 Effect of Water on the Macroscopic Properties of HEA-AA

Varying the amount of water within the polymer matrix is usually obtained by exposing the
sample to a saturated atmosphere at various RH values. In this study, we employed a custom-
made humidity chamber in order to vary the RH from 5% to 50% in steps of 3%. The water
absorption dynamics were evaluated gravimetrically through a precision quartz crystal
microbalance. As shown in Fig. 3.4(a), an increase in the external RH results in a decrease
in the resonance frequency of the quartz, indicating an increase in the resonating mass. Due
to the hydrophilic character of the matrix and the presence of hygroscopic calcium cations,
the water molecules present in the environment are absorbed both by the polymer backbone
and the solvated ions. The dissipation factor of the resonating system similarly increases as

a function of RH, suggesting an increase in the viscosity of this viscoelastic polymer. This
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behavior is further confirmed by the analysis of the glass transition temperature of HEA-

AA. Fig. 3.4(b) shows the heat flow as a function of temperature as characterized by
differential scanning calorimetry (DSC). A hydrated sample was placed in the DSC and
cycled between -50 and 100 °C under nitrogen purge. Because of the temperature cycling
and the dry nitrogen gas, after every cycle, the remaining free water evaporates (the cycling
temperature is not high enough to induce polymer degradation) and the overall water content
decreases. As expected, with decreasing water content the glass transition temperature
increases (Fig. 3.4(b) (inset)). Water acts as a plasticizer in hydrophilic polymers, reducing
the electrostatic interchain interactions. Fewer water molecules will favor stronger interchain
interactions, less free volume, and weaker polymer segmental motion, leading to a higher
glass transition temperature. In addition, lower water concentration will favor stronger
coordination interactions between the metal ions and the polymer, which strengthens the
cross-linking between polymer chains.
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Figure 3.4: Water dependence of the macroscopic properties of HEA-AA. (a) Gravimetric

Data as a function of RH. Blue dots shift from the fundamental resonance frequency of the empty
cell, red dots dissipation factor of the resonator (for the points at RH 10%, 15%, 20%, 30%, 35%,
40%, 50%, 55% and 60% the error bars are smaller than the data marker). (b) Differential Scanning
Calorimetry Data. Light blue, dark blue, light green, dark green, orange, red and yellow correspond
respectively to the 1st, 2nd, 3rd, 4th, 5th, 6th and 7th cycle of the DSC run. Inset represents the
calculated glass transition temperature as a function of water content (cycle number). (¢c) Normalized
peak areas from fitting of FTIR spectroscopy of drying film (d) DC Conductance as a function of RH
as calculated with the CTRW model.
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Figure 3.5: Transmission FTIR spectra of CaCl,-HEA-AA films after high humidity exposure
collected at set time points in minutes after closing the chamber (color lines) vs gas features detected
in the blank sample immediately after closing the chamber (black line) (a) Film exposed to a water
high humidity environment. (b) Film exposed to a deuterium oxide high humidity environment. In
the case of the water exposed film, the intensity of the metal bound carboxyl peak’s stationary nature
requires extensive fitting to eliminate the affect of the high intensity water peak centered at ~1650
cm’’. The fitting results can be seen in Fig. 3.4(c). In the deuterium oxide spectrum this aspect is far
more apparent thanks to the broad low intensity absorption of D-O in this region. Note the deuterium

oxide in this study does contain a noticeable amount of water contamination.



57
As previously stated, increasing water content could weaken the binding between the

calcium ion and the polymer and generate free water-solvated calcium ions. It could also lead
to the dissociation of protons from acrylic acid monomers. In order to evaluate these effects
on the ions’ number density, we performed FTIR at different water contents. Because the
protonated carboxyl group and the metal-ion bound (deprotonated) carboxyl group have two
distinct absorption peaks at the range between 1500 cm™ and 1850 cm!, we gauge how the
bound calcium ion concentration and proton concentration change with water content, by
calculating the corresponding peak areas. Similar to the procedure followed for the DSC
experiment, we exposed a dried sample to a saturated humidity environment, then performed
FTIR at regular intervals under nitrogen purging, to observe how the spectrum was modified.
As time evolves, the area of the peak corresponding to water decreases, confirming the
sample is dehydrating. At the same time, the area of the peaks associated with bound Ca**
ions (i.e., the concentration of deprotonated carboxylic acids) and protons (carboxyl group)
do not show any significant variation (Fig. 3.4(c)). Observation of this behavior is reliant
upon peak fitting due to two key factors. First, when the chamber is sealed, an observable
amount of water vapor, carbon dioxide, and other IR absorbing gases are within the chamber.
These lead to a shifting background signal comprised of sharp peaks. Second, the broad high
intensity absorption of the water peak between the carboxyl and metal-bound carboxyl peaks
leads to a masking effect. In-order to reduce our reliance upon fitting, the experiment was
repeated utilizing a deuterium oxide high humidity chamber (Fig. 3.5). Due to its nature, we
do not expect the deuterium oxide to behave in this experiment chemically in any significant
way different than the water. Note, because of the age of the deuterium oxide sample, there
remains a spectroscopically visible water spectrum. Due to the rather broad absorption
features of deuterium oxide in the region, the nature of the the ratio between the carboxyl
and metal bound carboxyl peak becomes more apparent. Of note except for changes
attributable to the water vapor / gas signals from the chamber, the peaks at ~1700 cm™! and
~1560cm™ are observed not to change in intensity. This implies that the number density of
bound calcium ions and protons is not affected by changes in water concentration. The
changes induced by water are solely in the ion mobilities. Such effects could be due to the

combined role of improved segmental motion and lower binding energy between the ion and
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the coordination sites. As a result, the bulk conductivity strongly depends on RH (Fig.

3.4(d)): the conductivity increases logarithmically with water content and shows slight

saturation for RH above 35%.

3.4 Effect of Anion on Number Density of Charge Carriers

Ion aggregation directly affects the number density of charge carriers in the system. The
CoCl-HEA-AA films exhibit a characteristic blue coloration when stored under bench top
conditions (23 °C, 20-50% relative humidity). CoBr.-HEA-AA films show a similar blue
coloration when dried under elevated temperatures. Whereas the anion-free Co-HEA-AA
films only show blue coloration after undergoing extensive drying in a desiccator (Fig.
3.6(a)). It was observed that extensively dried films comprised of CoClz in Poly(acrylic acid)
(PAA) show a similar blue coloration. This is notable due to the similarity of possible binding
sites between the HEA-AA and PAA polymers. UV/Vis spectroscopy shows that these
polymers show nearly identical cobalt absorption peaks, indicating a nearly identical cobalt
site between the two polymer systems (Fig. 3.7(a)). In order to better understand this
absorption peak, CoCl> was dissolved in various solvents exhibiting potential oxygen
coordination sites creating a variety of pseudo model complexes (Fig. 3.7(b)). What is
especially notable is none of these pseudo model complexes are sufficiently redshifted to be
related to the polymer complex. By adding hydrochloric acid to CoCl, in water, we can form
a deep blue solution with its coloration originating from the formation of the
tetrachlorocobaltate anion. The spectrum of this complex is significantly red shifted
compared to the other CoCl» based complexes (Fig. 3.7(b). Samples where prepared in a
variety of solvents by the addition of concentrated hydrochloric acid to solutions of CoCl..
It is noteworthy that the peak locations and approximate intensities are conserved between
these different samples (Fig. 3.7(c)). One caveat to this statement is that the addition of HCI
requires the addition of water, further experimentation leveraging LiCl as the chloride source
may be warranted.

Given these result, the pigmentation in the CoCl.-HEA-AA, CoCl-PAA, and the CoBr2-
HEA-AA films were found to originate from corresponding tetrahalometallate divalent

anions (Fig. 3.6(b)). Tetrahalometallate compounds are typically prepared by adding excess
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of the halogen anion to a solution containing the metal halogen salt. In this case, no

additional halogen anion is added to the system. For this reason we postulate that a ligand
substitution reaction occurs, in which some cobalt chloride binds to the polymer releasing
the chloride anion. This free chloride can then go bind with free cobalt chloride to form the
tetrachlorocobaltate anion. This is not observed to occur in solutions comprised of acetic acid
and cobalt chloride, the energetics of this system warrants additional study. To further
evaluate the the formation of this complex, CoCl.-HEA-AA films were exposed to a high
humidity environment then UV/Vis spectra were collected as the sample was allowed to dry
in room air (Fig. 3.7(d)). Of note as the film dries the peaks appear then increase in intensity
as CoCls* forms, however no other clear peaks are observed in the spectra, as such we can
not draw meaningful conclusions about intermediary cobalt structures. Due to a shifting

scattering background, the absorbances were shifted in intensity to present a more readable

picture.
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Figure 3.6: Spectroscopic evidence of tetrahalocobaltate formation in HEA-AA films. (a)
UV/Vis spectroscopy of various dried ion-HEA-AA films (b) UV/Vis spectroscopy of dried CoCl»-
HEA-AA and CoBr,-HEA-AA films compared to solution spectra of CoCls* and CoBrs* (dashed
lines, spectrum overlapping) showing formation of these complexes. This directly changes the

number density of charge carriers due to aggregation effects.
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Figure 3.7: UV/Vis spectra of polymer samples and model complexes. (a) Spectra of dried CoCl,
containing HEA-AA and Poly(acrylic acid) films. The similarities in the spectra imply the ionic
species is the same/similar. (b) Spectra of CoCl, in various solvents showing the effects of the
coordination site on the tetrahedral cobalt absorption peak. (c) Spectra of the tetrachlorocobaltate
anion in various solvents. Note the match to the spectra of CoCl, polymer films. (d) Vertically shifted

absorption spectra of CoCl.-HEA-AA film exposed to a high humidity chamber then allowed to dry



61
under room air. Spectra were collected every 5-10 minutes. Note that the peak locations and peak

shape does not shift as the film dries.

The formation of these tetrahalometellate complexes may play a role in modulating the
number density of the metal cation charge carriers in the HEA-AA systems. While only
preliminarily observed here for the cobalt ion, a similar mechanism for formation of
tetrachlorocupurate has been proposed in a couple of thermoelectric polymer papers.?!-2 This
mechanism may occur with a variety of salt systems, therefore this effect on the number
density of charge carriers likely plays a role for a wide variety of salt-HEA-AA systems. Its
observation in the PAA films further expands the scope of these results to other strongly
coordinating polymers containing metal halide salts. Further studies into the implications of

this material’s formation are underway.

3.5 Ion Transport

Even though gravimetric, DSC, and FTIR are insightful to probe the dynamics of water
absorption in the polymer, and its effect on the polymer matrix, solely they cannot describe
water’s effect on the electrical conduction and thermal response phenomena of HEA-AA. A
very powerful tool to probe different conductivity dynamics in polymer electrolytes is
dielectric spectroscopy, in which the samples’ conductance and susceptance are measured as
a function of the excitation frequency of the applied electric field. Fig. 3.8(a) shows a
representative spectrum of the real conductance as a function of the excitation frequency.
Three different regions can be observed: (i) at low frequencies a dispersive regime caused by
the build-up of oppositely charged ions at the interface of the blocking electrode; (ii) a
medium frequency region where the conductance is independent of the excitation frequency.
This conductance is the DC conductance because in this region ions diffuse as if they are in
the infinite medium; (iii) a high-frequency dispersive region where the real part of the
conductivity starts to increase again. This phenomenon can be attributed to different
relaxations: the a-relaxation, which is attributed to the segmental motion of polymer
backbone and the sub-segmental f-relaxation, which occurs at a shorter time scale than the

a-relaxation. The specific origin of the f-relaxation is still unclear, but it is commonly
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associated with the rotational motion of side groups and the cage-rattling effect.>*

Similar conclusions can be drawn by looking at the permittivity loss spectrum derived by the
conductance: in region (i) an apparent relaxation peak appears due to the electrode
polarization; region (ii) shows a slope of -1 indicating long-range transport of the ions; region
(ii1) includes multiple relaxation processes with one not fully formed at a higher frequency.
In order to measure the influence of water content on the impedance spectrum, we recorded
the dielectric loss as a function of RH (Fig. 3.8(b)). For increasing RH, the spectra move up
and shift to the right, indicating that the increase in water content increases the absolute
conductance and accelerates the conduction processes. Moreover, as frequently reported for
temperature, the effect of RH on the high-frequency part of the spectra is limited if not absent.
For low RH (below 29%) only the diffusive and dispersive regions are visible. Dehydration
decreases the ion mobility, resulting in longer diffusion times for the ions, they therefore do
not have time to travel to the electrode and form an ionic interface. Above RH 29%, the lower
frequency electrode polarization region starts to appear.

To further quantify the effect of hydration on the DC conductivity and segmental
relaxation, we fitted the (ii) and (iii) regions to the complex dielectric function with the

following equation (Fig. 3.8(c)):

— GDC Afa AEB
W= e T Gor e T G (3)

where Gpc corresponds to the DC conductance, e denotes the €(w) at the high-frequency
limit. A¢; and 7, describe the dielectric relaxations strengths and time constant of
corresponding dielectric relaxation, where i = a, . a«, bs and ap are the shape parameters. a
and b represent the symmetric and asymmetric broadening of the dielectric relaxation,
respectively.’® Since the second dielectric relaxation is not fully captured in the measured
frequency range, only one shape parameter is used to avoid redundancy. The peak frequency
vmax Of the dielectric loss € of the a-relaxation is usually used to represent the characteristic

frequency of the segmental motion and can be obtained from the following relationship:33-*



63

1 ( an )1/“(, abr >—1/a
Umaz = — | sin sin
To 242b 2420 ) (4)

Fig. 3.8(d) shows the dependence of log(Gpc) and log(vma) on RH ranging from 5% to

50%. First, we observed that both Gpcand vmax increase with hydration and start to plateau at
high RH as expected. Secondly, a high correlation between log(Gpc) and log(vimax) was
observed with the Pearson correlation coefficient being 0.99. This suggests that the ion
transport mechanism can be strongly coupled with the segmental motion, which has been

observed in other ionomers with plasticizers.*

3.6 Relationship between Temperature Response and Ty

To further investigate the correlation between ion conductivity and polymer segmental
motion, we studied the dependence of its dielectric response on temperature. In addition, the
correlation between water content and calcium ion transport in the system has important
implications for the temperature response of this material. Previous work on pectin has
indicated that an increase in the water content degrades the temperature response of the
polymer.3” Similar results have been observed for the block copolymer that mimics pectin’s
structure.? In this latter work, however, a response degradation has also been measured for
water content below a certain threshold. This is unexpected because a lower water content
should increase the activation energy, and thus leads to a higher temperature response. The

same behavior is expected in the related copolymer in this paper. As presented in Fig. 3.8(b),
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Figure 3.8: Water dependence of dielectric spectra. (a) Typical conductance and dielectric
spectrum. Blue triangles represent the conductance, while the yellow triangles represent the dielectric
loss for a sample at RH 35%. For clarity, markers are a subgroup of the data points. (b) Dielectric loss
spectra as a function of RH. (c) Model fitting. The blue dots represent the dielectric loss spectrum of
a sample at RH 14%. The red dotteddashed line and the green dashed line correspond to the a-
relaxation and the S-relaxation, both modeled by the HN equation. The yellow dotted line represents
DC conduction, while the black line corresponds to the overall fitting. (d) DC conductance and the

characteristic segmental relaxation frequency as a function of different RH (between 5% and 50%).

A similar effect is expected when changing the temperature of the sample. Fig. 3.9(a) shows
the result of an isochronical impedance spectra taken at constant RH (20%) for different
temperatures (42 and 60 °C). Even though the analysis of the conduction mechanism as a
function of temperature will be left to a sequent paper, it is important to note that, depending

on the temperature, some spectra will show only the dispersive and diffusive regions, while
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others will also present the polarization of the electrodes, in the same frequency range.

This leads to a dependence of the temperature response on the excitation frequency. Four
regions can be observed: (i) one at a lower frequency where the spectrum at lower
temperature does not show a fully developed electrode polarization while the one at higher
temperature does; (ii) a low medium frequency region where both the spectra are in the
diffusive regime; (iii) a high medium frequency region where the spectrum at a lower
temperature is already in the dispersive regime while the higher temperature spectrum is still
in the diffusive region, and (iv) a high-frequency region where both spectra present dispersive
behavior. In region (i), the presence of the electrode polarization affects the effective
conductivity, modifying the response. In region (ii) we can describe the temperature effect
on the ion conduction since both the curves are in the diffusive regime. We will consider this
region to calculate the bulk response Rpc. When transitioning to the region (iii) the response
drops once more since one of the spectra shows increased conductivity as a result of the
dispersive regime. Region (iv) follows a common trend of ion conductors near constant loss
behavior with a weak dependence on temperature. The combination of these behaviors in
different parts of the spectrum results in a dependence of the temperature response on the
external frequency. The frequency at which the transition from regions (i) to (iv) can be
observed, however, is a function of the water content. Fig. 3.9(b) shows the impact of
different RH on the response spectra, illustrating how for increasing RH the characteristic
transition frequencies shift to the right. This behavior can explain the decrease of response
below a certain water content when measuring at a single frequency. Initially, the excitation
frequency falls in the region (ii); as the water content decreases the transition frequency
between region (ii) and (iii) shifts to the higher frequencies, and eventually, the excitation
frequency falls in region (iii). This reasoning could also be applied to explain the decrease in
response as the water content increase, resulting in an apparent lowering in the response.
Nonetheless, Fig. 3.9(c) shows that the DC response spectra for different RH decrease with

humidity. This is a result of a lowering in ion-hopping energy barriers with hydration.



66

a) b) ; o ;
'55 1.SX10 T T T T — 2'0X1? T T T
6.0 3 13 [
= 6.5 So1.2 19 1.4- o ]
—.-0. (] i F o
% 70 § 18 N
o 206 1 808 e
-7.5 2 1o | e
-8.0 ] e 0.2 L L !
’ 5 5 10 15 20
log(u[Hz]) | RH[%]
e
: , 20
_ 2 20% ]F BT R
3: 20 % 19’ E E E T0 _220
©
GCV") 15 g 181 E 1217
g 10 517}} 1214 =
ﬁ 5 50 16 |- { { I 1211
L Il Il Il 1 1 Il Il Il
0 3 31 32 33 1575 40 15 20 %8
1000/T [1/K] RH[%]

Figure 3.9: Effect of water content on HEA-AA temperature response. (a) Dielectric spectra as a
function of temperature (top) measured at RH 20%. Blue triangles represent the conductance
spectrum measured at 315.15 K, while the red triangles represent the conductance spectrum measured
at 338.15 K. For clarity, markers are a subgroup of the data points. Corresponding temperature
response spectra (bottom). The black line represents the conductance temperature response as a
function of the frequency measured at 20% RH. The dashed lines indicate the four different regimes
of the response. (b) Response spectra for different RH. Light blue, green, purple yellow, orange, and
dark blue correspond respectively to 20%, 17%, 14%, 11%, 8%, and 5% RH. (c) DC temperature
response was calculated from the response spectra. (d) Arrhenius plot of data (dots) and the VFT fits
(black curves) for the different humidity values. Light blue, green, purple yellow, orange, and dark
blue correspond respectively to 20%, 17%, 14%, 11%, 8%, and 5% RH. (e) VTF fitting parameter 7p
and B as a function of humidity.Go s set to be constant for varying RH.

To further analyze the effect of water on the temperature dependence of the conductivity, we
extracted the Arrhenius plot for different humidity (5% to 20%). In this case, we do not
observe a linear relationship in the Arrhenius plot, indicating that the ion transport is coupled
with the segmental motion of the polymer (Fig. 3.9(d)). The conductance G in this scenario

is often described by the Vogel-Fulcher—Tammann (VTF) model:
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B

G = Go exp(—T — TO ) (5)

Where B and Ty are fitting parameters. In particular, B is the pseudo-activation energy and 7o
has been empirically found to be 50K lower than the glass transition temperature 7 in
polymer electrolytes.*® The pre-exponential factor Gy is dependent on the number of charge
carriers. In this study, it was kept constant across all RH levels as no significant changes in
ion concentration were observed during hydration. During the fitting of the experimental data
with the VTF equation, we observe B is relatively constant compared to kT for all RH, and
changes in Ty contributed to most of the difference in the temperature dependence at various
RH (Fig. 3.9 (e)). In fact, all the VTF curves can be collapsed onto a master curve with shifted
temperature (Fig. 3.10(a)). The shift factor T for each RH is calculated by keeping B and Go
constant and only allowing T to vary during the VFT fitting. T; deviates only slightly from
To. As aresult, the DC conductivity of HEA-AA can be expressed as:

B * *
7—7:) To =T5(RH)
; (6

o(T,RH) =o(T —Ty) = ogexp(—
This indicates that the drop in DC temperature response and the increase in DC conductivity
with hydration can be contributed to decrease in Ty, which is related to the glass transition
temperature. This further suggests that segmental motion is coupled with the calcium ion
transport in HEA-AA. Furthermore, the impedance spectra with similar T — T; overlap
across the measured frequency range, strongly suggesting that humidity and temperature
affect ion transport and dielectric relaxation via the same mechanism (Fig. 3.10(b)). Similar
temperature-humidity superposition over a large frequency range has only been reported in
the polyelectrolyte complexes with dynamic modulus, where both temperature and water

affect the polymer chain mobility through a hydrogen bonding mechanism.*
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Figure 3.10: Equivalent effects of water and temperature. (a) Data in Fig. 3.9(d) plotted with
temperature shifted by corresponding Ty (b) Impedance spectra were taken at similar T — T;; values.
The T — Ty values of spectra plotted in three figures are: 92.45 + 0.07 K,100.45 + 0.07 K and 107.45
+ 0.07 K from left to right. Colors correspond to RHs (same as (a)): blue (5%), yellow (7%), green
(11%), red (17%), and purple (20%).

3.7 Conclusions

In this work, we investigated the effect of water on the transport phenomena in a single ion
conductor polymer composed of HEA-AA and calcium ions. We showed that at low RH the
metal cations are the dominant carrier and main contributor to the thermal response. Using
IR spectroscopy, we discovered that the water content does not modify the number density
of the conducting ions. However, leveraging UV/Vis spectroscopy, we identified that the
anions may play a role in modifying the number density of conducting ions. The humidity
dependent behavior of conductivity predominantly stems from the variation in ion mobility.
The relationship between DC conductivity and segmental relaxation frequency suggests a
strong coupling between ion transport and polymer segmental motion. This observation was
further supported by the fact that the dependence of DC temperature response on RH can be
largely attributed to the change in glass transition temperature with RH. Remarkably, for the
range of RH and temperature investigated in this paper, we have demonstrated that both water
and temperature exert comparable influences on dielectric spectra. This similar impact
suggests that both factors operate through similar mechanisms to affect ion transport. Further

studies are underway to investigate the potential roles of the anion in ion transport and the
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humidity dependent behavior. Furthermore, additional research is needed to understand

the implications of the formation of tetrahelometallate complexes in polyelectrolytes.
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Chapter 4

ORGANIC SENSOR BASED CORE BODY TEMPERATURE
MEASUREMENT

The work in this chapter has been adapted from:

Vincenzo Costanza, Dmitriy V. Zhukov, Johnathan Knecht, Nicole J. Higdon, Naresh
Menon, and Chiara Daraio. Organic Temperature Sensitive Polyelectrolyte for Core Body
Temperature Measurement. IEEE Sensors Journal (under revision)

4.0 Abstract

Core body temperature (CBT) is a vital phenotype that can provide information on an
individual’s health and metabolic activity. It is correlated to a variety of physical and mental
conditions and should be monitored when an individual is under environmental or medical
duress. Current sensing materials lack the desired temperature sensitivity to allow the
fabrication of ultrathin and wearable CBT sensors with the required accuracy for medical
applications. Here, the realization of an ultrathin CBT sensor based on dual heat flux (DHF)
thermometry is reported, using a novel class of synthetic materials. By optimizing the
chemical composition, the material’s properties can be tuned to obtain the optimal
temperature response. Furthermore, the measurement error in the device is evaluated based
on a Finite Element analysis. Building on this knowledge, the temperature sensitive polymer
is embedded into an ultrathin DHF sensor and its sensitivity and repeatability are
characterized using an anthropomorphic phantom model. The results presented in this work
open the way to a first-in-class wearable and accurate DHF sensor that will allow continuous

CBT monitoring.
4.1 Introduction

In all mammals, core body temperature (CBT) is a highly conserved phenotype that is an
accurate indicator of systemic metabolic activity and its regulation. Monitoring CBT in

clinical settings has been shown to impact surgical outcomes' and is a leading indicator of
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immune system response from inflammation and infection.” Furthermore, in every day

scenarios CBT has been linked to general wellbeing as it can be used to quantify calories

10,11 13,14

burnt over time, onset of ovulation cycles,'? the circadian cycle and sleep quality,

mental health,!> and degenerative diseases such as Alzheimer’s and Parkinson’s.!®!7
Continuously recording CBT can therefore be extremely beneficial for a wide spectrum of
applications, spanning from hospital care to monitoring indoor and outdoor activity.
However, the CBT cannot be easily measured to the required degree of accuracy. The gold
standard for the measurement of CBT is the pulmonary artery catheter, which records the
temperature of the blood flowing directly from the heart.!® This method is highly invasive
and is used only in specific surgeries. Other methods rely on the measurement of rectal
temperature'® or the ingestion of radio pills.?’ However, these methods are invasive and not
suitable for continuous monitoring. At the same time, there are several methods to measure
peripheral body temperature by placing thermometers or standoff IR scanners on the skin
that are both continuous and non-invasive. However, peripheral body temperature is poorly
correlated with core body temperature. In fact, thermoregulatory processes regulate the core
body temperature, while the temperature at the surface and peripheries of the body are
affected by various extraneous factors such as placement of the thermometer, ambient
temperature, and perfusion that do not reliably correlate with the underlying metabolic
function. As such, peripheral measurements tend to be inaccurate in predicting CBT. To
overcome these limitations, some strategies that employ the measurement of heat flux have
been used. Dual-heat flux (DHF) thermometry measures the flow of heat (flux) that flows
out of the body along two different thermal paths, to decouple the system from the thermal
resistance of the underlying tissue.?!~2> DHF sensors have demonstrated effective monitoring
of CBT in patients both at rest and during exercise.?6 However DHF sensors are typically
bulky and thick (up to 15 mm), the thinnest proposed device the authors have found measures
5.44 mm.?’ Furthermore, the limiting factor in current DHF sensors is the accuracy of the
individual temperature sensing elements.?® In this work, we employ a novel temperature
responsive polymer that demonstrates record temperature sensitivity orders of magnitude
higher than vanadium oxide and other cutting-edge temperature sensing materials,? to create

ultra-thin and wearable DHF thermometers for CBT. We designed the sensors’ geometry to
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optimize for tissue depth sensitivity, and evaluate its errors using Finite Element (FE)

analysis. Furthermore, we characterized and improved the chemical composition of the
temperature responsive polymer, to obtain higher temperature sensitivity. For data
acquisition, we designed and fabricated a custom electronic board that achieved a readout
accuracy of 4 mK. Finally, we fabricated an integrated prototype that was tested with an
anthropomorphic phantom model demonstrating the ability to read CBT with an accuracy of

+0.25 °C.
4.2 Results
4.2.1 DHF Calorimetry for Measuring CBT

In general, measurements of skin temperature do not correlate well with CBT since
thermoregulatory processes keep peripheral areas at a lower temperature than the core.
Nevertheless, under certain conditions, skin temperature can reflect with high precision the
core temperature. For example, in the absence of heat flow, skin temperature equals the
temperature of the inner tissues (deep core temperature): Zero-heat-flux (ZHF) thermometers
are based on this principle. In ZHF thermometers a heat source is used to counterbalance the
heat flowing out of the body to generate a zero-heat flow region on the skin. A pair of
temperature sensors separated by a thermal insulator measures the heat flow and provides
feedback to the heat source. Once isothermy is achieved, the bottom sensor measures the
skin temperature which corresponds to the CBT. ZHF thermometers, however, require a
constant power source for the heater and due to the inaccuracy of the temperature sensor they
need a rather thick insulating layer. All these factors do not make ZHF thermometers suitable
for wearable applications. To avoid the need of a heater to generate zero heat flux, dual heat
flux (DHF) thermometers were developed.?!' In this device, a heat flux sensor consists of a
pair of temperature sensors separated by an insulator. The DHF thermometer pairs two heat
flux sensors, with different insulators’ thicknesses, placed next to each other. By knowing
the thermal resistance of the insulator dividing the temperature sensors, it is possible to rule
out the thermal resistance of the tissues beneath the skin. As shown in Fig. 4.1(a), the CBT

Ty is then calculated from the temperatures of the four sensors, Ti, T2, T3, Ts as:?!
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(Tl_TZ)(Tl_T3) (1)

T, =T
B 1t K(Ty—T4)—(Ty—T3)

where K is the ratio between the thermal resistance paths under the two heat flux sensors and
must first be calibrated. K can be calculated using equation 1 and empirical measurements

as:

— (TB_TZ)(Tl_TS) ( )
(Tg=T2)(T2 —Ty)

The thermal resistances of the two different paths determine the temperature difference
between the bottom and the top surfaces. Therefore, the thickness of the insulating layers
needs to allow the development of a thermal gradient that is measurable by the temperature
sensors placed at the top and bottom of each heat flux sensor. To decrease the thickness of
the heat flux sensors, extremely temperature sensitive materials, with high accuracy, must be
used. It has been recently reported how a particular class of polyelectrolytes shows
significantly high temperature sensitivity.?*3? These synthetic polymers are characterized by
carboxyl and hydroxyl groups placed along the backbone, which interact with metal cations
(e.g., Ca?*, Co*", Cu?") present in the polymer matrix. The temperature variation modifies
the thermal energy of the system resulting in cations to proportionally hop from one
coordination site to another, leading to a change in the conductivity. In this work, we
synthesized 2-hydroxyethyl acrylate acrylic acid (HEA-AA)?® with a combination of metal
chloride salts to be used for the fabrication of the DHF sensor. The polymer was deposited
on two thin polyimide (PI) layers. To generate two different thermal paths, the PI substrates
had different thicknesses of 260 and 100 um, respectively. On the surfaces of the PI layers,
pre-patterned Cu/Au plated electrodes were used to electrically connect the HEA-AA to
measure the change in conductivity. Two 10 um thin HEA-AA layers were deposited on the
electrodes and then insulated with 50 um thick PET layers (Fig. 4.1(b) (top)) from external
agents (e.g., room humidity). The resulting DHF sensor was less than 500 um thick and
highly flexible. This flexibility is a direct result of the ultrathin nature of these sensors and
enables the resulting sensors to be conformally applied to the curvature of the body (Fig.

4.1(b) (bottom)).
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Figure 4.1: Dual Heat Flux sensor and HEA-AA integration. (a) Dual Heat Flux working
principle. (b) Fabricated DHF sensor. Top: schematic of the sensor integrating HEA-AA in the
architecture. Bottom: picture of the DHF sensor using Co*" ions, flat (left) and bent (right).

4.2.2 Temperature Response Characterization

From a device perspective, the HEA-AA polymer can be approximated to act as a
temperature dependent resistor since the polymer’s conductivity varies as a function of
temperature. However, the relationship between the temperature and resistance for this class
of polymers is nonlinear and cannot be represented by a constant temperature coefficient of
resistance.?3? The polymer’s conductivity-temperature dependence needs to be generalized
to a temperature dependence of the complex admittance Y (or impedance Z). In addition, to
avoid charge accumulation in the devices, the change of the polymer response as a function
of temperature needs to be characterized by an AC current. Previous work has characterized
HEA-AA cross-linked with divalent calcium at specific frequencies, or in a narrow frequency
range.?’ As a reference, Fig. 4.2(a) shows the absolute value of the admittance as a function
of frequency (1 Hz to 100 kHz) measured at 35 © and 45 °C and at a constant relative humidity
(RH) of 10%. In the medium frequency region, a strong frequency dependence does not
appear, while at low and high frequency the spectrum presents two strong dispersive regimes.

This behavior is in line with the behavior of other ionic conductors, where polarization and
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dielectric relaxations arise in these frequency regions.>>** The phase of the admittance

(i.e., the phase difference between the applied voltage and the resulting current) also shows
a strong dependence on temperature as well as on the applied frequency (Fig. 4.2(b)).
Therefore, we can define the material’s temperature response R*(w) as the ratio between the
admittance Y* (w, T') at highest temperature Timax divided by the admittance measured at the
lowest temperature Tmin, for a specified temperature range:
* _ Y (0, Timax)

R ((1)) - Y*(@,Tmin) (3)

As a result, the absolute value of the response |R*(jw)| corresponds to the ratio of the

absolute value of the admittance |Y;(w,T)|, while the phase of the response R*(jw)

corresponds to the difference between the phase of admittance 6 (w, T):

I YO ((U, Tmax) I

IR*((U)I B IYO((‘)' Tmin)l

R*(jw) = [0(w, Tnax) = 0(@, Timin). (4)

To maximize the temperature sensitivity, we prepared different HEA-AA samples cross-
linked with Ca?*, Co**, Cu?*, Mg?*, and Zn?*. Each of these ions has a different binding
energy with the polymer backbone that results in a different temperature response. The
temperature response is directly correlated to the activation/binding energy E, of the metal
ion with the acid and polar groups along the polymer backbone. This concept becomes
clearer in the Arrhenius representation, when considering the ion bulk conductivity oo (T)

the temperature response is proportional to the activation energy for ion hopping:

log(O'O(Tmax))
— IOg(Uo(Tmax))—log (UO(Tmin)) _ O'O(Tmin) _ 10gR0
E, = 1 1 = 1 1 =1 1 (5)

Tmax Tmin Tmax Tmin Tmax Tmin
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where Ry = 04 (Tinax)/0 (Tmin) s the conductivity DC response. Our previous work has

shown how increasing the number of carboxyl and hydroxyl groups increases the polymer’s
temperature response.”’ This behavior is a direct consequence of the strength of the
interaction between the polymer backbone and the metal ion; a higher number of functional
groups, creating a coordination complex with higher binding/activation energy E.. Stronger
interaction between the polymer complex and the metal cation could also be achieved by
choosing an ion whose affinity to the coordination complex is particularly high. Previous
studies suggest that the geometry of the electronic orbitals combined with the spatial
arrangement of the coordination complex will result in larger activation energies.’>’
Therefore, we compared different polymer-metal chloride combinations (i.e., Ca?*, Co?",
Cu?*, Mg?", and Zn?") to determine the one that has the highest temperature response. Fig.
4.2(c-d) shows the absolute value and phase response spectra for the different cations in the
temperature range 35 ° to 45 °C. Co?" shows the highest temperature response both in terms
of absolute and phase response. As previously reported,®? an optimal water content is needed
to measure a high temperature response. Water can modify the ion’s transport activation
energy in multiple ways, for example by varying the coordination environment of the ions,
as well as the polymer’s segmental motion. Water molecules can also provide additional
charge carriers (protons) with a lower activation energy, which can lower the temperature
response. To minimize the effect of the water concentration within the polymer, we
performed all characterization at constant humidity (RH 10 %). However, every ion has a
different water affinity (Ca?" is highly hygroscopic, while Co?* and Cu?* have lower water
affinity). To evaluate the difference in water content between the various ions, we measured
the conductance at constant temperature (35 °C) (Fig. 4.2(¢)). Among the different ions, Co**
has the lowest current, suggesting that the water content is within the optimal concentration
to register an optimal temperature response. Based on this analysis, HEA-AA cross-linked

with Co?" ions was selected as the ideal material to fabricate a DHF calorimeter.
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Figure 4.2: HEA-AA characterization. (a) Typical absolute value of the conductance spectra for a
sample cross-linked with Ca®" and measured at RH 10 %. Blue line absolute value measured at 35
°C, red line absolute value measured at 45 ° C. (b) Typical phase of the conductance spectra for a
sample cross-linked with Ca*" and measured at RH 10 %. Blue line phase measured at 35 °C, red line
phase measured at 45 °C. (c) Absolute value of the response as a function of frequency for samples
cross-linked with different ions measured at RH 10 %: orange dots Co®", green squares Ca**, yellow
down triangles Cu*’, blue diamonds Mg, purple triangles Zn**. The markers represent a subset of
the actual data set. (d) Phase of the response as a function of frequency for samples cross-linked with
different ions measured at RH 10 %: orange dots Co**, green squares Ca*’, yellow down triangles
Cu?*, blue diamonds Mg, purple triangles Zn>*. The markers represent a subset of the actual data

set. () DC conductance of the samples cross-linked with different ions at 35 °C measured at RH 10%.

Fig. 4.3(a) shows the typical calibration curve for the selected material. The absolute value
of the current increases from 300 pA to 2.2 nA, while the current phase difference decreases
from 55 to 20 degrees over a 10 °C temperature change. The current’s phase difference varies
linearly with temperature, and the current’s absolute value relationship to temperature is

exponential. For optimal performance, we can mix and match the calibration methods of the



80
four sensors, empirically determining the better one (phase vs. current) during

characterization. A custom readout system was designed to accurately sample the current
and phase response (Fig. 4.3(b-c)). A sine wave oscillator generates the harmonic voltage to
be applied to the sensor through an analog multiplexer. The resulting current flowing through
each individual sensor is then converted to a voltage and then amplified by means of an
instrumentation amplifier. The applied voltage and the measured current were then converted
to square waves. Because of the reactance of the polymer, the voltage and current have a
phase difference. This phase difference is measured by a phase detector, which generates a
pulse that corresponds to the time delay between the two signals. The pulse width is then
quantified through a 2 MHz 16-bit counter. Given the frequency of the applied voltage
fexcitation and the frequency of the counter clock feounter; the phase difference A® correlates to

the counter counts neount through the relation:

__ Ncounter

A©®

- 360° - fexcitation . (6)

fcounter

By measuring the phase response, not only the sensor’s output is linearized with respect to
temperature, but also considerably higher accuracy can be achieved without the need for a
specific analog to digital converter (ADC) architecture. With the implemented circuit, a
minimum phase shift of 0.006° can be measured, which corresponds to a resolution of circa

4 mK.
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Figure 4.3: Sensors calibration and readout. (a) Sensor temperature calibration. Red circles

current absolute value, green squares current phase. (b) Schematic of the readout system. (c) Picture

of the readout system and the DHF sensor.
4.2.3 Error Analysis

The optimization of HEA-AA composition ensures that the temperature response of the
polymer has the proper sensitivity to measure the small temperature differences across the
DHF sensor. However, the precision of the temperature sensors is not the only factor that
contributes to the DHF sensor's accuracy. More specifically, in the derivation of equation 1
some assumptions were made to reach a simple analytical solution. In particular, the heat
flux was assumed to be totally transversal with no longitudinal component. We will show
that this assumption is the major contribution to the theoretical error of the DHF architecture.
Fig. 4.4(a) (top) shows the transversal and longitudinal thermal gradients that are established
in the chosen geometry calculated from the FE simulation. The transversal thermal gradient
develops from the bottom of the tissue layer and it is funneled towards the heat flux sensors.
At this interface, two different thermal gradients appear because the heat flux sensors have
different thickness. Because we chose to use very thin insulating layers for our sensors (260
and 100 um, respectively), the temperature difference between the top and the bottom of the
sensors is in the order of 50 mK. However, as it can be seen in Fig. 4.4(a) (bottom) there is
a non-zero longitudinal temperature gradient that develops over the xy plane. The generation
of a transversal thermal gradient has to be attributed to the non-uniform heat exchange along
the surface boundaries on the xy plane. Previous works studied the system using radiation or
convection boundary condition without taking into account how they affected the
measurement error.?>*® In order to analyze how the different heat exchange phenomena
affect the measurement, we characterized the error e for the two different conditions and we
correlated it with the temperature gradient VT between the temperature at the center of the
top surface of one of the two heat flux, Ta, and the one at the corner on the same surface, Tg.
By doing so, we can correlate the amount of transversal thermal gradient to the measurement
error. First we analyzed the heat exchange at the boundaries through radiation only (Fig.

4.4(b)). The rate of heat exchange through radiation —n - q, at a surface temperature T
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depends on the surface emissivity € and the ambient temperature Tamb according to the

Stefan-Boltzmann law:
—n-qy = EO—(T;mb - ()

where o is the Stefan-Boltzmann constant. As Tamb increases, there will be a lower surface
to ambient radiation which will create a smaller gradient on the xy plane. Fig. 4.4(c) indicates
that the decrease in the thermal gradient proportionally leads to a smaller error. Similar to
radiation, convective heat exchange q, is determined by ambient temperature Tamp and the

heat transfer coefficient h:

qo = h(Tamb - T)- (8)

For convective heat exchange with the ambient, the heat transfer coefficient depends on
several factors, among which include relative humidity and air flow speed. However, heat
transfer coefficient in normal conditions ranges between 0.1 — 10 W/m? K. For this
simulation, we only modified the heat transfer coefficient keeping the ambient temperature
constant. Fig. 4.4(c) shows the error as a function of h: for values below 1 W/m?K the error
remains low, however it drastically increases above this threshold. This behavior correlates
closely with the development of a larger thermal gradient as the heat transfer coefficient
increases: for h < 1 W/m’K the transversal gradient remains low, while above this value it
starts to increase. It is therefore clear how the measurement error is caused by the thermal
gradient on the xy plane, whose magnitude is set by the heat exchange characteristics at the
boundaries. When combining both heat exchange physics, the complete measurement error
can be further analyzed (Fig. 4.4(d)). When radiation is combined with convection, the effect
of convection does not drastically impact on the error as long as the heat transfer coefficient
is kept low. For higher h (e.g., above 1 W/m?K), the convective heat exchange dominates
leading to a larger error. The analysis of the theoretical error indicates that in order to reduce
the measurement error in the experimental setting, both the radiation and convection need to
be reduced to achieve accurate results. Radiation heat exchange is inevitable and can be only

limited by lowering the emissivity of the substrates, which is constrained by the choice of
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the available materials used to fabricate flexible substrates. Convection can be drastically

lowered by the use of materials to thermally insulate the sensor. This approach would lead
to bulkier and less flexible sensors. However, as previously shown, it is sufficient to ensure
that the heat transfer coefficient is below 1 W/m?K in order to minimize the effect of
convection. This is the case for most everyday conditions under normal clothing.?* The use
extensive thermal insulation on the device is not required and a clothing layer will be used
to reduce to the minimum convective heat. Moreover, it has been shown that the error given

by the transversal gradient can be minimized modifying equation 1 to:%3

(Tl_TZ)(Tl_T3) (9)

TB - Tl + K(T,=T4)—(T1—Tp)

Using the modified equation 9 and considering both radiative and convective heat exchange
(fixed to 1 W/m2K), it is possible to calculate the penetration depth as a function of the
ambient temperature (Fig. 4.4(e)). The maximum penetration depth that this method can
achieve is the maximum tissue thickness which allows the calculation of the CBT with an
error below 0.25 °C. This error threshold was chosen to be well within the clinically
acceptable limits of bias, as defined by previous studies.*** The penetration depth varies
from 6.4 mm at 20 °C to almost 10 mm at 30 °C. This analysis allows us to clarify the

theoretical limitations of the DHF 1D model given the parameters of our device.
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Figure 4.4: FEM Analysis on the DHF architecture. (a) Thermal gradient developed across the xz
(Top) and xy (Bottom) planes. (b) Error (orange circles) and temperature gradient (blue dashed line)
calculated as a function of external temperature for radiative heat transfer. (¢) Error (orange squares)
and temperature gradient (blue dashed line) calculated as a function of heat transfer coefficient for
convective heat transfer. (d) Error calculated as a function of external temperature for both radiative
and convective heat exchange at different heat transfer coefficients: teal squares h = 10 W/m?K, gray
triangles h = 1 W/m’K, black circles h = 0.1 W/m’K. (e) Penetration depth (blue squares) and
corresponding error (orange circles) as a function of external temperature at constant heat transfer

coefficient h = 1 W/m’K.
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4.2.4 CBT Measurement

Combining the results of the ion comparison in HEA-AA with the readout system and the
information gathered by the theoretical error analysis, HEA-AA temperature sensors were
successfully integrated in the designed DHF architecture. The individual temperature sensors
were characterized between 35 °C and 45 °C to obtain the temperature calibration curve. The
phase-temperature calibration data was then fit to a first-degree polynomial and the two fit
parameters were used to convert the acquired phase to temperature values (Fig. 4.5(a)). The
linear fit diverges for higher temperature, but it gives an optimal representation for T < 43

°C, with coefficient of determination R greater than 0.9989.

To simulate the CBT measurement, we built a custom-made setup, where both the accuracy
and the time response of the sensor can be estimated (Fig. 4.5(b)). A water bath was used to
achieve a constant temperature Tse; of 37 °C, while a thin copper layer immersed in the bath
was used to obtain a homogeneous temperature across the surface. To simulate the skin, we
used a rubber mat with a thermal resistance similar to that of human tissue. To evaluate the
sensor’s performance for different skin thicknesses, rubber mats of 2, 4, 6, and 8§ mm
thicknesses were used. The DHF sensor was connected to the readout board which was then
connected to a computer. At the same time, an IR camera measured the temperatures of the
water bath and the copper layer to ensure that the correct temperature was established in the
bath. A piece of regular clothing (few millimeters thick cotton shirt) was used to reduce the
heat transfer coefficient with the ambient air. We first determined the ratio between the
thermal resistance paths, K, using equation 2 with data obtained from the 2 mm thick rubber
mat. Then, the Tt was computed from the individual temperatures using equation 9. Fig.
4.5(c) shows the estimated CBT using the DHF sensors for the different mat thicknesses.
The green area in the plots indicates the + 0.25 °C maximum allowed error. When the DHF
sensor is not thermally insulated with clothing, the estimated T has an error greater than
0.25 °C for mats thicker than 2 mm, with a maximum error of 0.76 °C for the 8 mm thick
mat. When the DHF thermometer is covered with clothing, the sensor’s performance greatly

improves. Error within the 0.25 °C bounds was measured for a mat thickness of 6 mm, while
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for an 8 mm thick mat the maximum error was 0.33 °C. These results are in line with the

theoretical calculation presented in the previous section. The transversal heat flux is the main
source responsible for the error in the DHF architecture. Reducing the heat transfer between
the boundaries and the ambient air results in lower thermal gradient across the sensor which
corresponds to a higher sensor accuracy. When covered with a piece of clothing, the heat
transfer coefficient of the convective transfer between the sensor and the ambient is reduced,
resulting in a smaller error. Lastly, we analyzed the transient behavior of the DHF
thermometer. We increased the temperature of the thermal bath from 37 ° to 39 °C and
estimated Tset using the 6 mm mat while the sensor was covered with a piece of clothing. Fig.
4.5(d) shows the time evolution of the reconstructed temperature when this step change was
made. We calculated the response time as the time the system needed to recover to an error
below 0.25 °© C. For the selected mat thickness, the reconstructed temperature fell within the

accepted error roughly after 15 minutes.
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Figure 4.5: CBT measurement. (a) Phase calibration curves for the different temperature sensor

in the range 35 © and 45 °C. (b) Set up to measure the CBT. The core temperature is simulated by a
water bath set to the desired value Ts.. A thin copper layer is used to achieve homogeneous
temperature over the analyzed surface. A rubber mat simulates the tissue layer between the core and
the sensor. The DHF is placed on top of the rubber mat and then covered by a piece of clothing. (c)
Calculated CBT for a set temperature of Ts.= 37 °C, for different thickness of the rubber mat (2, 4,
6, and 8 mm, respectively). Measured CBT when the sensor is exposed to convective heat exchange
(left) and when a piece of clothing is applied to insulate the sensor from the environment (right). (d)
Step response for the DHF sensor calculated with the 6 mm rubber mat when T is increased from
37 ° to 39 °C. Blue line represents thermal bath temperature, orange line represents the DHF sensor

output temperature, the yellow line represents the absolute error in the measurement.

Once we established the response time of our DHF setup, we investigated its CBT resolution
on a human phantom model (Fig. 4.6). A thermocycler (Bio-Rad C1000) was used for precise
temperature control and its temperature setting was considered ground truth CBT (Fig.
4.6(a)). We used a 5 mm thick 7% Agar gel to simulate human subcutaneous tissues as
previously described,*> which was sealed with Saran wrap to prevent water evaporation, with
the entire assembly covered with a Petri dish to prevent fluctuations due to ambient
convection (Fig. 4.6(b)). The DHF sensor was connected to the impedance analyzer (Zurich
Instruments, MFIA 5 MHz) through our custom interface PCB, and both the phase and the
absolute value of current calibrations were considered in selection of the optimal response to
temperature for each of the polymer sensors. By using phase response calibrations for sensors
T1 and T2, and current amplitude calibration curves for T3 and T4, we obtained the best fit
between our CBT estimation and the ground truth in the region spanning hypothermic and

hyperthermic temperatures (25 ° - 45 °C) (Fig. 4.6(c)).
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Figure 4.6: DHF sensor’s CBT resolution. (a) Photo of human phantom experimental setup. The
pixels are plugged into the breadboard PCB, which is interfaced with the impedance analyzer (not
shown). (b) Schematic of the experimental setup for human phantom model. (c) Calculated CBT for
various Ts= 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, representing hypo and hyperthermia for the human
body (identified in blue and red, respectively).

4.3 Conclusions

In this work, we showed the fabrication of a CBT sensor, integrating a thermally responsive
polymer into the DHF thermometer architecture. We optimized the polymer’s composition
by choosing the best metal cation that showed the highest response. Co** was found to be the
best cross-linking ion because it was linked to an optimal water content. We employed the
complex temperature sensitivity to design a readout system, in which the temperature could
be related to both the current response and the phase of the sensor’s admittance, achieving a
sensitivity of 3.5 °/ °C and a resolution of + 4 °mC. By simulating the DHF architecture, we
found a correlation between the theoretical error and the longitudinal thermal gradients that
develop over the sensors. Furthermore, we analyzed the influence of different boundary
conditions in the device performance and calculated the corresponding errors and penetration

depth. We fabricated a DHF thermometer employing the optimal polymer’s composition and
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used a custom-built readout system to measure CBT on a phantom setup. We showed that,

as described by the FE simulations, the measurement error can be reduced by lowering the
heat exchange at the boundaries. The fabricated sensor has an error below + 0.25 °C for a

thickness up to 6 mm and a time response of 15 minutes.
4.4 Experimental Section
4.4.1 Polymer Synthesis

Tert-butyl acrylate (1.28 g, 10 mmol) (Sigma Aldrich, 327182) and 2-hydroxyethyl acrylate
(1.16 g, 10 mmol) (Sigma Aldrich, 292818) were dissolved in 1.13 mL and 1.46 mL of
dimethylformamide (DMF), respectively, and purged with nitrogen. Next, we added 29 mg
(0.1 mmol) of S,S-dibenzyl trithiocarbonate (Sigma Aldrich, 746304) to the reaction, while
continuing nitrogen purging for 3 minutes. This is followed by the addition of
azobisisobutyronitrile (AIBN) (0.8 mg, 5 umol) (Sigma Aldrich, 441090) and stirring at 75
°C under protection of N2. The progress of polymerization was monitored using 1H NMR.
The reaction was cooled down and vented to air at approximately 80% conversion rate.
Residual tert-butyl acrylate and 2-hydroxyethyl acrylate were removed first by vacuum,
followed by precipitation in 100 mL cold diethyl ether to yield a yellow oil as the macro-
CTA (2.02 g, 80%). For deprotection, polymer (1 g) was dissolved in 3 mL dichloromethane
(DCM), followed by the addition of 3 mL trifluoroacetic acid (TFA). The reaction was stirred
at room temperature overnight. DCM and TFA were removed by vacuum, followed by
precipitation in cold diethyl ether, to result in a highly sticky yellow oil as HEA-AA (100
%)%

4.4 2 FEM Analysis

The geometry was simulated using COMSOL Multiphysics. For simplicity, the skin was
simulated as homogenous medium and the bioheat generation or blood perfusion were not
taken into account. The substrate was implemented using the thin layer module to decrease

computation time and achieve a better result. A general layer type was considered to take
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into account both the normal and tangential heat fluxes. Three different situations were

considered for the boundary conditions: radiation heat exchange, convection heat exchange
and mixed radiation and convection heat exchange. We first calculated the heat transfer in
the system tissue/sensor. Then we used the output of this simulation to compute the heat
exchange at the boundaries through radiation and convection. The error was calculated as the
difference between the temperature set at the bottom boundary of the tissue and the
temperature calculated with equation 1. The temperature gradient was estimated as the
difference between the temperature at the center on the top surface of the thicker heat flux
sensor and the temperature 20 mm away along the diagonal on the same surface (Fig. 4.4(a)).
The maximum penetration depth was calculated as the thickness at which the error was below

0.25 °C. The thickness of the tissue was incremented by 100 um.

4.4.3 Electrical Readout Circuitry

Details on the design and characterization of the readout circuit can be found in the

supplementary information.

The phase difference between the input voltage and the resulting current flowing through the
sample was measured by evaluating the corresponding time lag between the two signals. The
harmonic signal used to excite the sample was generated by a Bubba oscillator in which
every RC section provides a phase shift of 60° to trigger the oscillator. The component was
chosen to achieve an oscillation at 80 Hz, but due to component mismatching the oscillator
had an output frequency of 86 Hz. To avoid the use of a dual supply system, we biased the
generated voltage at 2.5 V through a precision Zener diode. The output signal then had an
amplitude control to allow flexibility on the excitation signal (Fig. 4.7(a)).The reference sine
was then applied to one of the four temperature sensor through an analog multiplexer and
then switched to the others. This approach allowed the use of only one oscillator and one
phase detector/counter for all the sensors. The current flowing through the sample was then
converted to a voltage through a resistor, which was then amplified to the desired amplitude
through an instrumentation amplifier with a digitally controlled gain. The reference sine and

the voltage-converted current were translated in to square waves through fast voltage
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comparators referenced to 2.5 V. The resulting square waves were then compared with a

phase detector that generated a pulse proportional to the phase difference between the two
inputs (Fig. 4.7(b)). This time lag was measured by gating a 2 MHz clock with the pulse
generated by the phase detector, which was then fed to a 12 bit digital counter. The parallel
output of the counter was then converted to a serial bit stream through a PISO register and
sent to the pnC for data processing. Synchronization and reset signals were generated by the
uC to zero the count of the digital counter and to synchronize the data transfer at the end of
each reading. We implemented this design on a 6 layers PCB manufactured by Eurocircuits.
The functionality of the readout was characterized by an all-pass filter (Fig. 4.2(a)). This
circuit is designed to have a zero and a pole at the same frequency, so that the resulting
magnitude is constant with frequency while the phase varies from 180° to 0° according to

the relation:

A® = 1t — 2tan—1(2nf RC). (10)

In this case, we wanted to generate a phase difference at a constant frequency (the one of the
readout oscillator), therefore we varied the resistance value R by using a 10 bit, 100 kQ
digital potentiometer (Fig. 4.8(b)). We wanted to generate a phase difference at a constant
frequency (the one of the readout oscillator), therefore we varied the resistance value R by
using a 10 bit, 100 kQ digital potentiometer (Fig. 4.8(b)).To evaluate the exact phase
corresponding to a certain resistance value, we swept the potentiometer from 0 to 1024 while
recording the phase difference with a lock-in amplifier at 86 Hz (Fig. 4.8(c)). Once a
correspondence between the potentiometer value and the resulting phase difference was
established, we connected the all-pass filter to the readout circuit and measured the phase
difference (Fig. 4.8(d)). As expected, the measured phase saturates around 60° which
corresponds to the maximum time lag that can be measured with a 16 bit counter and a 2

MHz clock.
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Figure. 4.7: Detailed implementation of the electrical readout. (a) Schematic of the harmonic

Bubba oscillator. (b) Schematic of the phase detector. (c) Schematic of the phase counter.
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Figure. 4.8: Characterization of the readout circuit. (a) Schematic of the all-pass circuit used for
the readout calibration. (b) Simulation of the phase difference as a function of frequency (1 Hz to 100
kHz) for different resistance values R: blue line R = 1 kQ, orange line R = 50 kQ, yellow line R =
100 k€. (c) Phase difference measured at constant frequency f0 = 86 Hz for the different resistance
values R. Red dotted line simulated results, blue circles experimentally measured data. (d) Phase

measured by the readout circuit for different phase values generated by the all-pass circuit.

4.4.4 Thermal Response and Calibration

Temperature cycles on the films were actuated by a Peltier- Element (model Qc-31-1.4-
8.5m). The temperature was independently measured with a Pt100 platinum resistance
thermometer placed on the polyimide substrate near the polymer. The Pt100 sensors were
previously calibrated with a FLIR thermal camera (model A655sc). A PID controller was
implemented to generate a sinusoidal temperature between 30 © and 65 °C. The substrates

and the reference Pt100 were connected to an interface board that could be connected with
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the impedance analyzer and the temperature control board. The current was measured with

the impedance analyzer with an average sampling rate of 10 Hz. The temperature response
as a function of frequency was isochronically measured; the frequency was kept constant
within one temperature cycle and then changed to the next frequency at the next temperature
cycle. Frequency was swept between 1 Hz and 100 kHz. To avoid the thermal hysteresis due
to the sample mass we then considered only the raising part of the temperature cycle and
sampled the current at different temperatures. The different temperature responses were

calculated between 35 °C and 45 °C.
4.4.5 CBT Measurement at Various Depths

Polyimide substrates with double sided pre-patterned copper/immersion gold electrodes (35
um and 3 pm, respectively) were purchased from PCBWay. On these substrates 5 puL of
HEA-AA cross-linked with various ions was deposited and dried overnight under vacuum.
The sensors were then insulated with a 50 um PET layer to shield the polymer from humidity.
Pt100 thermometers were placed on each of the four polymer sensors to obtain the calibration
curves (Fig. 4.5(a)). Next, the assembled DHF thermometer was ready for CBT
measurement. Rubber mats of different thicknesses were used to simulate human skin and
subcutaneous tissue (Fig. 4.5(b)). To further reduce the effect of convective heat exchange
with the environment, the DHF sensor was further covered with a piece of cloth. The
experiment was performed at room temperature. The rubber mat along with the DHF sensor
was placed on a thermal bath (Thermo Scientific Precision GP 05) to create a stable
temperature, which simulates the core temperature, and is kept at 37 °C (Fig. 4.5(c)). Data
from individual sensors were acquired through the previously described readout system at a
sampling rate of 21.5 Hz. To measure the response time, we increased the bath temperature
from 37 © to 39 °C and analyzed the time evolution of the sensor’s output when placed on

the 6 mm mat (Fig. 4.5(d)).

To replicate the human skin 7% Agar gel was used, since it matches the thermal properties
of human tissue well.*¢ An Agar gel layer of 5 mm thickness was used. PCR thermocycler

was used for accurate temperature control, and the temperature at the interface between Agar
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layer and thermocycler was verified using a thermistor. The agar gel was sealed using

Saran wrap to prevent water evaporation. The pixels were pressed down to the Agar phantom
layer using polyimide tape, which also ensured good thermal contact with the thermocycler.
The entire assembly was covered with a Petri dish cover to prevent ambient perturbations.
The CBT shown in Fig. 4.6(c) was calculated on the phantom data by using the K value from
the calibration data. Error shown was taken from using the 95% confidence interval of the K
value. Linear fit and R? was based on manually set slope of 1 (which assumes constant offset
over entire T range). Error bars were based on K error propagation (95% confidence

intervals), not multiple repeats (n=1 experiment).
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Chapter 5

HUMIDITY BUFFER MATERIALS TO EXTEND THE LIFETIME OF
THIN-FILM TEMPERATURE SENSORS

The work in this chapter is derived from research conducted in collaboration with Valsem
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sensors. N.J.H. also carried out electrical characterization of these sensors, designed the

experimental apparatuses and wrote the manuscript.

Note: Due to existing agreements, select technical details are intentionally omitted from
the manuscript to protect proprietary information. This chapter utilizes a narrative

approach for this reason.

5.0 Abstract

With the development of ionotronic devices, more systems require precise control of
humidity within packaging beyond the use of a simple desiccant. Here we explore the
challenges of developing thin-film temperature sensors based on CaCl,-HEA-AA due to
moisture uptake. We further develop a new class of materials, the humidity buffer material,
based on humidity fixed point solutions and demonstrate several variants leveraging lithium
chloride. We provide preliminary experimental results for CaCl.-HEA-AA sensors packaged
with this novel buffer material and discuss the implications of these results and their potential

applications to commercialization of the HEA-AA polymer sensors.
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5.1 Introduction

As we move beyond conventional materials such as traditional semiconductors and metals
towards ionotronic devices and smart materials, we encounter a new technological
challenge.'™* Many of these cutting-edge systems contain ion-coordinating polymers, metal
salts, or hydrogels, which exhibit high degrees of hydrophilicity. The uptake of water will
often affect the behavior of the devices constructed from these materials. Many of these
devices require some concentration of water within the hydrophilic material to function

necessitating a finer degree of humidity control than has been traditionally required.

For sensors or smart materials designed to respond to humidity, this sensitivity is an
advantage. However, for devices intended respond to other stimuli, this presents a challenge.
Conventional approaches of packaging dry, baking out, or incorporating a desiccator into the
packaging can lead to non-functional devices as the material is fully stripped of water. In
concept this could be resolved by packaging the sensors in a highly humidity-controlled
environment at a fixed temperature. Provided the water vapor transmission rate (WVTR) is
sufficiently low through the packaging for the planned lifetime of the device, this should
result in stable consistent devices. In practice this approach is not compatible with industry

requirements.’

First, many low-cost manufacturing environments lack precise humidity controls during
fabrication. Incorporating these controls can greatly increase the cost of fabrication.®”
Second, many of the applications for which these devices show promise require flexible
devices. Achieving the desired flexibility while maintaining a sufficiently low WVTR is
challenging especially if the device is subjected to regular flexion.!*!3 Third, if the device is
intended to respond to external stimuli, the packaging must be designed such that the stimuli
is not significantly limited by the packaging material. For temperature sensors this is an
added challenge as the thermal mass and thermal conductivity of the packaging material can
significantly increase the response time of the temperature sensor. Finally, for many

applications we are interested in the miniaturization of the sensors. As the sensor size is
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decreased, the surface area to volume ratio dramatically increases, thus the necessary

WVTR is substantially lower for miniaturized sensors which further limits packaging

options.

In laboratory studies of these devices, it is common to avoid humidity stability issues by
precisely controlling the laboratory / device humidity, see Chapter 3. This is frequently
achieved through active electronic control systems. The necessity for active humidity control
is prohibitive for low cost devices. For select humidity values, an alternative passive
approach has been utilized for over 100 years, saturated salt solutions also known as fixed
point humidity solutions (FPS).!*1® FPS are aqueous solutions containing excess salt beyond
the saturation point. Due to salt-driven vapor pressure depression, at a given temperature the
vapor pressure of water above the sample is fixed. If the solution is in a sealed container, the
humidity in the container above the solution is held at a constant value. If water diffuses out
of the container, water from the solution will evaporate and a constant humidity inside the
container will be maintained. The evaporation of this water causes more of the salt to
crystalize out of the solution. As long as liquid water remains in the container, the
concentration of the salt solution remains fixed and the humidity above the solution in the
container will remain fixed. If water vapor diffuses into the container, the additional water
vapor will be adsorbed into the solution. This will lead some of the excess salt to dissolve.
As long as the salt is not fully dissolved, the concentration of the salt solution will remain
fixed and the humidity remains fixed. This allows the water-salt mixture to function
effectively as a humidity buffer, allowing stable humidities even with a relatively large
WVTR for the container/packaging. This approach has been leveraged extensively for

laboratory studies and the preservation of museum artifacts.!6-17

While the FPS approach has been leveraged for a variety of applications, it suffers from some
limitations. First, the necessity of exposed aqueous salt solutions directly limits their
applicability for any mobile application or any system that may be subjected to tilting.
Second, concerns have been raised in the artifact preservation space about the potential of

the resulting salt to corrode or damage specimens.!” One can easily imagine this also presents
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a large limitation for ionotronic devices. From these limitations, it becomes extremely

apparent that while the normal FPS approach works well for laboratory studies, it is not

effective for packaged devices.

Alternative humidity / moisture buffer approaches have been explored, especially in the
architectural space. Within this field, they have developed a variety of hydrophilic building
materials that will adsorb moisture on high humidity days and release it on dry days.'®#2°
These are relevant to mention here as they represent another example of a humidity buffer
material. While important to discuss here, they typically show too large of a hysteresis of
humidities for many ionotronic or smart material devices. The narrow humidity range of the

FPS approaches created by leveraging the solid to aqueous phase transition of the salt

presents a significant advantage when compared to other approaches.

The effort to make FPS approaches more useful outside of the lab has been pioneered in part
by the high-end tobacco industry. Boveda® has several patents for a different approach to
leverage FPS in humidors and similar applications.?!?* Their technology leverages water-
salt solutions mixed with a thickening agent to increase the solution’s viscosity. This solution
is then placed in a flexible waterproof pouch that exhibits a high WVTR. This allows the
pouch to function as a small FPS and be placed in a variety of containers without the typical
issues associated with FPS solutions. They offer pouches ranging in relative humidity (RH)
from 32% - 84%.%° Several competitors have developed similar FPS based pouch solutions.
Of note, Integra Boost® is a competing buffer pouch technology leveraging glycerol/water
mixtures instead of salt-based FPS for the range of 55%-84% relative humidity.?® While these
commercial products open doors for consumer humidity control, they exhibit limited utility
for devices. First, they offer a highly limited range of available humidities. Many devices
may require different humidity ranges. Second, they still represent bulk solution approach
that will cause significant issues for devices subjected to vibrations, tilting, or bending. Under
these cases the shifting water may introduce shifting internal mass effects on the device, in
addition to probable device failure if the pouch fails. Furthermore, this architecture has

fundamentally limited utility for miniaturized devices, microfabricated devices, and thin-film
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devices due to the limitations of using a bulk material approach. We find the FPS

approach is a powerful tool leveraging fundamental physical chemistry that has demonstrated
commercial applications, however the architecture of current FPS approaches inherently

limits their utility for devices.

In this chapter, we will explore a novel class of FPS materials which leverage small droplets
of a lithium chloride FPS embedded within a polymer matrix exhibiting a high WVTR. We
believe that the structure of this humidity buffer material (HBM) resolves many of the issues
in current FPS approaches. This material has been shown to function as an effective humidity
control and can be fabricated through several processes depending on the demands of device
fabrication. We will explore this material through the lens of attempts to fabricate thin-film

HEA-AA temperature sensors.

CaCl>-HEA-AA is an ionotronic copolymer which exhibits a record-breaking temperature
response.?’ It has been proposed as a sensing material for applications ranging from IR
imaging, core body temperature measurement, and temperature mapping. It has shown
promise in laboratory studies; however, this material correspondingly exhibits an extremely
high degree of sensitivity to environmental humidity.?” Therefore, it requires high
performance packaging which is difficult to achieve given the different demands of these

sensing applications.

In collaboration with Valsem Industries, we have been attempting to develop roll-to-roll
fabricated thin-film CaCl,-HEA-AA temperature sensors. In this chapter we will explore the
efforts to develop these sensors, the opportunity of buffer material to stabilize the sensors,
and current challenges in their fabrication. Note — due to existing agreements, select technical

elements will be excluded to ensure the protection of proprietary information.
5.2 Challenges with the CaCl.-HEA-AA Material

The HEA-AA polymer represents a breakthrough in near room temperature sensing. It’s

sensing mechanism is reliant on ion-hopping from bound coordination sites. This leads to a
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near Arrhenius relationship between current and temperature. While this ion-hopping

mechanism leads to a large temperature response (>800 from 25 ° - 65 °C), the corresponding
conductivity of the material, especially at low temperatures, is extremely low. Due to
challenges of this material, a concrete value for the resistivity has not been evaluated
experimentally, however, we estimate it as above 1.14 x 108 Ohm * m at 1 Hz and ~ room
temperature. This value was obtained from thin film sensors discussed in this chapter where
we suspect errors in the electrode distance and the phase values imply that the films are not
properly dried. These low conductivities present us with two options if we wish to reliably
measure the temperature with low-cost electronics, first, the distance between electrodes can
be minimized to reduce the length of the current path. Second, the area of the electrodes can
be increased, increasing the cross-sectional area of the conducting polymer. This can lead to

unusual architectures.

Second, while the polymer exhibits a high sensitivity to temperature, it exhibits a similarly
impressive and exponential response to environmental humidity in the 5-20% humidity range
which is optimal for temperature sensing. At 10% relative humidity, a ~1% change in relative
humidity can drive a ~10% change in experimental current. This sensitivity is extraordinary
and represents a significant challenge in developing stable sensors. Of note however, due to
the hydrophilic nature of the polymer a 1% relative humidity change does not correspond to
a 1% change in the water content of the polymer. Attempts to precisely characterize the
hydrophilic nature of the polymer leveraging quartz microbalances have been inconclusive,
further studies leveraging IR spectroscopy are in the planning stages to fully understand how
relative humidity corresponds to the polymer’s internal hydration level. Without having this
understanding, we are limited to crude toy models to aid in the design of the packaged sensors

and have to use approximate relative humidity changes as a guide for engineering decisions.

The final challenge also originates from the ionotropic nature of the HEA-AA sensors. With
conventional thermistor sensors, a DC current readout is easily constructed. However, with

HEA-AA sensors, an AC current must be used due to the blocking electrode effects.
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5.3 Preliminary Work on Thin-Film HEA-AA Sensors

In order to evaluate the viability of HEA-AA thin-film sensors, a simplified test architecture
was fabricated at Valsem Industries (Fig. 5.1). A strip of PET tape (50 um thick with silicone
adhesive) with a 16mm circular hole punched out was applied to an Al sheet with a protective
polymer film adhered to the backside. CaCl.-HEA-AA was applied to the sensing region (the
circular hole in the PET tape applied to the Al sheet) utilizing a Mayer rod to apply a smooth
uniform thickness film. The film thickness largely determined by the spacer used. The film
was then dried for various lengths of time at a set temperature in an oven. The top sheet was
prepared using a second piece of the same protected Al sheet material. A circular punch out
of tape was applied to the top sheet as a stencil for the glue application. This stencil prevented
glue from being applied to the region of the Al top sheet that would be in contact with the
active region of the sensor fabricated on the bottom sheet. An adhesive was applied to the Al
top sheet utilizing a Mayer rod and allowed to dry to tackiness. The bottom sheet and top
sheet were manually aligned then pressed together. The packaged sensor was then transferred
to a hydraulic press and allowed to cure overnight. Electrical properties of the sensors were
then characterized utilizing an impedance analyzer (Zurich Instruments MFIA 500 kHz). The
sensors were held on a copper plate placed on a hot plate. A weight with a foam base was
placed on the sensor to ensure even pressure across the sensing region. While this improves
the electrical contacts, it leads to a large thermal mass during measurements which is
especially apparent in temperature step experiments. The temperature was monitored through
a thermistor coupled to a Circuit Playground Express and logged through the serial
connection. Due to system noise, the temperature measurements were processed using a

boxcar average.

Temperature step measurements of the thin-film sensor show a large temperature response
(Fig. 5.2(a)). It has been observed previously within the lab that there is a correlation between
the slopes of the current measurements and the phase with the hydration degree of the
polymer. At high hydration levels the polymer tends to show a phase increase with a current

increase. While at low hydration levels, the polymer tends to show a phase decrease with a
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current increase. This can be seen in the detailed high humidity phase data in Fig 5.3.a.

From this we conclude that the phase response of the thin-film sensor is inline with the
polymer in a high hydration state (Fig. 5.2(b)). We speculate this may originate from trapped
water or solvent from the casting process. This explains the low temperature response of the
thin film sensor compared to the laboratory measurements of CaCl.-HEA-AA (Fig. 5.3(¢c)).
While the response from the thin film sensor is disappointing relative to previous work with
the CaCl,-HEA-AA system, the response still outperforms other cutting edge temperature

sensing materials.?8-3¢

a)

CaCl,-HEA-AA
Insulating polymer
Alsheet ——p

Protective film—""

Sensing
Region

Cross-section Top down

AdWVRANG

Figure 5.1: Simple HEA-AA thin-film sensors prepared at Valsem Industries. (a) Cross-section

few of sensor architecture. (b) Top-down view of sensor architecture. (c) Initial prepared thin-film
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sensors. (AA battery for scale) (d) Large sheet thin film sensors prepared to limit the potential

role of between sheet water diffusion. Notice bubbling in the sheet away from the sensing region, this
occurred after humidity exposure. (AA battery for scale) (e) Top of the thin-film sensor showing
degradation of the Al sheet at the polymer sensing region. (f) Bottom of the thin-film sensor showing
degradation of the Al sheet at the polymer sensing region and edges of the sheet not sealed from the

environment.

In-order to design effective commercial sensors, the resistivity of the sensing material is a
critical design parameter. Here we will estimate a floor temperature vs resistivity
measurement for the system (Fig 5.2.d). This represents a floor value for the following
reasons: 1) We believe that the polymer is in a hydrated state, this leads to a reduction
resistivity of the material. 2) The calculation of the resistivity is dependent on the thickness
of the HEA-AA film. In the calculations, we assume the HEA-AA film is fully filling the
cylindrical cutout in the insulating polymer. However, due to the reduction in film thickness
as the solvent evaporates, the HEA-AA film does not fully fill the cutout, thus the electrode
spacing is less than what was used in the calculations. This can be seen visually in Fig. 5.1.
Due to the viscoelastic flow of the polymer film the thickness difference cannot be measured
with traditional thin-film processes. Because we are unable to accurately measure the final
thickness of the film, we instead evaluate the minimum resistivity of the material, we suspect
the effective resistivity of optimized commercial sensors may be more than an order of

magnitude higher when higher quality devices are fabricated.

Preliminary experiments with these thin-film sensors showed significant sensor drift
depending on the environmental humidity. In-order to eliminate lateral diffusion between
sheets of the sensor, a large sheet sensor was developed (Fig 5.1.d) . The sealed region was
expanded to an A4 sheet size (21 cm x 29.7 cm) while maintaining a 16mm sensing region
in the center of the sheet. For these sensors the PET tape was replaced with a PET film

adhered in accordance with Valsem Industries practices.
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Figure 5.2: Electrical characterization of thin-film sensor undergoing temperature steps

measured at 1V and 15Hz. Lag effects are hypothesized to originate from the large thermal mass of
the setup. (a) Temperature vs current. (b) Temperature vs phase. The shape of this graph implies the
sample is at a fairly hydrated state. (c) Response of the thin film sensor vs the response of laboratory
measurements of CaCl,-HEA-AA at 20% RH and 14.16Hz. The response is significantly lower, again
we attribute this behavior to a high hydration state of the polymer. While its performance is less than
laboratory measurement of CaCl,-HEA-AA, it is competitive with other cutting edge temperature
sensing materials (VO 1,” VO 2,% Ferroelectric®®). (d) Calculated resistivity vs temperature curve for

the thin-film sensors. See main text for discussions of the flaws of these measurements.

In order to characterize the electrical properties during humidity exposures, electrical
properties were monitored at 10Hz and 1V utilizing the Analog Devices CN0359 Eval Board.
The sample was placed on an elevated platform in a plastic tub, the base of the tub was filled
with water creating a pseudo high humidity chamber. After an appropriate interval the sample
was removed from the chamber and the water was removed from the chamber. The chamber
was then purged with dry N> and the sample replaced. After an appropriate time interval the
N2 purge was stopped and water was reintroduced to the chamber. This allowed us to reliably
vary the chamber humidity between < 10% and > 89% RH. Humidity and temperature in the
chamber was monitored through a SensorPush HT1 Smart Temperature Sensor and

Humidity Sensor.

The results of the humidity trials demonstrated significant response of the sensor to the
environmental humidity (Fig. 5.4). In high humidity, the measured conductivity is seen to
increase. In low humidity the measured conductivity is seen to decrease. This indicates that
the sensor is not well isolated from the environmental humidity. Further trials both at Caltech

and Valsem Industries demonstrate the same trends.
5.4 Engineering Challenges Discovered from the Thin-Film Sensors

1) First and foremost, current packaging for the thin-film sensors has been found to not
effectively protect the sensors from the environmental humidity. Improved packaging or

passive humidity control is needed to produce stable, reliable sensors.
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2) The sensors must be packaged / dried under a known controlled humidity for this

architecture to work. This presents a significant fabrication challenge.

3) Select corrosion of the Al film is seen in the region in contact with the polymer (Fig. 5.1(e-
f)). This corrosion presumably affects the electrical properties of the electrode and thus the
sensor. This may also lead to an increase in the WVTR of the packaging if the material is

compromised.

4) Due to the large area of the sensing region, it was observed that the electrical properties
of the films change when the films are bent. This can lead to changes in the
conductivity/phase of the signal from the sensor or the establishment of a shorting condition
between the electrodes. We suspect this can be resolved in two manners. First, by reducing
the size of the sensing region, the electrodes should be better held in contact with the polymer
and the radii of curvature of the film relative to the size of the sensor region should increase.
Second by maintaining the polymer in a drier state, the viscoelastic flow should be reduced

which in turn should minimize changes in the effective shape of the sensor.

5) In attempting to fabricate thinner films by reducing the thickness of the insulating
polymer, it was found that these sensors frequently shorted. This has preliminarily been
attributed to clumping as the film dries leading to voids. Furthermore, as noted above, the
polymer does not fully fill the spacer region which presents a fabrication challenge. We
believe this can be resolved by adjusting the viscosity of the casting solutions and/or the

casting solvent.



111

25 30 35 40 45 50 55 60 65 70
Temperature / °C
e 10% RH — - - 20% RH 30% RH = = =40% RH = - = 50% RH — — 60% RH
b)

1.E-06

1.E-07

1.E-08

1.E-09

Current/ A

1.E-10

1.E11

25 30 35 40 45 50 55 60 65 70
Temperature / °C
—10% RH — - - 20% RH 30% RH = = =40% RH = - = 50% RH — — 60% RH
c)
1.E+03

1.E+02

130

Responce i/

1.E+01

1.E+00

25 30 35 40 45 50 55 60 65 70

Temperature / °C
10% RH — - - 20% RH 30% RH = = =40% RH = - = 50% RH — — 60% RH




112
Figure 5.3: CaCl,-HEA-AA electrical characterization from 10%-60% relative humidity.

(a) Temperature vs phase at various humidities. At high humidities an increase in temperature leads
to an increase in phase. (b) Temperature vs current at various humidities. (c) Current response relative

to the current at 30 °C.
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Figure 5.4: Humidity stability testing of large sheet thin-film sensor. Sample was initially exposed
to a high humidity, at that time it is observed that the conductivity increased. The sample was then
exposed to a low humidity and the conductivity decreased. When the sample was then exposed to a
high humidity, the conductivity increases again. This demonstrated compellingly that the humidity

sealing in these sensors is insufficient for reliable device performance.
5.5 Architectures of thin-film HEA-AA sensors

As discussed above, the thin-film sensors fabricated to date suffer from several significant
challenges, beyond those discussed, this architecture is limited to a single pixel per sensing
sheet. In this section we will discuss sheet architectures that limit these issues and may allow
for easier commercialization of this technology. Furthermore, we discuss the design

challenges and parameters that must be evaluated to produce viable sensors.



113
5.5.1 Electrode Architecture

a) b)
1E-06 190
170
1E-07
150
1E-08 » 130
(V]
< 9]
> 1E-09 & 110
o $ 9
E 1E-10 E" 70
1E-11 & 50
1E-12 30 ‘
10 kid \
1E-13 10 TV
0 2,000 4000 6000 8000 10,000 0 2000 4000 6000 8000
Time /s .
——Thin Polymer Film No Polymer Time /s

——Thin Polymer Film No Polymer

Figure 5.5: Temperature cycling experiment on thin samples of CaCl,-HEA-AA measured on
circular interdigitated electrodes compared to a sample without any polymer film. (a) Current data
showing as the polymer dried, the conductivity merged with the floor noise. (b) Phase data showing

as the current reaches the noise floor the measured phase stops providing meaningful data

One core challenge in designing these sensors, and the corresponding readout circuitry is
their high resistivity. This can lead to low signal intensities relative to the noise inherent in
any experimental setup. This has been directly measured utilizing a thin polymer sample cast
onto a circular interdigitated electrode. The sample was then subjected to temperature cycling
between ~65 °C and ~25 °C in 5% RH measured at 1V and 1Hz (Fig. 5.5). As the sample
dries the low temperature measurements start to reach the noise floor (~1 pA) seen when no
polymer is applied to the circular interdigitated electrodes. At a similar time, the measured

phase starts fluctuating wildly as the impedance analyzer is unable to measure the signal.

This can be resolved in two ways. First the measurement frequency can be increased.
However as discussed in Chapter 3, and shown in Fig. 5.6, increasing the frequency
significantly decreases the current response thus decreasing the sensitivity to temperature.
For CaClb-HEA-AA, the phase response is optimal at 100 Hz, for this and other reasons,

phase readout is potentially more viable for commercial sensors.
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The second way in which the low conductivity of the HEA-AA material can be resolved

is by varying the architecture of the sensors. In a simple parallel plate sensor, there are two
parameters which directly vary, the surface area of the electrodes A, and the distance between
the electrodes D. The current is then governed by I « A/d. For the thin film sensors
demonstrated earlier, this leads to large diameter sensors with a minimum insulating layer

thickness with an A/d of approximately 4.

We can increase the conductivity of the sensors by increasing the area of the sensing region.
This however has several trade offs. First, increasing the area of the sensing region reduces
the ability of the sensor to measure small point sources resulting in as any temperature
gradients across the sensor being averaged out in the signal. Second, as the sensors grow
larger, they will be subjected to additional strain when the films are bent to the same radii of
curvature. As the HEA-AA polymer in this form is more brittle than the block copolymer
discussed in Chapter 2, high strains could damage the sensing material. This limits the utility
of this approach for conformal mapping applications and may produce issues for sensors
fabricated and stored on rolls. In addition, variability in materials properties tend to increase
as the sensor active region increases unless tighter fabrication controls are used, limiting the

practical size of commercially viable sensors with this architecture utilizing this material.

An alternative architecture change to increase the conductivity of the sensors is to decrease
the distance, d, between the sensors. To date this approach has led to issues with the sensors
undergoing shorting during handling or fabrication. We believe these issues can be resolved
with improved manufacturing processes. As discussed in greater detail later in this chapter,
this approach to increasing the conductivity of the sensors come at a direct cost regarding

long-term humidity stability.
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Figure 5.6: Response spectra from ion-HEA-AA subjected to temperature sweeps (~25 °C —~65
°C) at 5% RH. (a) Current response showing as frequency is increased, the current response
dramatically decreases. (b) Phase response showing that CaCl,-HEA-AA shows a peak phase
response at ~ 100 Hz while for CoCl,-HEA-AA, the phase response decreases as the frequency

increases.
5.5.2 Protecting Electrodes Through Capacitive Measurement

In addition to humidity sensitivity, electrode degradation was a significant issue observed for
our experimental thin-film sensors. We believe this degradation is driven by chloride-ion
saturated water in direct contact with the aluminum electrodes. Aluminum is frequently
discussed as a material that self-limits corrosion due to the formation of aluminum oxide thin
films. Unfortunately, in the presence of chloride ion solutions, the chloride ions can disrupt
the aluminum oxide film and cause corrosion.?! Due to the hydrophilic nature of CaCl,-HEA-
AA it preferentially exists in a hydrated state that readily corrodes aluminum. One approach
to eliminate this corrosion mechanism is to operate the sensors in a capacitive mode instead

of a conductive mode.
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Figure 5.7: Sensor architectures for thin-film sensors. (a) Capacitive thin-film sensor protecting

the electrode from corrosion. (b) Sensor leveraging printed electrodes to allow for multiple pixels per

sheet. These could be produced as either conductive or capacitive sensors. (¢) Proposed architecture

for thin-film sensor leveraging the new humidity buffer material. (d) Comparison of number of

readout addresses per sensor for individual pixel readout with common signal in (x) and row-and-

column readout (2*Vx). (e) Electrode layout for common signal-individual pixel readout. (f)

Electrode layout for row-and-column readout. (g) Electrical connections at the edge of the fabricated

sheet.

Capacitive sensing is an established approach in analytical chemistry for monitoring the

conductivity of solutions.>>* This allows measurement of potentially electrode damaging



117
samples without any exposure of the electrodes to the samples. However, for this

approach, the measurement typically must occur at elevated frequencies due to it being
reliant of capacitive coupling between the sample and the electrodes. For our applications,
this presents a challenge as the temperature current response decreases with increasing
frequency. This again is a case where phase readout of the sensor is potentially more useful
than the current readout. For the CaCl,-HEA-AA sensors, the optimal phase measurement
frequency is ~ 100 Hz. We can imagine utilizing an extremely thin protective film (~10 um)
over any electrodes (Fig. 5.7(a)). Preliminary experiments performed at Valsem Industries
demonstrated that this architecture can produce temperature responsive sensors. Further
work needs to be done to optimize this approach and quantify the trade offs of using

capacitive sensors vs conductive sensors.

5.5.3 Multiple Sensors Per Sheet — Electrode Printing

In order to have multiple sensors per sheet, we must move away from utilizing the humidity
protective Al sheets as the electrodes. To facilitate roll-to-roll fabricated sensing sheets, we
have to move to printed electrodes. By leveraging rotary printing and conductive inks (silver,

carbon, etc.), we can pattern electrodes during standard roll-to-roll fabrication.

The selection of appropriate trace dimensions and ink material requires us to evaluate briefly
the readout circuitry. As we vary the trace dimensions and the trace material, the impedance
of the circuitry changes which can directly affect the current response of the sensors. The
relevant parameter is the impedance of the sensing material vs the impedance of the readout
electronics. The portion of the readout electronics that exhibits the highest impedance is the
individual printed traces. Here we review various commercially available conductive Inks
from LOCTITE® (table 5.1) assuming a 25 um trace thickness. For this application we are
assuming the trace length is ~ Im, in line with the width of standard sheets. To evaluate
these impedances vs the CaCl,-HEA-AA sensing material, we can extract the minimum
resistances from the previous thin-film experiments (Fig 5.8.a). As previously discussed,
these represent the minimum resistances given the polymer was in a hydrated state during

measurement. We can observe these sensors will exhibit a resistivity greater than 1 MQ  for
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any reasonable A/d ratio (Fig. 5.8(a)) at 30 °C. By constructing a simplified model of

three resistors in series, we can observe how the measured response varies as we compare
the resistance of the readout circuitry to the resistance of the sensing material. We can quickly
observe that if the resistance of the readout circuitry is < 0.1 of the sensing element’s high
temperature resistance, the current response is not significantly degraded (Fig. 5.8(c)). At
the temperature of 55 °C the minimum resistance ranges from ~755 kQ to ~47kQ for A/d
ratios of 1-16 with a resistance of 19 kQ at an A/d of 4. Therefore, the maximum trace
resistance ranges from 37 kQ to 2.4 kQ. By evaluating from table 5.1, we can see that only
one carbon ink is sufficiently conductive for this application, and it can only function for A/d
ratios < 2. For this reason, we are limited to silver ink materials. There remain concerns about
the relatively high costs of silver inks. However, given the low-density coverage, the cost of

electrode printing remain relatively low even with expensive ink.

Table 5.1: Performance of LOCTITE® Conductive Inks at a Thickness of 25 pm**

Ink Q Imx | Q Imx €/1Imx | €/1m- | €/10
type Ink Q/sq | 0.5mm | 0.1mm | €/m* | 0.5mm | 0.lmm | mm pad
ECI 7007
Carbon E&C 10 2.0E+04 | 1.0E+05 | €13 €0.01 €0.00 € 0.00
EDAG
Carbon | 6017SS 35 7.0E+04 | 3.5E+05 | €91 € 0.05 €0.01 €0.03
EDAG
Carbon 423SS 33 6.6E+04 | 3.3E+05 | €108 € 0.05 €0.01 €0.03

Silver | ECI 1010 | 0.0057 | 1.1E+01 | 5.7E+01 | €119 | €0.06 €0.01 €0.04
Silver | ECI 1006 | 0.021 | 42E+01 | 2.1E+02 | €311 €0.16 €0.03 €0.10

Silver | ECI 1001 | 0.017 | 3.4E+01 | 1.7E+02 | €363 | €0.18 €0.04 | €0.11
ECI 1016
Silver E&C 0.006 | 1.2E+01 | 6.0E+01 | €501 €0.25 €0.05 €0.16

The electrical conductivity data of the ink may not be the only factor that needs to be taken
into consideration. We have speculated — however not tested, that silver inks may suffer from
significant electrode corrosion by CaCl.-HEA-AA during long term use. This degradation
may mandate capacitive sensors as discussed above thus increasing the inherent impedance
of the readout circuitry. Alternatively, carbon inks should not be susceptible to degradation

by the CaCl,-HEA-AA material thus eliminating the necessity of the protective film.
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Regarding the electrical conductivity, these measurements of the CaClh-HEA-AA

material’s resistivity were conducted when the material was at a significantly hydrated state
and with an unknown uncertainty in the film thickness. For this reason, the resistance of
higher quality sensors likely will be significantly higher allowing for utilization of less

conductive inks.
5.5.4 Row-and-Column Readout vs Common Signal

For multi-pixel sheets, it is necessary to consider how electrodes will be connected in the
architecture. A relatively standard approach is row-and-column readout (Fig. 5.7(f)), in
which rows of top electrodes are connected and columns of bottom electrodes are

connected.?337

This has the direct benefit of allowing for individual pixels to be easily
addressed by providing signal to a specific row and carrying out readout on a specific
column. This becomes a highly scalable addressing approach as the number of sensors
individually readable, x, only requires 2*Vx addresses accounting for addressing of the input
signal and the readout signal assuming square arrays. While promising, this approach suffers
from a significant challenge for roll-to-roll fabrication. It requires the precise alignment of

the top and bottom electrodes.

In order to address the alignment issue, a second approach was proposed. By providing the
input signal to one of the Al sheets, the signal can be distributed to all pixels at once. As the
sheet resistance of a 10 um thick Al sheet is only 2.8x10-3 Q /sq at 20 °C, the signal can be
readily distributed across a large sensing sheet. This architecture eliminates this alignment
challenge for these structures, note select other alignment issues remain in the fabrication of

these multi-pixel sheets.

While simplifying fabrication, this common signal approach suffers from two significant
issues, the coupling between the sheet and the circuit, and addressing each pixel. Depending
on the dielectric effects of the insulating polymer vs the electrical properties of the sensing
polymer, the additional coupling between the sheet and the traces may be significant.

Additionally in this architecture, each pixel must have a an individual electrical address (Fig.
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5.7(e)). For small sheets, this is manageable, however, as the number of sensors increases

this becomes prohibitive and we recommend the row and column readout approach (Fig.

5.7(d))
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Figure 5.8: Electrical properties based on prior thin-film sensors. (a) Minimum sensor resistance
at 30 °C vs the sensor’s A/d ratio. (b) Pixel diameter vs insulating polymer thickness for a A/d ratio
of 4. (c) Current response from 30 °C — 55 °C for differing relative resistance in the readout circuitry.

When the ratio is exceeds 0.1, the measured response significantly decays.
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5.5.5 Adding Flexibility to the Electrode Alignment

In the simplified drawings of the sensors, we typically assume the diameter of the sensing
material is the same as the diameter of the electrodes. This however presents a significant
alignment challenge in aligning the electrodes to the cutouts in the insulating polymer. A
solution to this approach is to make the cutouts slightly larger (1-3mm) than the diameter of
the electrodes. While this approach increases the amount of sensing material needed for the
sheets, it reduces the necessary alignment of the electrodes to achievable degree and the

alignment can be verified during QC testing of the sheets.

5.5.6 Electrical Readout from the Sheets

Electrical connection to roll-to-roll fabricated sensors presents an interesting challenge. For
this application we propose that the sheets be aligned such that electrical connections can be
directly made at the edge of the sheets to printed electrodes. These connections can be made

with standard connectors used for printed electronics.

5.6 The Mathematical Challenges of Sealing this Architecture

The high degree of humidity sensitivity seen in the before detailed thin-film sensors
significantly surprised the authors as the WVTR of the materials was extremely low. To help
further understanding of these results, a mathematical evaluation of this architecture was
undertaken. This presented a unique challenge as while the relative humidity vs the current
is well characterized for the polymer, due to its hydroscopic nature of CaCl.-HEA-AA, the
relation between relative humidity and gwater / gpolymer remains unknown. To simplify this
evaluation we will assume the polymer is not present between the electrodes and evaluate
the change in relative humidity of this void. We will further assume a cylindrical chamber
with diffusion only occurring through the electrodes, thus assuming that the inter-sheet
WVTR is insignificant. We will assume 90% RH at 38 °C external to the packaging in line
with WVTR testing standards.
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The WVTR, 0, is commonly expressed in units of gwater / m? x day. The relative humidity,

RH, we can express as a function of the absolute humidity, AH, and the absolute humidity at
100% RH, ¢, as RH = AH/c. At 38 °C, ¢ is 46 g/m>. We can define the time, t, mass of water,
m, radius of the cylinder, r, and height of the cylinder, d. We can then find that Am = o % t x
2nr2, thus AAH = (o X t x 2nr2)/(d% wr2) = (2at)/d. From here we find that ARH = (2at)/(cd).
Thus, the relative humidity change is coupled to the film thickness independent of the

diameter of the pixel.

From the literature, we can find that the WVTR of protective aluminum films is ~0.01
g/m>xday."® By applying the design values from the thin-film sensors, we can find that
humidity in absence of polymer would very rapidly increase reaching 90% RH within 2.5
hrs (Fig. 5.9(a)). We can further probe the WVTR and find for a 10% RH change over 100
days, we would need a WVTR of ~1x10¢ (Fig. 5.9(b)). This result is not especially
surprising as other polymer based microelectronics require extremely low WVTR. For
organic light emitting diodes this value can be found at ~10 and for organic solar cells this
value can range ~107 g/m2xday.>® We can further evaluate that this limited stability is a

function of the thin format of the sensor (Fig. 5.9(c-d)).

One aspect that is especially surprising given these results is the short time necessary to see
these humidity swings in theory, while the thin-film sensor’s took days to show a significant
humidity swing. This is an inherent byproduct of the high hydrophilicity of these polymers
and reflects the large water uptake prior to current change despite the extreme sensitivity of

the polymer to humidity.

The key takeaway from this analysis is, if we are dealing with small sensors, either the system
will require far smaller WVTRs than can be achieved through flexible aluminum packaging,
or the humidity inside the packaging must be maintained in some manner. Which leads nicely

to the discussion of the the need for the humidity buffer material.
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Figure 5.9: Theoretical model of humidity change in sealed cylinder. (a) Change in RH for a 50

um height cylinder. (b) Time to change RH a set amount as WVTR varies for a sensor 50 um thick.

(c) Time to change RH a set amount for various thickness sensors given a WVTR of 0.01 g/m2 x day.

(d) Minimum sensor thickness to maintain maximum RH change in 60 days as WVTR varies.

5.7 The Theoretical Humidity Buffer Material (HBM)

As demonstrated above a method to regulate the humidity inside the packaging is vital in

order to create long term, reliable viable sensors. For this purpose, we here propose humidity



124
buffer material. The proposed humidity buffer material is fabricated by depositing salt

within polymer that does not allow the passage of liquid water, however, has a high WVTR.
This allows each salt crystal to function as an individual fixed point solution jar. When
exposed to humidities above the salt’s humidity fixed point, water vapor diffuses through the
polymer and is adsorbed by the salt. The salt then grows a ‘bubble’ of water surrounding it.
As long as solid salt remains, the produced humidity remains fixed. If the buffer is exposed
to humidities below the salt’s humidity fixed point, water vapor diffuses through the polymer
away from the salt as it evaporates. So long as liquid water remains, the produced humidity

remains fixed.

Many potential salts are possible for use in these HMBs. To select an appropriate salt, we
must consider several factors. 1) The humidity value produced vs the needed value for our
sensors. HEA-AA sensors show improved sensitivity as the humidity is decreased (Fig. 5.3),
however, as the humidity is decreased the resistivity increases limiting its utility. We consider
the optimal range of humidities to be 5-10% RH with a usable range of 5-20% RH. Several
salts will perform within this optimal range. 2) The toxicity of the salt. As target applications
of HEA-AA sensors include medical devices and consumer electronics, reducing the
quantities of potentially hazardous materials from our devices is preferable. This eliminates
cesium fluoride, potassium hydroxide, and sodium hydroxide, which all have interesting RH
ranges. 3) The temperature stability of the fixed point solution. It is well characterized that
the RH range of saturated salt solutions varies with temperature. For cesium fluoride it varies
from 5.5% RH at 5 °C to 2.6% at 80 °C.!6 For potassium hydroxide it varies from 14.3% RH
at 5 °Cto 1.6% at 75 °C.1

For these reasons, lithium chloride was selected as the salt for this application. Lithium
chloride is minimally toxic, LDso 757 mg / kg, and exhibits a RH of 11.23% at 0 °C and
10.75% RH at 70 °C.!¢ For commercial electronics, the relevant temperature range is 0 °C to
70 °C. In examining lithium chloride’s phase diagram,*® we can observe that lithium chloride
exhibits a series of phase transitions within this temperature range. Lithium chloride initially

transitions from LiCl to LiCIl + LiCl*H2O. As more water is absorbed, the phase diagram
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separates at a 70% LiCl by mass, dependent on the critical temperature 20 °C. Below this

temperature, it forms LiCl*H>0 + LiCl*2H>O until transitioning to solution + LiCl*3H>O at
54% LiCl by mass. Above this temperature, it goes straight to solution + LiCl*H>O. Finally,
the lithium chloride is fully dissolved dependent on the solution temperature. At 70 °C it
occurs at 51% mass, at 20 °C it occurs at 45%, at 0 °C it occurs at 40%. If we define the
buffering capacity as the range in which both liquid solution and solid salt is present, we can
now calculate the buffering capacity for various temperatures. At 0 °C, we find the buffering
capacity to be 0.65 g water / g LiCl. At just below 20 °C, we find the buffering capacity to
be 0.37 g water / g LiCl. At 70 °C this gives us a buffering capacity of 0.54 g water / g LiCl.

As it represents a minimum, we will utilize the buffering capacity of 0.37 g water / g LiCl.

a) b) c)

Figure 5.10: Simplified models for buffered thin-films. (a) Simplified 1D model of buffered thin-
film. (b) Alternative buffered thin film assuming layer fabrication. This has direct relevance to some
of the latex laboratory fabricated buffer materials, however, will have limited relevance to

commercialized materials. (c) Realistic 2d model of buffered thin-films.
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Figure 5.11: Theoretical sensor lifetimes and theoretical LiCl film thicknesses for a sensor with

a packaging WVTR of 0.01 g/m**day assuming full window of the humidity buffer.

Given this, it is now possible to assess the lifetime of sensors for various amounts of buffers
when assuming the before leveraged sensor motif (Fig 5.11.). By assuming the full range of
buffering capacity, we can set the best-case situation of an almost fully dry buffer and sensing
sheet exposed to a high humidity environment. We can quickly observe that long term stable

sensors could be produced for reasonable buffer loadings.

Now that we have established that LiCl has sufficient buffering capacity to lead to long term
stabilization of sensors subjected to high humidity and temperature. We can now evaluate a
simplified 1D model of these sensors accounting for the diffusion across the packaging. This
is especially important as for the devices to function, the salt / solution must be encased in a
“leak proof” polymer matrix. The selection of an appropriate polymer matrix and the
architecture of the buffer is vital to produce useful sensors and is partially governed by the
diffusion behavior inside the packaging. For this investigation we will apply a simplified

model (Fig 5.10.a). In order to build this model, we need to account for the WVTR of various

films. From theory, we can find that WVTR = (P, (p, — p;))/x* e®T ),*! where Py is
the coefficient of permeation, p1 and p> are the partial pressures of water vapor, x is the

thickness of the film, and the Arrhenius expression takes its usual form. However, as we are
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dealing with both polymer and metallized films, and the activation energy is difficult to

find for many materials. Thus, for this investigation, we shall ignore the temperature effects

on the permittivity and so the equation becomes WVTR = P pz;—pl.‘” Next we leverage the

: : n ny (%_%)RT
ideal gas law to convert the equation, p, — p; = (7—7) RT = Tmwiao =

(AH,—AH,)RT _ (RH;—RH;)cRT

. To find c, we will apply the Arden Buck equation to find the

mwi, 0 mwy,0
saturation partial pressure of water vapor, p_s = 0.00603e(18'678 T_ZZS;S)(TT_—ZKSLIE) in
units of atmospheres. Therefore, at 100% RH the AH can be found to be AHg,; = %,
and thus is equal to c. Thus we can find that, p, — p; = (RH, — RH;)ps X mvgzo X
mvr:;o = (RH, — RH;)ps. From these we can derive the permittivity of the previously

modeled aluminum films, P/x, as 0.1698 g/m?xday.

For initial calculations, let’s assume the LiCl buffer film is half hydrated, thus is at 1.035 g
water / g LiCl. We will artificially pick a LiCl loading of 20 g/m?, thus giving us an anhydrous
LiCl film thickness of ~9.7 pm. If we ignore solution effects, this leads to a total water layer
thickness of ~21 um. Let us set the void thickness to 50 pum and assume all sections are at an
initial RH of 11% and assume that the LiCl solution has a vapor pressure corresponding to
11% RH. For initial calculations let us use a temperature of 38 °C and 90% RH external to
the packaging. We will use the P/x of the matrix material as our core experimental variable.
These initial models will be carried out in Excel® and a pseudo void will be used for the
calculations between the packaging and the matrix at the top of the structure, its thickness is
setto 5 um (Fig. 5.10(a)). For these initial studies we will ignore buffer failure from hydration
changes in the buffer material. From these calculations, we can observe that the P/x must be
significantly higher than that of the packaging to produce the desired humidity within the
packaging (Fig 5.12.). From initial measurements it is observed that P/x of the matrix must
be > 10 for a P/x value of 0.1698 from the packaging material (Fig. 5.12(b)) to reduce the

error in humidity to less than 1%.



Table 5.2: P/x for various polymer matrix materials

Polymer Permeability P/x 100 pm P/x 50 uM
(g/mm*m2*day)
25°C, 1 atm
PDMS'"? >10 >100 >200
PMMA* 5.25 52.5 105
Natural Rubber 3.76 37.6 75.2
Latex*!
Polycarbonate®! 23 23 46
Neoprene G*! 1.49 14.9 29.2
pvCH 0.451 451 9.02
PET*! 0.213 2.13 4.26
Butyl Rubber*! 0.181 1.8 3.62
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Figure 5.12: Approximate models for diffusion in 1D thin-film sensors. (a) Effect of varying the

polymer matrix’s value of P/x on the voids humidity vs time trace for 38 °C and an external RH of

90% (b) Difference between void RH and LiCl idealized RH at 38 °C for an external RH of 5% and

90%.

By examining table 5.2 we find that numerous polymers exhibit sufficient P/x values for

these packaging problems. As discussed later, several polymers from this list have been

attempted or considered. One interesting result of these calculations is the realization that
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with these buffering materials, conventional polymer humidity barriers may be viable. If

we assume a humidity barrier P/x of 0.451 corresponding to 1 mm thick PVC, we can
calculate that the matrix material must have a P/x > 36. Again, by referencing table 5.2, we

can find several viable candidate materials.

In order to probe long-term device lifetime, a Python® script was written leveraging this
simplified diffusion model. By leveraging the meteostat Python® library, we can subject our
simulated devices to hourly historical weather data at locations around the globe. Locations
were selected to provide a variety of typical climates. Preliminary calculations were carried
out to evaluate time till buffer failure at various locations. A start time of 2010/01/01
12:00:00AM was selected. Preliminary results can be found in table 5.3. From these results
we can observe that the lifetime of the sensors is highly dependent on the environment the
sensor is subjected to. In temperate or dry environments, the sensor can exhibit a far longer

lifetime.

Table 5.3: Simulated Sensor Lifetime in Days at Various Locations starting at 2010-01-01 vs
LiCl Buffer Loading

Location Country S5gm’ | 10g/m? | 15gm® | 20 g/m?
1% RH 38 °C - 3 6 11 19
99% RH 38 °C - 3 7 13 25
Dubai International Airport UAE 10 55 131 170
Mumbai India 6 20 724 930
Honolulu International Airport | USA 7 31 962 1061
Tokyo International Airport Japan 118 192 1046 1117
Campinas Airport Brazil 7 33 922 1191
New
Auckland Airport Zealand 13 820 917 1228
Sydney Airport Australia 8 26 1191 1264
Cape Town Airport South Africa 9 63 1189 1275
Rome Fiumicino Airport Italy 111 200 1053 1383
Los Angeles Airport USA 15 1037 1110 1436
Cairo International Airport Egypt 13 69 174 1441
Newark Airport USA 94 157 1134 1445
San Francisco International
Airport USA 61 1047 1389 1716
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Hamburg Airport Germany 159 1031 1387 1755
Charles De Gaulle Airport France 118 1040 1405 1758
Seattle-Tacoma Airport USA 188 1052 1405 1773
Madrid / Barajas Spain 111 187 1793 2160
Tucson International Airport USA 21 128 160 2918
Denver International Airport USA 142 184 2528 2965
China Lake NAWS USA 55 154 180 4724
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Figure 5.13: Simulated sensor lifetimes in various locations dependent on buffer loading. Note the

step function effects in this data.

In Fig. 5.13. we can further examine this data. Of note, we find the sensors tend to undergo
large jumps in lifetime as the buffer loading becomes sufficient to overcome periods of
weather extremes within a given area. This presents an interesting opportunity for our
sensors. If we can reliably measure the state of the buffer material, the useful lifetime of the
commercialized sensors can be far higher than that of the worst-case scenario. In the case of

buffered thin-film sensors such as the architecture in Fig. 5.7(c), then we here propose that
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the hydration state of the buffer can be determined by measuring the ac electrical

properties (such as a capacitive evaluation of the dielectric constants)***} between the two
moisture barrier aluminum sheets. This measurement does not need to be continuous,
measurements made weekly throughout the device’s lifetime should provide sufficient the
buffer state and its degradation. This has the potential to significantly extend the lifetime of

these devices.

The diffusion models presented here represent preliminary analysis of these devices on a
highly simplified 1D model. To date the work on these devices has been preliminary, further
studies both with these and more advanced models are warranted for a better understanding

of the potential devices and to facilitate scale-up and commercialization.
5.8 Experimental Results with HBMs

Lithium Chloride humidity buffer materials have been fabricated with a variety of matrix

material. In this section we will review some of these composites and the results to date.

An initial test case was fabricated by placing LiCl onto a weight boat then applying a coating
of an ethyl-2-cyanoacrylate adhesive (Loctite® Super Glue professional), The adhesive was
cured in a high humidity jar. After the adhesive had cured, the sample was rinsed with DI
water. This buffer material (Fig. 5.14(a)) was observed to maintain the RH of a sealed glass
container at ~ 10%, it was found to restore this RH after being subjected to the addition of
water to the jar (via micro pipet) or removal of moisture from the jar (dry nitrogen purge).
Furthermore, unlike some later materials, no moisture was observed to buildup on the surface
of the matrix. While these results are extremely promising for rigid packaging solutions such
as those required for polymer based microbolometers, it was found through manual handling
that the cyanoacrylate matrix material was overly brittle for flexible devices. Furthermore
the heat generated during the curing of the matrix creates an added hazard during fabrication

of large area devices.
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Figure 5.14: Various LiCl humidity buffer materials. (a) LiCl-cyanoacrylate on a weight boat.
Note a red marker was applied to the weight boat prior to buffer creation to aid in visualization. (b)
LiCl-silicone as a freestanding material. (¢) LiCl-latex prepared via solid salt approach onto moisture

barrier film. (d) LiCl-latex prepared via emulsion approach onto moisture barrier film.

In order to probe flexible matrix materials, platinum cured silicone type materials were
selected next (Fig. 5.14(b)). Both Smooth-Ons EcoflexTM and DragonskinTM where
leveraged and found to exhibit similar properties for this application. LiCl was placed in a
petri dish then the silicone precursors were mixed per the manufacturer’s guidelines and
added to the petri dish. The silicone was then mixed with the LiCl and placed on a hot plate
at 60 °C to cure. Elevated temperature curing was selected as otherwise the LiCl tends to
settle out of the matrix during curing. After curing, the buffer was rinsed with DI water.
Preliminary tests were carried out and showed that this material combination (silicone and
LiCl) exhibits buffer behavior. It was observed that this material combination tends to
maintain an elevated RH of ~ 18%. The origin of this elevation relative to LiCl solutions was
not explored. Preliminary tests were carried out by placing a humidity and temperature
logging sensor (SensorPush HT1 Smart Temperature Sensor and Humidity Sensor) within a
bag prepared from Valsem Industries moisture barrier materials. The bag was then sealed
within a humidity-controlled glovebox. The bag was then placed on an elevated platform
within a plastic tub containing water. A simple humidity sensor showed the humidity within
this chamber was ~ 89-90% RH. After 25 days, the humidity within the sealed bag containing
just the logging sensor and no buffer material climbed from ~ 19.4% to ~ 20% at which point

the test was terminated. An identical bag with logging sensor was prepared within the
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glovebox, LiCl-silicone humidity buffer material was also added before sealing the bag.

After 1 day in the humidity-controlled glovebox, the bag was transferred to the high humidity
chamber. An initial large swing in humidity was seen, we suspect due to the temperature
differences between the glovebox room and the test chamber room. After settling, the
humidity was measured at ~ 17.9-18.0% RH for the 54 day duration of the test. These results
can be best seen in Fig. 5.15 and demonstrate that this buffer material can maintain a
relatively constant humidity. Furthermore, with the silicone buffer materials no water
droplets were observed on the material’s surface, similar to observations of the cyanoacrylate
materials. While extremely promising, the challenges in adhering silicone materials during
roll-to-roll fabrication and the long curing times make these material combinations
incompatible with the large scale production needed for commercialization of the HEA-AA

thin-film sensors.
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Figure 5.15: Humidity buffer test comprised of a sealed moisture barrier bag containing a
humidity sensor with and without buffer material exposed to high relative humidity. Note the buffer

material maintains the humidity within the bag.

To address the adhesion issue, natural rubber latex (Elmer’s No Wrinkle Rubber Cement)

was next explored as a buffer matrix material. This was prepared through two methods, a
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solid salt approach and a water/heptane emulsion approach. In the first approach, LiCl is

scattered across a surface after which the latex in heptane was applied over the same surface.
The latex is allowed to dry. The samples are then rinsed with DI water. This material (Fig.
5.14(c)) was observed to exhibit a buffered RH of 10-11%. To visualize the behavior of the
buffer materials, a low LiCl loading buffer material was prepared through this method on a
moisture barrier film and subjected to high and low humidities (Fig. 5.16(a-b)). From this we
can observe that under high humidities the droplets grow until all salt is dissolved, however
the liquid of the droplets remains encapsulated within the latex film. When subjected to
drying, the droplets shrink and the LiCl crashes out. Again, remaining fully contained within
the latex film. While interesting, it was observed that the produced film exhibited a highly
variable LiCl concentration due to clumping. Furthermore, this material was found to exhibit
water droplet growth on the surface of the matrix. The origin of this growth has not been
identified, however, we suspect it may be indicative that the LiCl can migrate to the surface
through some method.** It is known that ion transport through latex can occur, however its
significance under these conditions is unknown. While these issues are under investigation,
several studies have been undertaken with this material as it presents some opportunities for

fabrication within the roll-to-roll approach.

To resolve the clumping issues and resolved other issues foreseeable in roll-to-roll
fabrication, an alternative approach was attempted. By mixing latex in heptane with a
saturated LiCl solution in water, and the addition of sodium dodecyl sulfate, a somewhat
stable emulsion can be prepared. This is exciting for roll-to-roll fabrication as it allows the
application of a single phase material. As the emulsion dries it forms droplets of water
encapsulated in a thin latex film. Once the water dries it produces a largely porous latex
material (Fig. 5.14(d)) with a thin layer of latex between the salt bubbles and the
environment. We theorize this leads to a more optimal value of matrix P/x. Furthermore, as
the latex film is dried with the buffer in a fully hydrated state, this leads to the latex material
being under minimal strain as the buffer hydrates, this is notably the opposite of the solid salt

approach. While the emulsion was found to be sufficiently stable for preliminary trials, it
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was observed that the emulsion typically separated within a week. Further work on this

approach is needed.

Figure 5.16: Hydration behavior of LiCl-Latex HBMs. (a) Extremely low loading HBM in a
highly hydrated state. No solid salt is observed. (b) Extremely low loading HBM in a dried state.
Note the small crystals of LiCl observed. (c) Typical loading HBM in a partially hydrated state. (d)
Typical loading HBM in a partially dried state.

As other work within the group is exploring the potential applications of guayule latex, here
we note that we do not believe there are any technical issues with substituting natural rubber
latex for guayule latex for the humidity buffer application, however, it has not been tested.
As guayule latex in water emulsion is currently within the group, attempts were made to

incorporate the LiCl into the water emulsion. This is especially interesting as the removal of
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the organic solvents from the process significantly decreases the risk to workers.

Additionally, the emulsions are extremely easy to apply to surfaces due to their tendency to
crash out. However, to date we have not managed to stabilize the latex-water emulsion to the

addition of lithium chloride. Further work in this direction is needed.

While promising, latex presents two major limitations, first for roll-to-roll fabrication latex
is extremely challenging to handle as a freestanding film. Second, latex processing requires
use of hydrocarbon solvents such as heptane which present significant risks to the workers.
In examining table 5.2 and the solubilities of materials, PMMA was selected as a next step
matrix material due to its high WVTR and solubility in less hazardous solvents such as
acetone and ethyl acetate. Initial tests with PMMA showed it as too brittle for fabrication of
flexible sensors. This issue was reduced by leveraging a plasticized PMMA film as the
precursor. However, while somewhat flexible films could be fabricated it was observed that
when LiCl was introduced, the bubble swelling causes cracking in the PMMA matrix leading
to the solutions escaping the matrix. Further work into plasticizing PMMA for this

application may be relevant, however other matrixes may be of more interest.

In the context of roll-to-roll fabrication, highly elastic materials such as PDMS and latex are
difficult to process as freestanding films, as such it would be more optimal to cast the buffer
material onto the device during fabrication. For highly brittle materials like PMMA similar
challenges arise. As we consider where to explore further in developing the next set of
humidity buffer matrixes, we turn our attentions to polycarbonate, PVC, and PET, as all

exhibit acceptable WVTRs and allow freestanding roll-to-roll fabrication.
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5.9 Potential Fabrication of Thin-Film Sensors Leveraging the HBM
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Figure 5.17: Potential fabrication approach for humidity buffered sensors.

A vital question when exploring a new material is how the introduction of this material
effects the fabrication of the devices. We can visualize a process flow chart for the fabrication
of these materials (Fig. 5.17). In this approach a top sheet (A1-A4) and a bottom sheet (C1-
C2) are fabricated then adhered together in AS. For each step we utilize standard roll-to-roll
fabrication processes. Here we examine the particular manufacturing challenges that we can

foresee.

The first fabrication step, Al, presents a variety of challenges dependent on the humidity
buffer matrix material. For materials such as silicone, latex, or PMMA, the buffer material
will have to be applied as either a liquid or slurry onto the sheet then cured/dried on the sheet.
This can be approached by leveraging standard drying oven approaches. If future work

allows for flexible, non-brittle, non-elastic, freestanding HBMs, then fabrication becomes a
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simple challenge of sheet adhesion. This may be enabled by work towards polycarbonate

and PVC HBMs. Of note, this remains the only step that is complicated by the addition of
the HBMs.

The fabrication step A3 presents a large challenge, the alignment between the insulating layer
sheet and the electrodes. As discussed before this issue can be reduced by increasing the size

of the cutouts, however it remains a challenge in the fabrication of these devices.

Step A4 presents a small challenge as the concentration of the HEA-AA solution cast needs

to be precisely tuned to the manufacturing process. This is ongoing work in our lab.

Step AS presents the most significant alignment challenge, as small shifts in the relative
electrode positions will significantly affect the electrical properties of the devices. This is
perhaps the largest argument for the common signal approach to readout, however, due to
the large scaling issues as the number of sensors is increased, we strongly recommend the
row-and-column readout approach. Unfortunately, this requires the electrode alignment
challenge to be solved in manufacturing not device architecture. Additionally, as presented,
this step will lead to a thin coating of glue between the HEA-AA sensing material and the
bottom electrode, which depending on the electrical measurement used may present a small
challenge. From the information that we have it is reasonable to assume that if the sensor is
operated in a pseudo capacitive manner, this thin coat may have only minimal effect on the
device performance. Preliminary tests have demonstrated that the glue utilized in these steps
does not intrude into the HEA-AA polymer when cast on top of it and does not shift the

electrical performance.

We can now discuss one of the largest benefits of HBMs in this class of devices. Prior
discussions on the fabrication of these devices presented a number of challenges, the largest
challenge so far is controlling the hydration state of the HEA-AA polymer during device
fabrication. Preliminary work focused on leveraging drying ovens at elevated temperatures
to quickly drive the polymer into a low humidity state prior to sealing of the sheets. However,

as room humidity during sheet fabrication is commonly not precisely controlled in roll-to-
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roll fabrication facilities, producing consistent sensors represents a massive challenge.

However, with the utilization of the HBMs, as long as the HBM is within its functional
hydration range, the hydration state of the HEA-AA polymer is known and well controlled.
This allows for more reliable fabrication of consistent sensors. By examining the previously
presented diffusion data and provided the hydration state of the HBM can be measured, this
approach presents a simplified route to fabrication. The sheets can be fabricated on the typical
production floor, the hydration state of the roll can then be measured, and the roll can then
be stored in either a high humidity (~99% RH) or low humidity (0% RH) until the hydration
of the HBM meets the required specification. This allows for a tuning of the material after
fabrication making it more immune to variations in temperature and humidity on the

production line.

5.10 Experimental Results of Packaged Sensors

To probe actual sensors leveraging the HBM, a simplified architecture was created. Due to
fabrication issues, the planer circular interdigitated electrodes fabricated on polyimide boards

(see Chapter 3) were substituted in the place of the thin-film sensors.

For these studies a small pouch of Valsem Industries humidity barrier film was prepared. In
buffered sensors, ~ 150 mg of LiCl was placed on one side of the pouch, in the control devices
the LiCl was excluded. To this side of the pouch, ~ 1 mL of natural rubber latex in heptane
was cast and the LiCl was stirred in. The latex films were then allowed to dry. After the latex

film solidified, they were rinsed with DI water before being dried in a N2 box.

The HEA-AA samples on the polyimide boards were prepared as outlined in Chapter 3.
Wires where soldered to the electrical contacts of the boards. The boards were then stored in

a N, box.

For glovebox prepared samples, the boards and pouches were then transferred into a
humidity-controlled glovebox. They were held at < 10% RH at least overnight. The glovebox
RH was then brought up to 10-11% and the boards were sealed into the pouches by a
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combination of hot-pressing and ironing. The samples were then held again overnight at

10-11% RH prior to being removed for testing.

For bench top prepared samples, the boards and pouches were removed from the N2 box.
The boards were then sealed into the pouches by a combination of hot-pressing and ironing.

Immediately after all boards were sealed, they were transferred to the testing apparatus.

a) b) c)
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Figure 5.18: Experimental photos from buffer sensor tests. (a) Buffered and control pouch for

2 sensor test immediately after latex deposition. (b) Fabricated sensors for 2 sensor test, note the
epoxide bead sealing the upper edge and the heat shrink tubing around the electrical connections. (c)
2 sensor test sensors after the test was terminated. Note the 6 holes in the sensor packaging. (d)
Experimental setup for the 6 sensor tests. (¢) Board damage at the contact from the first of the 6 sensor

tests. Failure circled in red.

Measurements on all samples were carried out on an impedance analyzer (Zurich Instruments
MFIA 500 kHz) with a 10 Hz, 100mV input signal. Connection to the sensors was manually

switched and manually recorded.

As an early test two sensors were prepared in the glovebox as discussed before. Two
modifications of that procedure were carried out. First, the connection between the wires and
the board had a heat shrink tube applied to it. This was to reduce likelihood of the boards
shorting from condensation, however it was removed from future tests as direct observation
of the electrical contacts was desired (Fig 5.18.a). Second, a bead of epoxy (JB Weld®
Original Steel Reinforced Epoxy) was applied around the edges of the packaging with
especially thick coatings applied where the polyimide board exits the packaging (Fig 5.18.b).
This epoxy was added as it was noticed previously that the heat seal method of the moisture

barrier pouch does not form a good seal with polyimide.

For the tests, these sensors were suspended within a glass jar over a small quantity of liquid.
This produces a high humidity environment we believed would drive the sensors into a quick
failure. However, as can be seen from the electrical data (Fig. 5.19(a)) that for the initial
period of this study the current of both sensors is decreasing at a fairly similar rate. The
mechanism of this decrease is not yet understood but is observed in many of our packaged
sensors. The question of why we do not observe the current increase as water is taken up into
the control sensor, like is observed in the thin film sensors, is of central concern. While this
packaging approach utilized a different packaging film, we do not expect the WVTR to be
significantly different. However, if we revisit our models for the thin-film sensors, we can

draw a strong hypothesis. We previously found that the change in RH of a cylindrical void
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varies inversely with the height of the void. If we extend this to the polymer films and

stretch the model beyond reason to both the thin film sensors and the packaged polyimide
sensors we can draw the following conclusion. In the thin film sensors, the polymer film’s
thickness is ~ 50 pm. For the polyimide sensors we can estimate the thickness from visual
inspection to be > Imm. As such we should expect that if the WVTR is the same, the
polyimide sensors should be at least 20-fold less responsive to external humidity. To
artificially increase the WVTR, on day ~ 8 of the trial a hole was punctured in the center of
the back of each sensor with a pin. This hole was pressed through the packaging layer into
the latex layer. However, as the desired change was not observed by day ~ 9, five additional
holes were punched with one in each corner and one additional hole in the center (Fig 5.18.c).
The current was seen to rapidly increase in both sensors, with the increase less in the buffered

S€nsor.

As we desired a higher WVTR through the packaging, however believed puncturing holes
to be a suboptimal approach, we did not apply the epoxy bead to any further tests and hoped
that the leakage through the packaging / polyimide interface would be sufficient to drive a

noticeable difference between the buffered and the control sensors.

For the next trial, we prepared 3 control and 3 buffered sensors and packaged them on the
bench top. The sensors were tapered to a copper plate. Two thermistors were also taped to
the plate. The experiment was carried out with the samples exposed to the laboratory

humidity and temperature (Fig 5.18.d).

It is vital here to note a significant issue that arose during this experiment. As we needed to
view the electrical contacts during the experiments to rule out contact corrosion as a cause
of the decreasing current, heat shrink tubing was not applied to the interface between boards
and the wires. However, due to the flexible nature of the boards and the rigidity of the
soldered joints, handling the boards placed an unusual stress on the boards at the narrow
section where the pads connect to the traces. Over time this led to the traces snapping (Fig.
5.18(e)). In some cases, this could be mediated by holding the wire at such a position where

the pads continued to make sufficient contact with the board’s trace and to the maximum
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extent possible in these studies this was performed. However, many of the sensors were

prematurely terminated from the study due to the failure of these electrical contacts.

In examining the electrical data (Fig 5.19.b), we can quickly observe that all buffered sensors
follow a climb to a peak followed by a decrease over time. The sensor’s initial currents
exhibit a wide array of values and similarly the peak height are different between each sensor,
however the peak shape and overall the general shape of the decay seems to be preserved. In
particular, the slopes of the decay after the initial peak has decayed appear to be the same.
We believe that this peak is indicative of the water uptake by the sensor during packaging.
As the sensors were packaged individually while all of them rested on the bench top, different

sensors up took different amounts of water.

Of note, we find that one of the control sensors S5 exhibits this same behavior, while S1
exhibits a steady increase in current and S3 exhibits wild fluctuations largely in line with
changes to the laboratory’s humidity. We hypothesize that these behaviors are indicative of
different degrees of WVTR of the packaging. S5 has a low enough WVTR it behaves
similarly to the buffered sensors as we saw in the two sensor experiment. S1 exhibits a higher
WVTR which leads to a slow uptake of water and thus a slow increase in current. S3 suffers

from a high WVTR and thus fluctuates wildly with laboratory humidity.

An additional trial was undertaken leveraging 3 control samples and 3 buffered samples
packaged within the humidity-controlled glovebox. To eliminate the contact trace issue,
several layers of polyimide tape where applied to the underside of the contact/trace to
increase the stiffness of this region of the board, no issues with trace breakage were observed
with these samples. In examining the electrical data from this trial, we can quickly observe
that the no initial peak is observed. Furthermore, we can see that the three buffered sensors
exhibit again very similar shapes and slopes. While for the control sensors UB2 exhibits a
far slower decay, UB 6 exhibits a steady increase as water is up taken into the sensor, and
UB 4 appears to behave similarly to the buffered sensors. In examining these slopes, we can

apply a linear fit starting on day two. From this we find that B3 and UB4 exhibit a slope of -
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1.10x10” and -1.22x10" respectively with R > 0.9. B1 and B5 exhibit a slope of -

2.31x107'% and -2.60x10'° respectively with R? > 0.9.
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Figure 5.19: Results of HBM sensor tests. (a) Results of two sensor test showing control (red)

vs buffered sensor (blue). Notice both sensors follow the same trend until the packaging was
punctured 6 times, at which time both sensors current measurement rapidly increases, however It
increases less for the buffered sensor. (b) Results from 6 sensor test with the sensors packaged on the
bench top. Control sensors are denoted with dashed lines and UB in the legend, while buffered sensors
are denoted with solid lines and B in the legend. Note, due to issues leading to breakage of the
polyimide boards, many sensors are terminated prematurely. Notice hydration behaviors of the
control sensors S1 (UB) and S3 (UB) (c) Results from 6 sensor test with the sensors packaged in the
glove box. Control sensors are denoted with dashed lines and UB in the legend, while buffered sensors

are denoted with solid lines and B in the legend. Notice the failures of sensors UB2 and UB6.

From these studies, we find that to date the buffered sensors appear to exhibit similar decay
functions, we attribute variations in them to variations in their manufacturing and believe
with higher precision each sensor should behave more consistently. We especially note that
none of the buffered sensors appeared to exhibit large fluctuations as the laboratory humidity
varied day to day. If this decay function is inherent to the sensors, as long as it is consistent,
it can be removed through data processing. The origin of it remains unknown, however, we
may speculate that it originates from a slow corrosion of either the electrode’s copper or the
packaging’s aluminum leading to a change in the electrical contacts and/or a decrease in the

water content inside the packaging.

As to the buffer’s effectiveness, we cannot at this time conclusively prove its effectiveness.
From the control samples we can observe that the WVTR of this packaging approach varies
widely sample to sample. That we have seen the effects of the laboratory humidity clearly in
3/6 control samples and its possible effect in 1/6 additional control samples while it has not
been seen in any of the buffered samples, implies the buffer is functional, however, further

tests precisely controlling the WVTR are needed to prove this.

5.11 Summary and Conclusions

In this chapter we demonstrated that thin-film polymer sensors fabricated with the HEA-AA

sensing element suffer severely from changes in the environmental humidity. We discussed
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details concerning the manufacture of these sensors in commercial roll-to-roll fabrication.

We developed toy models and experimentally demonstrated a new approach to controlling
the humidity within packaging and through theory calculations showed its potential for HEA-
AA based thin-film sensors. We carried out experimental studies leveraging these buffered

sensors, which while promising remain incomplete.

This chapter represents a significant step towards taking the HEA-AA sensing polymer from
bench top to bedside, however significant further work is needed. A full understanding of the
HBMs and the slow decay seen in the packaged sensors is needed. As discussed before, this
decay need not be fully arrested, however it must be well understood enough to model the
behavior consistently. With these present results, we can propose one application in which
this should be a minimal problem, heat mapping insoles for detection of diabetic foot
ulceration. As the patient should remove their shoes every night and only relative heat across
the heat map are required, renulling of each sensing element to a single conventional
thermistor can be performed overnight after the temperature has normalized across the map.
This represents a significant application for this technology that should be viable within the

near-term.
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Chapter 6

OBSERVATIONS AND OUTLOOK

6.0 Chapter Preamble

This chapter provides a window into unusual observations made during this thesis work,
factors not explored in other chapters that we believe may influence HEA-AA performance,
and proposes some future directions for the work. It is aimed squarely at providing useful
information to the next generation of researchers working on HEA-AA or other ionotronic

temperature sensors.

6.1 Crystallization in ion-HEA-AA

One of the most enduring mysteries in the saga of HEA-AA is the formation of crystalline
regions within the polymer. Early spectroscopic studies into HEA-AA comprised examining
the polymer with a wide array of different di- and trivalent metal chlorides. It was observed
that drop casting dilute CuCl,-HEA-AA onto a glass slide on most days produces an opaque
film due to the formation of what appeared to be crystalline regions (Fig. 6.1(a)). As there
was interest in this crystal formation, a day was selected when crystallization was observed
in the pectin lab. After confirming crystallization within the pectin lab, the preparation
materials were moved < 100 ft through an open doorway to the microscopy station in the
adjacent room. When multiple samples were cast, at the microscopy station, both under the
microscope and on the bench top, crystallization was not observed. When the preparation
materials were moved back into the pectin lab and another sample was prepared,
crystallization occurred. From this we speculate that minute differences in the temperature
and humidity during casting can cause large changes morphology of the produced film.
Further experiments have found that when CuCl.-HEA-AA is cast from a more concentrated

(higher viscosity) solution, immediate crystallization has not been observed.
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Figure 6.1: Images of various crystalline regions within HEA-AA films. (a) CuCl,-HEA-AA film
exhibiting opacity driven by crystal formation. (b) Microscopy of CuCl-HEA-AA (10x). (c)
Microscopy of FeCl;-HEA-AA (20x). (d) Microscopy of CoCl-HEA-AA under standard
concentration(10x). (e) Microscopy of CoCl,-HEA-AA under %4 standard concentration (10x).
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Puzzled by this phenomenon, microscopy was carried out on a variety of older

spectroscopy samples each prepared by drop casting dilute solutions onto glass slides. While
not observed for every sample, nor every sample that nominally was prepared and stored in
the similar manners, many samples exhibited microscopic regions that appeared to show
crystallization. The CuCl,-HEA-AA samples showed this distinct star pattern (Fig. 6.1(b)).
The FeClz-HEA-AA samples showed blocky crystals (Fig. 6.1(c)). While the CoCl.-HEA-
AA samples showed these long thin structures (Fig 6.1(d)). When we examined some
samples at 'z typical CoCl, ion loading, the crystals observed were seen to be somewhat
longer (Fig. 6.1(e)). When we examined one CoCl,-HEA-AA sample at 1/40th typical ion
loading, occasional points of distinct coloration appearing to be potentially small regions of

crystallization were still observed.

A reasonable question arises when examining these microscopy images, are the regions
really crystallization or originating from some other polymer film morphology? To address
this concern, film x-ray diffraction (XRD, Rigaku SmartLab) was performed on a CoCle-
HEA-AA, CuCl-HEA-AA, and FeCl.-HEA-AA films exhibiting crystalline regions under
microscopy. Additionally, a CaCl.-HEA-AA film was included. The CaCl.-HEA-AA and
FeCl;-HEA-AA films were found to exhibit no distinct peaks, while the CoCl>-HEA-AA and
CuCl-HEA-AA films were found to exhibit distinct diffraction spectra that did not match
other spectra within the powder x-ray diffraction database (Fig. 6.2). This demonstrates clear
crystal formation within these films. An extraction of 3D crystal parameters from this one-

dimensional data is beyond the scope of this thesis.!
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Figure 6.3: Crystal formation in old calcium films. (a) Variety of films exhibiting crystal
formation. (b) CaCl,-HEA-AA film exhibiting small crystal formation. (c) CaBr,-HEA-AA film
exhibiting no visible crystallization. (d) Ca’*-HEA-AA anion free film prepared from CaCO;
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exhibiting large crystal growth. (e) Ca’-HEA-AA anion free film prepared from Ca(HO),

exhibiting large crystal growth.

As shown in Chapter 3, the blue coloration within our CoCl.-HEA-AA films is consistent
with tetrachlorocobaltate, as the crystalline regions in these films show this distinct blue
coloration (Fig 6.1(d-¢e), due to instrumentation issues a yellow filter is shifting the coloration
in the images). From this one may wonder if these crystalline regions consist of the
tetrachlorometallate salts. While it appears the CoCl,-HEA-AA crystalline regions likely
contain tetracchlorocobaltate, we can see from the following data that the presence of the
chloride is not necessary to produce crystalline regions. For a spectroscopic study, CaCls-
HEA-AA, CaBr,-HEA-AA, and two Ca?"-HEA-AA films, one prepared by the reaction of
CaCOs with HEA-AA, the other prepared by the reaction of Ca(OH)., were drop cast from
concentrated (high viscosity) ethanol solution onto the same glass slide. No crystalized
regions were observed at this time. The film became a demo sample that was pulled out for
laboratory tours. As such it was rarely interacted with but was subjected to heating at 60 °C
under room air, bench top storage, and storage under dry nitrogen. After a few months of
non-observation, crystalline regions were observed to have grown (Fig. 6.3(a)). The CaCls-
HEA-AA film was observed to grow small crystalline regions (Fig. 6.3(b)). The CaBr.-HEA-
AA film was observed to produce no crystalline regions (Fig. 6.3(c)). While the two anion
free Ca?’-HEA-AA films were observed to produce large crystalline regions (Fig. 6.3(d-¢)).
While considered, a method of extracting these crystalline regions for x-ray studies was not
found. However, this demonstrates that the anion need not be present for these crystalline

regions to form in the polymer.

For now, the mechanism of the crystal formation, the factors that lead to its formation, and
the structure of the crystalline regions remain mysteries. Further studies leveraging the
microcrystal electron diffraction may shed a light on these structures.*® Studies leveraging
the humidity-controlled glovebox may provide new insights into the factors that drive crystal
formation. If the macroscopic crystals observed in Fig. 6.3(d-e) can be consistently produced,

studies into the effect of these crystal regions on both the bulk and localized electrical
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properties may provide exciting insights into both these regions of the polymer and the

mechanisms of charge transport.
6.2 Factors That May Affect the Polymer’s Performance

In this section, we will explore factors that may significantly affect the polymer’s
performance that we find are understudied and warrant further investigations and/or controls

during materials processing. This discussion is not meant to be all inclusive.
6.2.1 Purity During Synthesis.

During our typical synthesis of the polymer, a precipitation in diethyl ether is carried out to
remove monomers and other impurities. The necessity of this purification step is often
debated as to if it affects device performance and industry partners would greatly prefer this
purification step being removed. Additionally, once the polymer is dissolved in ethanol, the
solution can take a slightly cloudy appearance, this is often removed through a syringe
filtration. The identity of this solid has not been determined, nor has its effect on device
performance and stability been evaluated. Systematic studies examining the effects of these

purification steps on device performance are warranted.
6.2.2 HEA/AA Ratio.

If the synthesis is carried out properly every time, the ratio of 2-hydroxyethyl acrylate (HEA)
to acrylic acid (AA) should remain fixed, however, the verification of this via NMR is rarely
carried out. Furthermore, although there is limited experimental results regarding the
HEA/AA ratio in the BTS polymer (Fig. 2.2(d)), these measurements were carried out
without humidity controls.” We expect variations in these ratios to lead to variations in the
hydrophilicity, the hydrogen bonding interactions, and the binding of metal ions. Detailed
studies in the effect of varying the HEA/AA ratio are warranted in addition to occasional QC
measurements after polymer synthesis. Without these studies we cannot reliably know how

vital this synthetic parameter is.
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6.2.3 Chain Length and Dispersity

Similarly, the chain length and dispersity of the produced polymer is rarely characterized.
However, changes in the chain length should have direct effects on the glass transition
temperature of the polymer and the chain segmental motion.® As shown in Chapter 3, the
chain segmental motion plays a critical role in the charge transport. As such this critical
parameter warrants a careful study into its effects and verification of the degree of variation
synthesis to synthesis. Preliminary NMR studies carried out during reaction scale-up showed

variations from chain lengths of 57 to 75 monomers.
6.2.4 Viscosity During Casting

As discussed in section 6.1, the morphology of the produced polymer film is highly
dependent on the viscosity of the casting solution. During the drop casting procedure, the
viscosity coupled with the surface tension governs the thickness of the resulting film.
Furthermore, low viscosity solutions lead to a strong coffee ring effect with notable thickness

variations (Fig. 6.1(a)).!%!!

In preparing samples for measurement on the polyimide circular interdigitated electrodes, if
the sample is too thin, the measured currents will be below the noise floor once the sample
is dried (Fig. 5.5). One approach to resolve this with low viscosity polymer solutions is
repeated casting until the desired thickness is reached. This approach can work, however
frequently leads to trapped pockets of air and/or solvent within the resulting polymer. These
pockets can swell into bubbles upon heating of the sensors causing disruptions to

measurements of the electrical properties.

If the polymer is instead cast from a high viscosity solution (between honey and molasses),
a single casting of the polymer can produce a sufficiently thick sample. As long as air bubbles
are not introduced from pipette tip motions and the sample is not initially dried too hot,

bubble formation does not occur during temperature cycling electrical measurements.
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6.2.4 Ion Concentration

For the vast majority of studies discussed in this thesis, the concentration of the ions within
the polymer remained fixed. This is somewhat critical as at high ion concentrations, the ion-
ion interactions can start to affect the charge transport.!> We would expect that changes in
the ion concentration may lead to changes in the response and the sensitivity of the polymer
to humidity. This is especially relevant as the metal carbonate prepared films cannot be
prepared to the standard concentration for these studies due to incomplete reaction between
the polymer and the salt. A systematic study examining the effects of ion concentration on
the electrical properties of the polymer is critical. A preliminary study (Fig. 6.4) shows that
the effect of ion concentration appears to be significant, however, as this data set is plagued

by instrumentation issues, further studies are needed.
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Figure 6.4: Current responses at various humidities for CaCl,-HEA-AA at two ion

concentrations.
6.2.5 Temperature and Humidity During Casting

As examined in section 6.1, we suspect that the temperature and humidity may play a

significant role in the morphology of the polymer film after casting. We suspect this is driven
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by solvent evaporation rates and water driven formation of interpolymer complex

hydrogen bonding networks (IPC) within the polymer. To date, the temperature and humidity
during casting has largely remained uncontrolled. By leveraging the humidity-controlled
glovebox, we can systematically look at how relative humidity and temperature during

casting effect the performance of the films.

6.2.6 Solvent Water Content

Similar to the previous point, the casting solvent, ethanol, is hydroscopic and will uptake
water from the air. In the current studies, the casting solvent is largely assumed to not contain
meaningful quantities of water. However, it was found during cobalt chloride spectroscopy
studies that some of the ethanol solvent containers where grossly contaminated with water.
If this is not accounted for we would expect this to affect the film morphology both through
changes to the solvent evaporation rates and changes to the formation of hydrogen bonding

networks.

6.2.7 Drying Temperature and Conditions

Understanding the effects of drying conditions on the polymer performance is critical to
producing useful polymer films. It has been observed that transferring the polymer to
elevated temperatures such as during hot plate drying, or placing the samples within a
vacuum chamber too soon after the polymer is cast can lead to bubble formation. However,
once this window has past, successful devices have been prepared by drying the samples in
all of the following methods: 1) Drying the samples on a hot plate on the bench top (50-70
°C). 2) Drying the samples in a vacuum chamber. 3) Drying the samples under dry nitrogen
purge. 4) Drying the samples on the electrical measurement apparatus either at elevated
temperature or cycling temperature. Most typically samples are dried initially on the hot plate
before being stored under nitrogen purge. Note, due to the hydroscopic nature of the samples
it is critical that samples on polyimide boards are stored dry either at elevated temperatures

or under nitrogen purge as otherwise the Au/Cu electrodes will show corrosion of the copper.
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6.3 Future Directions

In this section we will outline several future research directions for this material.

6.3.1 Variations in the HEA-AA Monomers

As discussed in Chapter 3, questions remain about details of the mechanism driving the high
temperature response. Additionally, we suspect that other polymers may lead to an even
higher temperature response. To improve our understanding of HEA-AA and develop this
next generation of ion conductive temperature sensing polymers, we propose a systematic
variation to the monomers comprising HEA-AA to explore three core questions. First, how
changes to the ion binding strength of the acrylic acid affects the electrical properties and the
temperature response. Second, how changes to degree and strength of the IPC affect the
electrical properties and temperature response. Finally, how changes that affect the chain
mobility and/or glass transition temperature drive the electrical properties and temperature

response.

6.3.2 Simultaneous Electrical and Spectroscopic Measurement

Our current understanding of current vs humidity behavior in ion-HEA-AA systems does not
provide us with quantifiable values for how the water content of the polymer affects electrical
properties. Nor does it tell us how water content correlates with the relative humidity. This
value would be extremely useful for both device development/modeling (Chapter 5), and for
enabling molecular mechanics simulations. We believe a powerful approach to resolve this
question is simultaneous electrical and NIR/IR measurements under controlled humidities.

The development of an instrument enabling these should be a high priority.
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6.3.3 Mechanical Properties of HEA-AA

While some studies have been conducted on the mechanical properties of HEA-AA
composite materials, to date, no studies on pure HEA-AA or ion-HEA-AA’s mechanical
properties have been quantitative. It is apparent that the mechanical properties should vary
depending on the ions present, the ion concentration, and the polymer’s water content. As
such each of these factors should be studied within the framework of the material’s
mechanical properties. These measurements will likely be comprised of a combination of
rheology and film on elastomer tensile testing. While this work may provide interesting data
sets for fundamental science, its primary value is for the development of devices. Knowledge
about the mechanical properties of the polymer in various humidity states is critical for the

design and manufacturing of commercial devices.

6.3.4 Temperature Extremes Sensor Performance and Stability

When discussing the development of commercializable sensors, two core questions are
repeatedly asked, first, what is the measurement range of the sensor, and second, what is the
stability range of the sensor for shipping and storage. In our case, the current limits of the
measurement range that has been evaluated 10 °C — 65 °C is limited by the current
instrumentation. However, further studies are needed to expand this range to the materials

limits.

Similarly, the storage stability limitations have not been fully explored. Typical sensor drying
can occur at 70 °C without noticeable sample degradation. However, a preliminary high
temperature trial comprised of 140 °C for 48 hrs led to discoloration of the polyimide board
and the current response (25-65 °C) shifted from > 1000 before treatment to < 10. Further
trials are needed to establish the high temperature stability of the polymer. The low

temperature limits of the sensor’s stability similarly needs to be explored.
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6.3.5 Sensor Development

As discussed in Chapter 5, further work into sensor development, packaging, and the
humidity buffer material is critical to transition these materials from the lab bench to the

factory.
6.4 Conclusions on Outlook

HEA-AA sensors represent a potential breakthrough for both IR imaging and healthcare. But
before they are ready to impact people’s lives, many open questions must be answered. To
reach these goals, the research directions must simultaneously solve fundamental science
questions relate to the mechanism/behavior of the polymer and ions, at the same time make
strides towards solving the issues that prevent commercialization and explore the application

space of the material.
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Chapter 7

CONCLUSIONS

7.1 Thesis Summary

We have explored in this thesis the development of a novel temperature sensing material
comprised of an ion conductive polymer. We have examined it from both a fundamental
science lens (Chapters 2-3) and an applications lens (Chapters 2,4-5). In Chapter 1, we

explore the potential impacts of these materials to IR imaging and healthcare.

In Chapter 2, we introduce this polymer, poly(acrylic acid-co-2-hydroxyethyl acetate)
(HEA-AA), and explore its performance and functionality within a block co-polymer. We
demonstrate the large temperature sensitivity of the material and many of its electrical
properties. In this section we briefly explore this material’s application to temperature
mapping and IR sensing. To further dive into the unique characteristics of this polymer, we
explore the formation of interpolymer complex by HEA-AA and the ability of water to strip

ions from the polymer.

In Chapter 3, we dove into the mechanism behind HEA-AA’s record-breaking temperature
response. Through ion substitution studies we demonstrate that the metal cation is necessary
and sufficient to produce the large temperature response in the HEA-AA complex. From
FTIR studies, we demonstrate that increases in the water content from humidity is not
sufficient to free metal ions from carboxylic binding sites. From UV/Vis studies of CoClo-
HEA-AA and CoBr,-HEA-AA, we demonstrate that some portion of the cobalt cation ends
up bound as tetrahalocobaltate despite no additional chloride being added. We discuss a
potential mechanism and observe that this is also seen in CoClz-poly(acrylic acid) films. We
explore that this is a mechanism that affects the number density of cobalt cations that can
engage in charge transport and extrapolate that it may occur with many other salts and other
systems utilizing polymers that tightly bind metal chlorides. We then demonstrate the water

uptake decreases the glass transition temperature of the polymer. By applying the Vogel-
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Tamman-Fulcher (VTF) model to variable-temperature variable-humidity impedance

spectroscopy, we showed that water uptake primarily shifts the To term, thus changes in the
water content primarily affect the glass transition temperature. We additionally note the
ability to superimpose the spectra implies the humidity and temperature affect the current
response through the same mechanism. From this we can extrapolate the key role of chain
segmental motion and speculate from the literature the potential influences of a hydrogen

bonding mechanism.

In Chapter 4, we pivot to discussing the application of HEA-AA to dual heat flux (DHF) core
body temperature measurement (CBT). We characterize the temperature response of a
variety of metal chlorides—-HEA-AA films. We demonstrate an ultra-thin DHF CBT device
more than 10-fold thinner than the thinnest device we have found in the literature. We
evaluate the sensor’s error through finite element analysis. We evaluate the time response of

our DHF sensor then demonstrate its accuracy leveraging an agar tissue phantom.

Chapter 5 explores the challenges presented by roll-to-roll fabrication of thin-film HEA-AA
temperature sensors and the development of humidity buffer materials (HBM) to stabilize
these sensors. We demonstrate fabrication of sandwich thin-film sensors and characterize
their electrical performance. We discuss the engineering challenges presented by this class
of sensor and demonstrate experimentally that they are not sufficiently sealed from
environmental humidity. From this, we construct a crude toy model and demonstrate for thin
sensors a substantially lower water vapor transmission rate would be required. We then
discuss the architecture of the HBM and analyze its potential lifetime through a simple
WVTR model. We expand to a more complete diffusion model and demonstrate that the
WVTR of the humidity buffer’s matrix must be substantially higher than the WVTR of the
packaging. We further simulate the lifetime of the sensors for a variety of locations and
demonstrate that the sensors lifetime in temperate climates far exceeds the worst-case
scenario. From there we demonstrate HBMs with a variety of matrix materials and
demonstrate its ability to maintain the humidity within a sealed bag. We then explore

challenges in fabricating the thin-film sensors with HBMs in a roll-to-roll manner. Finally,
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we discuss experimental results for several trials of packaged sensors with HBMs. We

discuss the limitations of this data set and substantial unknowns presented by it.

In Chapter 6, we first discuss the unusual data surrounding crystallization within the ion-
HEA-AA films. We then go on to discuss factors to consider controlling for in future studies.
Finally, we discuss several future directions for this research that are vital to understand the

fundamental science of the HEA-AA material and vital to develop commercialize sensors.

7.2 Conclusion

In this thesis, we have made substantial steps towards understanding the mechanism behind
HEA-AA temperature response. However, beyond solving fundamental science challenges,
we have made substantial progress towards the commercialization of this material enabling
direct impacts to peoples lives. It is this merging of hard fundamental science challenges and
high societal impact within the study of a complex material that has made both working on

this project and writing this thesis so fascinating.
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became opaque. This change in opacity relative to the mixer speed is a typical behavior found in

emulsion systems through Ostwald Ripening, indicating that the synthesized polymer exists in
colloidal states in ethanol. The particle size in the transparent (left, 1920 rpm) and opaque solution

(right, 3200 rpm) is 97 = 29 nm and 491 + 151 nm, respectively.
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Figure A.2: Polymer characterization using GPC and NMR. (a) GPC traces of bis[p(t-BA-r-
HEA))¢] trithiocarbonate (macro-CTA) and (b) p[(+-BAS-r-HEAs)-b-(n-BA)i10o-b-(¢-BAs-r-HEAs)]:
(deprotected copolymer). The weight average molecular weight (M) and number average molecular
weight (M,) of the final deprotected block copolymer are high and comparable to that of pectin, but
with a very narrow molecular weight distribution (dispersity = My/M,). Because of this narrow
dispersity, the molecular weight distribution effect can be neglected while comprehending the thermal
sensing properties and the mechanical performance of the block copolymer. (c) '"H NMR spectrum of

pl(#-BAs-r-HEA5)-b-(n-BA)100-b-(¢-BAs--HEA5)]: dissolved in CD»Cl,, prior to deprotection of tert-
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butyl group. (d) 1H NMR spectrum of p[(AAs-r-HEAs)-b-(n-BA)100-b-(AAs-r-HEA5)]: dissolved

in CD,Cl,, after deprotection of fert-butyl group. The disappearance of the peak at 1.45 ppm indicates

complete removal of fert-butyl group, resulting in free acid.
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Figure A.3: ATR-FTIR spectra of the block copolymer and CaCl2 dissolved in ethanol, and the

block copolymer-metal ion complex. Prior to observing the in-situ film formation behavior of the
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block copolymer-metal ion complex, the ATR-FTIR spectra of each component is measured for

control and plotted with respect to drying time: (a) the block copolymer and (b) CaCl.. In both cases,
ethanol evaporates with less than 10 minutes. After this solvent removal, water molecules are
absorbed on the metal ions, whereas no water absorption is observed in the block copolymer. ATR-
FTIR spectra of the composite mixture of block copolymer with (c) 50%, (d) 25%, and (e) 10%
concentration of CaCl; (table A.7) plotted with respect to drying time. In the beginning, characteristic
peaks of the solvent, ethanol, appear dominantly on the spectrum; O-H stretching (3314 cm™), CH
stretching (2972 cm™ - 2878 cm™), and C-O stretching (1087 cm™ and 1045 cm™), respectively.
However, after 5 minutes, the peaks near the O-H stretching region broaden due to water absorption
(3678 cm™ - 3011 cm™) and peaks initially assigned to the CH stretching and C-O stretching
disappear. Ethanol evaporation and water absorption occur very fast due to the relative
hydrophobicity of polymer. Meanwhile new peaks also emerge; HO bending (1636 cm™); CH;
stretching of n-BA (2958 cm™), CH stretching of AA (2934 cm™), CH; stretching of HEA (2873 cm™
"; C=0 stretching of n-BA (1730 cm™), AA (1723 cm™), HEA (1719 cm™); C-O stretching of n-BA
and HEA (1065 cm™ and 1160 cm™). The arising new peaks correspond to the ABA block copolymer.
The unique H>O bending peak at 1636 cm™ from the ATR-FTIR spectra after 1 hour elucidates that
the intensities around 3678 cm™ - 3011 cm” are due to water molecules absorbed on CaCl,

confirming complete removal of ethanol.
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Figure A.4: TGA-FTIR spectra of water, ethanol, the block copolymer casted film, and CaCl,

powder. TGA-FTIR spectra of (a) water and (b) ethanol plotted over time to distinguish the gas-

phase materials diffused from TGA. The gas-phase FTIR spectra of water shows discrete peaks in the
temperature range of 30 °C - 250 °C. Ethanol exhibits a strong alkyl stretching (3056 cm™ - 2746 cm™
") and OH vibration (3747 cm™ - 3574 cm™) when purged with N at RT. (c) TGA profile and the
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corresponding FTIR spectra of the non-crosslinked polymer solution previously dried for 12

hours. A first plateau appears in the temperature range of 30 °C - 210 °C, followed by a dip in the
weight loss at 210 °C - 500 °C, indicating polymer degradation. A second plateau appears between
500 °C - 650 °C (residue: 5.798%). No sign of water is detected even after an additional 12 hours of
drying time. (d) TGA profile and the corresponding FTIR spectra of CaCl,. The first, stepwise weight
loss is observed below 210 °C, revealing the presence of water molecules absorbed on the metal ions.
This is further confirmed from the gas phase FTIR spectra. Later, a slow weight loss is detected
between 210 °C - 650 °C. (e) TGA profiles of CaCl, powder exposed in air for different time period.

The water absorbed on the metal ions increases with increasing time of exposure to the atmosphere.
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Figure A.5: TGA-FTIR spectra of the block copolymer-metal ion complex. TGA profiles and
corresponding gas-phase FTIR spectra of the composite film formed using the ionically crosslinked
block copolymer solution with varying amount of CaCl, concentration: (a) 100%, (b) 50%, (c) 25%,
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and (d) 10% (table A.7). The films are dried for 12 hours before measurement. The first weight

loss appears between RT and 210 °C and represents the evaporation of the water molecules bound to
CaCl,, as shown in the characteristic peaks of the gas-phase FTIR spectra measured in the first 20
minutes. The following weight loss observed in the temperature range between 210 °C - 550 °C
corresponds to the degradation of the block copolymer (AA, n-BA, HEA, and IPC), which is
confirmed from the gas-phase FTIR spectra observed between 25 to 55 minutes. Finally, the slow
weight loss detected in the range of 550 °C - 650 °C is caused by CaCl,, confirmed by the gas-phase
FTIR spectra between 55 to 65 minutes. The corresponding temperature of these events are identified
by the 1st derivative of the TGA profile (red line). As the amount of CaCl, is increased, the following
amount of water adsorbed in the polymer matrix increased, showing a linear relationship of R? =
0.987.
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Figure A.6: Schematic and fabrication process of the block copolymer temperature sensor and
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the measured noise level and hysteresis curve. (a) Device fabrication procedure. (b) Schematic

(bottom) and optical image (top) of the fabricated sensor. (c) Temperature variation measured in air.
The sensor’s sensitivity is derived by calculating the standard deviation of the temperature fluctuation
measured while placing the sensor on a constant temperature reservoir for 100 seconds. AC voltage

of 300 mV used at 200 Hz for readout. (d) The sensor displays negligible hysteresis in the current

readout.
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Figure A.7: Cyclic stability characterization of the block copolymer temperature sensor. (a)
Schematic of the measurement set up. (b) Profile of the temperature cycles applied over time and the

recorded RMS current and phase. (¢) Current phase plotted by temperature during the 100-cycle
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measurement. Overlaid (d) RMS current (e) and phase recorded during 100 cycles of continuous

measurement. Inset: The current response error and phase error between each cycle.
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Figure A.8: Effect of normal strain on the block copolymer temperature sensor. (a) Schematic
of the measurement set up. An external pressure is applied through a linear actuator vertically placed
on top of the sensor. (b) Diagram illustrating method for calculating temperature error induced by the
applied external pressure. The blue line represents the ideal RMS current measured when no pressure
is applied, while the red line represents the RMS current measured when external pressure is applied.
Current as a function of temperature measured with and without (c) 2.5 kPa, (d) 25 kPa, and (e) 250

kPa of normal pressure applied to the sensory material.



179

Glass

Pl film

Au

Plastic holder
Crosslinked polymer

step 1. Spin coating Pl and bake step 4. Cut and release

step 2. Align hard mask step 5. Attach to holder
- — — -
step 3. Metal evaporation step 6. Polymer drop-cast/dry ;A
- — — -
I 4 L
C ND filter

Beam block

Gold mirror

ZnSe Window

Sample mount
& linear stage

Lens

Beam
splitter

QCL
Lens

MCT detector
or Power meter
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QCL. The sensor is placed in a hermetically sealed chamber. All measurements are performed at

room temperature.



180

7 -6
T 07 2%,
R=0999 | | = oW

06 [ — 1mw 6 mW

— 2mW 7mW

0.5 | — 3mW 8 mW

! 4mW — 9mwW

< 1t < 5mW — 10 mW
€ €
e e
= =
=1 =3
O O
2 2
@ 05 p e measured 4

A ideal
1% error boundary
5% error boundary
0e— n n n L n n " n 0.1 n n n " L L n " n
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Bias voltage [V] Bias voltage [V]

Figure A.10: Voltage-current curves of the IR sensor. (a) Current as a function of AC voltage bias
(200 Hz) measured under dark state, and (b) under different IR irradiation power at a wavelength of
8.5 um. A linear relationship between the bias voltage and current, when no power is applied,

indicates negligible joule heating effect during readout.
A.2 Tables

Table A.1: HLB calculation of the polymer’s ‘A’ block.

Hydrophilic and hydrophobic Group number Number of group @) x (b)
groups in the ‘A’ block (@) number (b)
ester (free) 24 0.934 2.24
-COOH 2.1 1 2.1

Hydrophilic
OH (free) 1.9 0.934 1.77
-0- 1.3 0.934 1.21
CH- -0.475 1.934 -0.91

Hydrophobic
-CHz- -0.475 3.802 -1.80

m
HLB value of the ‘A’ block
HLB =7+ ) H, —nx 0475 13.03
(Davies’ method) + E i—n

m: number of hydrophilic groups in the molecule

n: number of lipophilic groups in the molecule

Hi: value of the ith hydrophilic group
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Table A.2: "H NMR measurement of the synthesized polymer.

Functional Groups J [ppm] l;;::z::; D;e:::::ict:ed
h+c (n-BA, HEA, Methylene (CHz) -OC(=0)-C) 4.01-4.09 0.71 0.68

b (HEA, Methylene (CHz) -O) 3.78 — 4.38 0.1 0.08
Backbone (Methine (CH)) 226-2.34 0.35 0.35
Backbone (Methylene (CH2)) 1.88-1.91 0.18 0.18
g+Backbone (n-BA, Methylene (CH2)) 1.60-1.63 0.94 1.06

a (t-BA, Methyl (-CHs)) 1.45 0.37 (trace)
f+Backbone (n-BA, Methylene (CHz)) 1.38-1.41 0.70 0.73

e (n-BA, Methyl (CH3)) 0.94-0.97 1 1

The monomer ratio of the as-synthesized copolymer (protected form) was determined by the peak
ratio between HEA ethylene (b, 3.78 ppm) and #~-BA methyl (a, 1.45 ppm) as well as n-BA methyl
(e, 0.94 - 0.97 ppm) and #-BA methyl (a, 1.45 ppm): HEA/-BA = (b/2)/(a/9) = 0.97, n-BA/t-BA =
(e/3)/(a/9) = 8.1 (Fig. A.2(c-d)). The conversion of --BA to AA was confirmed by the disappearance
of --BA methyl (a, 1.45 ppm) peak after the reaction with TFA in the deprotection step. (Deprotection
rate = 100%)

Table A.3: Estimation of repeating unit numbers based on the NMR spectrum.

Adjusted mass Calculated Monomer
Feed mole Molecular .
Monomer [1umol] Measurefl weight ?f monomers. mass of numbers in
(molar ratio) NMR ratio [g/mol] with NMR ratio | copolymer | the copolymer
[g/mol] [g/mol] chain
HEA 10 (1) 0.97 116 112.64 9,292.4 80
t-BA 10 (1) 1 128.17 128.17 10,981.5 86
n-BA 100 (10) 8.1 128.17 995.88 85,326.1 694
Sub sum 120 (12) 10.07 372.34 1,236.69 105,600 860
Molecular [v;/e:f:lt] GPC (Mn) Mass of repeating unit [g/unit] Rep;?;lcl;(gcl;:l:l;;tl::;;l: the
105,600 1,236.69 85.4




Table A.4: ATR-FTIR peak assignment
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. 3314 2972 2927 2878 1087 [ 1045
0 min [cm™!) cm-! cm-! cm-! cm-'] | [cm!
Polymer Film + CaCl. [C-O stretching
Assign OH Stretching EtOH CH Stretching EtOH EtOH
S min 3610 - 3200 (1) 2958 (2) [2934 (2) |2872(2) [17293) [1723(3) | 17193) | 1634 (@) | 1454 (5) | 1397(6) [ 1378 (6) [ 1246 (@) | 1160 @) | 1065 ()
10 min 3610 - 3200 2959 2933 2872 1730 1723 1719 1636 1450 1397 1378 1243 1160 1065
15 min 3610 - 3200 2958 2934 2873 1730 1723 1719 1634 1450 1397 1378 1245 1160 1065
20 min 3610 - 3200 2958 2934 2873 1730 1723 1719 1636 1450 1397 1378 1243 1160 1065
30 min 3610 - 3200 2958 2934 2873 1730 1723 1719 1636 1450 1397 1378 1243 1160 1065
40 min 3610 - 3200 2958 2934 2873 1730 1723 1719 1636 1450 1397 1378 1245 1160 1065
50 min 3610 - 3200 2958 2934 2873 1730 1723 1719 1636 1450 1397 1378 1243 1160 1065
60 min 3610 - 3200 2958 2934 2874 1730 1723 1719 1636 1454 1397 1378 1242 1160 1065
~ Free OH (3630 - 3670 cm ) =0 Stretchin co
Dimer OH (OH-OH) Intramolecular | oy | oy CH: | (terpolymer Complex, IPC) CH in-plane C-0-H co hing| C-0
. OH (OH-0=C) (3540 - 3550 cm!) L . v H:0 ; . . ;
Assign Intermolecular OH (3400 - 3450 cm*') n-BA 1730 omr! Bending bending D HEA
] n-BA AA HEA AA 1723 em n-BA AA n-BA AA HEA
OH Stretching HEA+AA+H20 on Ca HEA 1719 em-t (IPC)
A&Ercgalc OH (3240 - 3280 cm*")

Table A.5: Composition of the tested mixtures during the ATR-FTIR and TGA-FTIR spectra

measurement. (in-situ monitoring of film formation)

. Percentage of CaCl, mixed
Materials
100 % 50 % 25 % 10 %
ABA block copolymer (140 mg/10 mL) 100 pL 100 pL 100 pL 100 pL
Ca (1 Min EtOH) 52 uL 26 pL 13 uL 6.5 uL




Table A.6: Percentage of IPC formed in the composite film.
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Molecular Input Mass in Number of Number of Total number of
Material weight solution | input solution umber o um. ero .. | AA and Ca* ions
molecules | repeating unit .
[g/mol] |volume [pL] [g] input
Polymer 105600 99.90 1.40 x 1072 7.95 x10'6 85.7 6.81x 107
CaClz 100 %) 110.98 172.80 5.75x 1073 3.11x10%° 1 3.11x 107
Number of bound Ca?* 311x10”x11.62% 0.36 x 10%°
Number of bound AA (Number of bound Ca?") x 2 0.72 x 10"
Number of AA that can form IPC 6.81 x 10" — (Number of bound AA) 6.09 x 10%°
Maximum number of AA (Number of AA that can form IPC) x 0.97 5.91 x 101
involved in IPC formation * AA to HEA ratio in polymer = 0.97 ’
Free AA (Ca’ bound) 0.72x 10"/ 6.81 x 10" x 100 10.61 %
AA forming IPC 5.91x 10"/ 6.81 x 10" x 100 86.13 %

Number of AA functional groups and Ca?" ions in the polymer-CaCl, solution mixture (top).

Estimating the number of AA involved in Ca** binding and IPC formation based on AA-Ca®" titration

analysis (middle). Percentage of AA forming IPCs in the composite film (bottom). The total number

of bound Ca*" is first calculated based on the total number of input metal ions and the percentage of

the unwashed portion measured during titration analysis. By subtracting the total number of Ca*"

bound AA to the total number of AA present in the BTS polymer, the amount of AA that can form

IPCs can be obtained. Since the AA to HEA ratio in the polymer is 0.97, the maximum number of

AA that can engage in the IPC formation becomes 5.91 x 10". Finally, the percentage of AA that

forms IPC can be calculated by dividing this value with the total number of AA existing in the block

copolymer.



Table A.7: Composition of the three different types of polymers synthesized for response
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comparison.
Type 1 Type 2 Type 3
AA:HEA ratio 5:5 4:7 10:0
Amount of AA + HEA content 10 11 10
Amount of AA content 5 4 10
Amount of IPC content 5 4 0
A B

Polymer structure
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Appendex B

SI FOR CHAPTER 3

B.1 Materials and Methods
B.1.1 HEA-AA Synthesis

Polymer films were prepared following the procedure reported in the previous paper,
employing reversible addition-fragmentation chain transfer (RAFT) polymerization as
shown in Fig. B.1.! Unlike as reported in Kim et al.!, we did not synthesize a block copolymer
but we only used the 2-Hydroxyethyl acrylate and the tert-Butyl acrylate units for this work.
Nitrogen purged tert-butyl acrylate (1.28 g, 10 mM) and 2-hydroxyethyl acrylate (1.16 g, 10
mM) is dissolved in 2 mL DMF, followed by S,S-Dibenzyl trithiocarbonate 3 (29 mg, 0.1
mM). The mixture is further purged under nitrogen for 3 minutes, added with AIBN (0.8 mg,
5 uM), and then stirred at 75 °C under protection of Nz, and the progress in polymerization
was monitored using 'H-NMR. The reaction was cooled down and vented to air at
approximately 80% conversion rate. Residual tert-butyl acrylate and 2-hydroxyethyl acrylate
was removed first by drying. For deprotection, the polymer (1 g) was dissolved in 3 mL
dichloromethane (DCM), followed by addition of 3 mL trifluoroacetic acid (TFA). The
reaction was stirred at room temperature overnight. DCM and TFA were removed by drying,
to result in a highly sticky yellow oil, HEA-AA (100%). We then mixed the deprotected
HEA-AA with a calcium chloride solution (300 mM) in ethanol 1:2 in volume to obtain the

final solution.
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Figure B.1: HEA-AA Synthesis.
B.1.2 Density Functional Theory (DFT) Calculation

In-order to evaluate the potential mechanisms of ion conduction and the origin of the
temperature response behavior, binding energy was evaluated in density functional theory
(DFT) studies. Due to the complexity of ion binding in the polymer system, crude model
complexes were constructed that we believe will approximate the possible binding energies
of individual ligating atoms. We do not believe that these models capture the actual binding
energies of the ions to our polymer, however they provide approximate numbers to evaluate
the relative strengths of the interaction energies. DFT studies were conducted through ORCA
(version 4.2.0) with the B3LYP functional. A def2-TZVP basis set with a def2/J auxiliary
basis set was applied. The structures were optimized and frequency calculations were carried
out. Only the calcium acetic and calcium acetate structures exhibited imaginary frequencies
(consistent with their methyl rotor structures). From these structures, single point energy
calculations were carried out utilizing ORCA’s atom-pairwise dispersion correction and/or

ORCA'’s conductor-like polarizable continuum model for a water solvent. The introduction
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of dispersion was found to only slight effect the calculated binding energy. While the

inclusion of solvent dramatically effects the binding energies, due to the typically dry state
of the polymer, the significance of these results in the experimental system are questionable.
Due to the crudeness of these models and their relatively small contributions (based on prior

calculations by the authors on related complexes), we selected to not apply a diffuse basis

set, nor account for basis set superposition exchange.

Table B.1: Binding energies calculated using DFT

AE (kJ/mol)

Acetate + H,0 -> Acetic + H,0
Ca(OH;);(OH) + H;0 -> Ca(OH,); + H,0
Ethanol + CI -> Ethanol-Cl

Acetic + Cl -> Acetic-Cl

Ca + Cl -> CaCl

Ca + Acetic -> Ca(acetic)

Ca + Acetate -> Ca(acetate)

Ca + Acetic + H,0 -> Ca(acetate) + H;0
Na + acetic ->> Na(acetic)

Na + acetate ->> Na(acetate)

Na-+acetic + H,0 -> Na(acetate) + H30

Simple
-770.2478984
-33.64510117
-79.39251464
-95.56442033
-1253.876986
-353.1909149
-1373.59385
-603.3459513
-129.047022
-627.5335146
142.7143839

Dispersion

-771.0995595
-29.38277016
-85.26912124
-101.0382359
-1263.892656
-367.4831333
-1382.246964
-611.1474049
-134.8789723
-632.8476863
138.2518732

Dispersion + Solvent

-159.160797

-161.1668762
-20.16709658
-22.59774426
-143.3417044
-98.73297116
-218.8853694
-09.72457244
-23.10550503
-58.25160357
100.9091934

B.1.3 Differential Scanning Calorimetry (DSC)

Thermal measurements were conducted using Differential Scanning Calorimetry 250 from
TA instruments. Nitrogen gas purging was set at 50 ml/min flow rate. 40 uL HEA-AA was
deposited in a Tzero aluminum pan. After dehydration in a nitrogen box at room temperature
over 24 hours, its weight was measured to be 3.3 mg. The temperature scanning was
performed at 10 °C/min, cycling from -40 °C to 100 °C. During the measurement, the
remaining water in the sample evaporates at high temperature. After the DSC scans, the

weight of the sample decreased to 3.1 mg.

B.1.4 Gravimetric Measurement

Gravimetric measurements of the samples were performed via a precision quartz

microbalance (openQCM Q-1, SMHz). 500 nL of HEA-AA with a concentration of 0.3 g/mL
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was deposited on the active area of the quartz (12 mm diameter) and dehydrated in a

vacuum chamber for half an hour. The so prepared samples were kept overnight in a glove
box flushed with nitrogen to eliminate excess ethanol and water from the polymer matrix.
The resonance of the so prepared sample was then measured in the humidity box at different

RH.
B.1.5 FTIR

CaCl>-HEA-AA was drop cast onto a piece of silicon wafer and dried at 70 °C on a hotplate
for several days. The sample was then stored in a desiccator. Transmission Fourier transform
infrared spectroscopy (FTIR) was acquired on a Nicolet 6700 FTIR purged with nitrogen. A
blank spectrum was taken on silicon wafer at several intervals over a 25 minute period to
observe the removal of gases introduced during the sample placement. The spectrum taken
at 25 minutes was used as the reference for calculating absorption of the sample. FTIR of the
dried sample was then taken at several intervals over a 20 minute period. The spectrum taken
at 20 minutes was used at the dried sample spectrum. The sample was then placed on an
elevated platform in a sealed container with a small quantity of water or detereum oxide, for
15 minutes. The sample was removed from the humidity chamber and FTIR was then taken

at several intervals over a 180 minute period.

The FTIR data was fit utilizing a custom python script for the data from 1519.66-1897.64
cml, It was fit with 8 gaussian peaks and a linear background. Peak locations and widths
were identically constrained for all fits, constraints were set by visual inspection of the data.
Peaks at ~1563 cm™! and ~1597 cm™! were assigned to the calcium bound carboxylic acid.
The peak at ~1620-1630 cm™! was assigned to water. The areas of the peaks were evaluated

and plotted (Fig. B.2).
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Figure B.2: FTIR Analysis of Drying Behavior (a) Transmission FTIR spectrum of HEA-AA after
30 min under N». (b) Peak identification and fitting of the FTIR region between 1500 and 1900 cm'.

B.1.6 UV/Vis

CoC>-HEA-AA and CoBr-HEA-AA solutions in ethanol were prepared at a 0.2 M ion
concentration and 0.2 g/mL polymer concentration. Films were prepared by depositing 200

uL onto a glass slide

CoCO; was prepared by reacting CoCl> with Na>COs3 in water. The precipitate was washed
with ethanol and dried under vacuum. To prepare a Co?"-HEA-AA solution, excess CoCO3
was added to a 0.2 g/mL solution of HEA-AA in ethanol and left stirring overnight. Films
were then prepared by depositing 200 pL of the supernatant onto a glass slide.

The films were dried in a desiccator and then spectra of the films were taken on a Carry 500

UV/Vis/NIR spectrophotometer.

A CoCl4* solution was prepared by dissolving CoCl, in water then adding hydrocholric acid,
the sample was diluted with water and hydrocholric acid until a suitable absorbance was
achieved. A CoBrs> was prepared by dissolving CoBr; in a saturated aqueous solution of

LiBr. Spectra of these solutions were collected on a HP8453 spectrophotometer.
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B.1.7 Humidity Control

A custom humidity-controlled box was built to control humidity between 0% and 60%. A
mix between air flow passing through desiccants beads was mixed with air flow coming from
a water tank. By adjusting the air speed and the mix between the two flows the correct
humidity can be achieved in the chamber. The humidity was then measured by a humidity
sensor (Sensoria SHT16) placed in close proximity to the sample and used to keep the
humidity constant in the chamber. A breakout board was placed into the humidity box in
order to connect sample to the impedance analyzer. The computer was connected to the
humidity controller, the temperature controller and the impedance analyzer in order to set the
set points and collect the humidity, temperature and impedance data (Fig. B.3(a)). The
humidity value was stable over time, as shown in Fig. B.3(b)) and the controller achieved a

good accuracy (less + 0.3 %) for all the RH values used in this study. (Fig. B.3(c)).
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Figure B.3: Humidity Control Instrumentation. (a) Schematic of the custom made environmental
controlled chamber to performed the humidity/temperature controlled experiments. (b) Recorded RH

over time (8 hours) for various set points. (¢) Measured standard deviation over the experiment time

for various RH levels.

B.1.8 Impedance Spectrum

5 pL of ion-HEA-AA (1g/mL) were then deposited on polyimide substrates, prepatterned
with gold electrodes and dried under vacuum for half an hour. The so prepared samples were
kept overnight in a glove box flushed with nitrogen to eliminate ethanol/water excess from
the polymer matrix. The impedance spectra were acquired by an impedance analyzer (Zurich
Instrument, MFIA 5 MHz). The samples were kept at room temperature (40 °C) for the
whole duration of the experiment. This temperature was chosen in order to obtain an
appropriate water content for the humidity range tested. In addition, to ensure that the water

content reached the equilibrium we kept the samples at the specific humidity for 8 hours at
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1Hz before starting the frequency sweep. After this time, we acquired the impedance

spectra between 1 Hz and 5 MHz with different current ranges (i.e., 1 pA, 10 pA and 100
HA), to ensure the highest accuracy. The data sets were then merged. The humidity was
increased from 5% to 50%. It should be noted that the data shown in this work, are presented
in form of conductance rather than its dimensionless counterpart conductivity, given the
planar geometry at which the measurements were performed. This might sound uncommon
practice, however, when looking at the same sample, the ion conductivity will scale in the
same way, therefore when calculating the slopes of group of points over frequency or
measure temperature response, it will be independent from the geometry of the sample. We
measured the impedance of the empty cell (comprising of the substrate, connectors and
cables) and subtracted these values from the one of the full sample to eliminate parasitic

effects arising from spurious capacitance (Fig. B.4)
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Figure B.4: Parasitics compensation. (a) Image of the substrates used for the impedance

spectroscopy measurements. (b) Parasitics compensation procedure.

B.1.9 Response Calculation

Temperature cycles on the films were actuated by a Peltier-Element (model Qc-31-1.4-
8.5m). The temperature was independently measured with a Pt100 platinum resistance
thermometer placed on the polyimide substrate near the polymer. The Pt100 sensors were

previously calibrated with a FLIR thermal camera (A655SC). A PID controller was
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implemented to generate a sinusoidal temperature between 27 © and 62 °C. The substrates

and the reference Pt100 were electrically connected through an interface board that could be
connected with the impedance analyzer and the temperature control board. The current was
measured with the impedance analyzer with an average sampling rate of 10 S/s. The
temperature response as a function of frequency was isochronically measured: the frequency
was kept constant within one temperature cycles and then changed to the next frequency at
the next temperature cycle. The frequency was swept from 1 Hz to 500 kHz. To avoid the
thermal hysteresis due to the sample mass we then considered only the increasing part of the
temperature response and sampled the current at different temperatures. The real part of the
temperature response after each thermal cycle were calculated as the ratio between the
conductance measured at 62 °C and 27 °C. The humidity was kept constant for 10 hours and
then switched to the next value. Relative humidity was swept from 5% to 20% in increase of

3%.

B.1.10 Data Fitting

All the impedance data were corrected for the parasitic effect before the fitting routine using
methods described above. Both the real and imaginary parts of the conductance data were
used for the nonlinear regression. We chose the mean squared logarithmic error (MSLE) as
the loss function because the fitted conductance spans several orders of magnitude over the
measured frequency range and MSLE is a better measure to minimize the percentage error
of our fitting. Basin hopping minimization method was used to find the global minimum of

the loss function.

For the VTF fitting, we assume that Gy is the same for measurements at all RH. Due to
experimental constraints, the conductivity data were collected for a relatively small
temperature range. Fitting B, T and Go simultaneously, for each RH results in multiple local
fitting minimums. Since Gy is the conductance at the infinite temperature and is proportional
to the concentration of all the possible current carriers in the system, it should not change

with RH. Therefore, during the fitting we set Gy as the shared parameter for all RH.
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B.1.11 Time-Humidity-Superposition

To check whether impedance spectrum at various RH superimpose and follow the
Summerfield scaling, we plotted them in the scaled axes G/Gpc and v/Gpc. As shown in Fig.
B.5, significant deviations could be observed in the dispersion regime. Time-Humidity-
Superposition principle does not apply in our system because the ion hopping process and

the high-frequency relaxation respond to humidity change differently.

4 . Y Y Y Y
5% 29%
8% 32%
11% —35%
3 14% — 38%
17% 2‘11 gg
- 20%
= 23%  47%
& 2 26% —50%
QO
)
=1
g

i

4 6 8 10 12 14 16
log(v/G,, [Hz])

Figure B.5: Superimposed spectra at different RH.
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