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Abstract

As the global population growth continues to increase the needs for higher production of
food, governments, organizations, and individuals are faced with the task to implement strategies
to mitigate the impact that food waste has in food security, the economy and the environment. One
of the sources of this waste is directly linked to the lack of accurate information that retailers and
end-consumers (individuals, hotels, restaurants, caterers, etc.) have about the storage conditions
history and freshness food. In order to reduce this source of waste, tools such as active, intelligent,
and smart packaging. Intelligent packaging can monitor food storage conditions and freshness, as

one potential solution to mitigating waste.

Recently, responsive polymers are strong candidates to fabricate intelligent packaging given
that they can show measurable changes in properties that can be used to monitor changes in storage
conditions and freshness. Other advantages of responsive polymers include versatility, low weight,

and inexpensive price, which make them attractive in intelligent packaging applications.

This thesis studies two particular responsive polymer systems that present potential to be
used in packaging systems. These can provide information about humidity, as factor of correct
packaging and handling of food, and about the concentration of amines, by-product of produce

decomposition, as indicator of freshness.

The first polymer system is a conductive polymer composite (CPC), comprised of
commercial silver (Ag) micro-particles that provides high conductivity to the films, and of a
hygroscopic polymer matrix (poly(hydroxyethyl methacrylate)-co-poly(ethylene glycol

diacrylate) (HEMA-co-PEGDA)) that responds to humidity by undergoing an increase in volume
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(through swelling). The electrical resistivity and swelling behavior of the CPCs are characterized,
thin films or patterned lines are fabricated to form sensors, and the effects of relative humidity on
the electrical resistivity of the composite films for different compositions and geometries are
investigated. To characterize the material responsive behaviour, a data acquisition system was used
to measure changes in resistance while the relative humidity was controlled in a humidity chamber.
When the humidity was increased from 25% to 95% RH, the resistance of the films increased up
to 650%. Composites with a higher fraction of HEMA in the matrix were found to have both lower
recovery times and less hysteresis than composites in which the matrix was pure PEGDA. Such

materials can form the basis of inexpensive, printable humidity sensors.

The second polymer system is a functional graft-polymer of poly(lactic acid) (PLA) and
succinic anhydride (SAh) to engineer colorimetric indicators that respond to the presence of amine
vapours. In this graft-polymer, PLA behaves as backbone for SAh, which responds to amines by
undergoing a ring opening amidation reaction. This reaction can be reported through the inclusion
of a pH responsive dye. Firstly, the grafting reaction was carried by means of free radical
polymerization of PLA and maleic anhydride (MAh) in ratios of PLA:MAh from 90:10 wt% to
25:75 wt%, using AIBN as free radical initiator. The characterization of the grafting reaction and
of the chemical-response to amines was carried out on solvent cast polymer films that were
exposed to amine vapours. The response of the PLA-g-SAh polymers with different compositions
to amines was characterized by studying their thermal properties by DSC before and after exposure
to the vapours from a 400 ppm methylamine solution. To engineer colorimetric sensors, the PLA-
g-SAh polymers with varying composition were mixed in solution with a pH-responsive dye and
air-sprayed onto paper. Colorimetric indicators were exposed to concentrations of methylamine

ranging from 50 to 600 ppm at temperatures from 5°C to 22°C.Visible changes in color were
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observed to be affected by both solution temperature and amine concentration. From this data, the
kinetics of the color change reaction were studied, and rate constants were estimated. This work
presents potential opportunities for the development of real-time amine sensors under different

conditions of temperature and analyte concentration.

The development of responsive materials like those studied in this thesis have great potential
in applications of intelligent packaging. Their further development can contribute to mitigate some
of the sources of food waste that are linked to producers and consumers lacking knowledge of the

storage conditions and freshness of food.
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1. Introduction

The Food and Agriculture Organization (FAO) of the United Nations has repeatedly reported
that, at a global level, one third of food produced for human consumption is lost or wasted. This
level of waste is significantly higher in developed countries of North America and Europe than in
developing countries of African and Latin America [1]. In particular, food loss and waste (FLW)
in Canada has been reported to be nearly 60% of the food produced in the country, representing
an alarming 35.5 MT of food every year [2]. The economic costs to business and society of FLW
are linked to unnecessary transportation, energy, water, fertilizer, machinery and equipment,
packaging, and landfill usage, to name a few. While the current agricultural systems produce
enough food to feed the world’s population, it is estimated that about four million Canadians
(including 1.4 million children) have insufficient access to food, despite the enormity of avoidable

FLW that occurs [2].

The environmental impacts of FLW have been shown to be equally worrying. Based on
published life cycle assessments that consider production, processing, and manufacturing of food,
a total of 56.5 MT of the total carbon dioxide equivalent (CO2¢) in emissions are linked to the
waste of food in Canada [3]. This represents roughly 60% of COze emissions of the food industry
in the country and a major contributor to the national greenhouse gas emissions budget [2]. In
addition, FAO has estimated that every tonne of FLW carried in Canada is directly responsible for

128,000 liters of wasted surface and ground water [4].

While all agents along the food production chain, from producers and processors to retailers
and consumers, have a relevant role in the generation of food waste, losses generated between
manufacturers, retailers, and consumers demand advances in packaging systems that work as tools
for these players to reduce their contribution to the issue [5]. In the past half century, packaging
has been positioned as an essential technology to ensure the safe production and commercialization
of food, and to eliminate contamination, increase shelf-life, and satisfy consumer expectations [6].
Current needs for innovation in packaging have led active, intelligent, and smart food packaging

to be growing industries with a significant potential to reduce food waste [7].



Intelligent packaging allows the monitoring of condition of food and/or the enclosed
environment. It can provide dynamic feedback to the consumer on the actual quality of the product,
by interacting with indirect (environmental) and/or direct factors (food components and
metabolites in the headspace) to generate a response (i.e., colour change, electrical signal) that
correlates with the state of the food product. This information can be a tool to reduce food waste
by informing consumers about the quality and safety of food. In contrast, the current “Best Before”
and “Use By” are based on averages and assumptions regarding storage conditions. Therefore, the
development of dynamic intelligent packaging could offer simple information on storage

conditions such as temperature, humidity, or direct freshness to users, reducing FLW [6].

While effective and accurate, electrochemical sensors, e-tongues and e-noses for food
freshness monitoring are complex, require expensive instrumentation, batteries and are not suitable
to be integrated into packaging [8]. These disadvantages present and opportunity for the
development of inexpensive simple systems that can be printed on packaging, an can be easily
used by distributors and users [6]. Recent progress in intelligent packaging includes tools such as
radio frequency identification (RFID) tags, time-temperature indicators, integrity sensors, and
freshness indicators that use materials that respond to particular stimuli in packaged goods. For
instance, stimuli-responsive polymers and composites, which are able to respond to environmental
changes such as temperature, biological molecules, ion strength, pH or electric/magnetic fields,
have large potential to be used in food freshness assessment systems. The response to these stimuli
include changes in modification of surface properties, shape, electrical/magnetic properties,
solubility, color/fluorescence, and others. Examples of responsive polymers in intelligent
packaging are those used in time temperature indicators (TTIs) that show changes in color
dependent of the thermal history of food. These aim to give information on how long food has
been exposed to elevated temperatures [7, 9]. In addition to active, intelligent, and smart
packaging, responsive polymers and composites have the potential to be used in a wide range of
applications such as medical devices, drug delivery, tissue engineering, sensors and biosensors,

while allowing for simple and cheap fabrication processes [10—13].

Humidity and temperature are relevant factors for the formation and growth of spoilage
microorganisms that affects the shelf-life of goods [14-16]. To prevent food loss during

transportation and storage, simple sensing devices that require low operational energy and that can



detect these indirect indicators of spoilage are needed [17]. The sensing of humidity has been
traditionally done using highly-sensitive hydrophilic polymers. For instance, Hamouche et al.
presented a novel keratin (biopolymer) based capacitive humidity sensor [18]. This polymer was
solution casted onto two different types of electrodes, interdigitated and rectangular spiral. The
capacitance of these sensors was measured at relative humidity between 16% and 82% using an
inductance-, capacitance-, and resistance- meter. The results showed that the capacitance of the
polymers increased with the increase in relative humidity with very low response time and
hysteresis [18]. Other examples of responsive polymers for humidity sensing include copolymers
of divinylbenzene and 4-vinylpyridinium salt derivatives [19], polyaniline [20], methacrylic

monomers [21], as well as polymer composites [22].

Another application of responsive polymers in intelligent packaging is the monitoring of
volatile organic compounds that are directly linked to processes of food degradation and ripening
(e.g. ethylene oxide [6]). In the case of meat and fish products, biogenic amines — including
ammonia, dimethylamine, putrescine, dopamine, histamine and methylamine — are known markers
of spoilage [23-26]. In sensing these elements, piezoelectric behavior of polymers like poly (3-
hexyl thiophene) [27], changes in electrical properties of conjugated polymers [28], and change in
color from polymer like nitrated polythiophene [29] have been used as response mechanisms. A

key component of this system is a material that reacts selectively with amines.

The purpose of this thesis is to develop stimuli-responsive polymers and composites for the
monitoring of indirect and direct indicators of food spoilage. Two systems are investigated in
detail: i) printable responsive conductive polymer composites (CPCs) that undergo changes in
electrical resistivity as response to changes in humidity for the fabrication of humidity sensors,
and i) grafted-polymers that respond to by-products of meat and fish spoilage and are used in
color change indicators that show a visible signal to the presence of amines. These systems are
required to be simple to fabricate, cheap and undergo simple to measure changes in properties as
response to a particular stimulus (i.e. humidity or volatile amines). In particular, and following

these two major thesis topics, the following objectives are addressed in this thesis.



Objectives

The main objectives of this thesis are addressed in 3 different chapters, as follows.

Chapter 3: “Low-Resistance Silver Microparticle-HEMA-PEGDA Composites for Humidity

Sensing” aims

To investigate the feasibility of using a low resistance hygroscopic-polymer-based CPCs

for the fabrication of sensing elements for humidity;

To propose and evaluate different printing methods for the fabrication of these responsive

materials;
To tailor the swelling and response of the composite by manipulating their compositions;

To characterize the physical properties of these CPCs, and determine how both the

composition and structure affect the humidity sensing properties of the materials.

Chapter 4: “Amine Responsive Poly(lactic acid) (PLA) and Succinic Anhydride (SAh) Graft-

Polymer: Synthesis and Characterization” aims

To develop a method for the synthesis of an amine-responsive polymer;

To study the effect of composition of the polymer on the physical properties, including

molecular weight, polydispersity index, thermal stability, and thermal properties;

To characterize the response of these materials to methylamine amine.

Chapter 5: “Colorimetric Indicators for Volatile Amines Based on Responsive Poly (lactic acid)

(PLA) and Succinic Anhydride graft-polymer” aims

To investigate the feasibility of using an amine responsive polymer, coupled with a pH

sensitive dye ,as color change indicator for methylamine;

To further characterize its performance under different condition of amine concentration

and temperature.

In order to give context to these thesis objectives, Chapter 2 provides a background on

responsive polymers in packaging technologies. Following the background, Chapter 3 evaluates



the feasibility of using a low resistance conductive polymer composite (CPC) for the fabrication
of elements for humidity sensing. Chapter 4, presents a solution-based method for the synthesis of
an amine responsive polymers, and the characterization of their response. In Chapter 5, this thesis
presents the use of this responsive polymer, coupled with a pH sensitive dye, as an amine-
responsive material that undergoes an irreversible change in color upon exposure to small
concentrations of amines in vapor. Finally, in the Conclusions chapter, the work presented in this
thesis is brought to context with current developments in responsive polymers and composites for

packaging applications.



2. Background

The most basic function that packaging serves is protecting a product from the external
environment while working as a means of marketing and branding. Packaging serves as a way to
i) prevent leaking or breaking of the product, and to protect it against contaminations, ii) provide
information about the contained food product, its nutritional content, and instructions of
preparation or cooking, and iii) allow easy transportation, storage and handling [30, 31]. Moreover,
the increase of customer experience expectations, complexity of products, and national and
international initiatives towards reducing food waste, while fostering a circular economy in
manufactured products, has allowed innovative packaging to gain more relevance [32, 33]. For
instance, current packing is aimed to decrease the amount of preservatives used in food, while
meeting higher health regulations and standards, and allowing cradle-to-grave tracking of food
[32]. The necessity of safer and functional packaging has led to the development of new kinds of

packaging to emerge: active, smart, and intelligent packaging.

Active packaging refers to elements used for the absorption, adsorption, or release of
substances from or into food or its surrounding environment to sustain quality and prolong shelf-
life [5]. Advantages of using active packaging include reduction of preservatives, processing,
tracking activities, and of exchange of compounds from the package to food [34]. Common
examples of this type of packaging include humidity (water), oxygen, and ethylene scavengers,

flavour and odour absorber/releaser, antimicrobial and antioxidant compounds [9].

While polymers like low-density polyethylene (LDPE), high-density polyethylene (HDPE),
polypropylene (PP), polytetrafluoroethylene (PTFE), nylon (polyamide), polyethylene
terephthalate (PET, and other polyesters), and ethylene vinyl alcohol represent the most common
types of packaging, the development of polymer-based active packaging relies on partial or
complete addition of other materials as active components to retain humidity, oxygen, and
ethylene, as well as to release antioxidants and antimicrobial substances in order to extend the
shelf-life of produce. For instance, Li et al. proposed the used of ZnO nanoparticles as active
material in poly(lactic acid) (PLA) films for antimicrobial active packaging [35]. Their work
showed that this ZnO-PLA composite allowed a significant reduction of the levels of bacterial,

yeast and fungi counts in fresh-cut apple when compared with PLA alone as wrapping material



[35]. Other examples of polymers in active materials include hydroxamic acid as antioxidant agent
in polypropylene (PP) [36] and poly(ethylene terephthalate) (PET) [37] packaging; gallic acid as
oxygen scavenger element in low-density polyethylene (LDPE) films [38]; and TiO> nanoparticles
as ethylene scavenger in chitosan-based films for packaging of cherry tomatoes [39]. Vilela et al.
presented a comprehensive review of the current research on active agents for active food

packaging [40].

Smart packaging comprises systems that monitor changes in a product or its environment,
then acts upon these changes, and provides feedback for the control of the environment. Factors
such as freshness, presence of pathogens, humidity, oxygen, carbon dioxide, ethylene gas, pH,
time or temperature, are monitored. In addition to this, smart packaging actively controls the
environment inside the package to increase the shelf-life of a product [41, 42]. While still in the
early stages of development, traditional packaging could be coupled with nanosized capsules that
release preservatives, antimicrobials, oxygen and water scavengers for food preservation as

needed; as well as dyes to signal changes in storage conditions [43—45].

Intelligent packaging is used to monitor direct or indirect factors of spoilage in packaged
foods, providing information on the quality of goods as they are transported and stored [9]. This
information facilitates decision-making aimed at preserving and consuming food, which can
ultimately extend shelf-life and improve overall food safety while decreasing waste [46].
Intelligent packaging systems include time temperature indicators (TTIs), which undergo a change
in color at a temperature-dependent rate; gas detectors/indicators, which provide information
around how much time has passed since a particular product was opened; freshness and/or ripening
indicators, that provide information about the quality, microbial growth, and chemical changes of

food; sensors, and radio frequency identification (RFID) systems, commonly used for traceability

purposes [9].

Advancements in intelligent packaging during the last two decades has been driven by the
development of stimuli-responsive polymers. These polymers (often referred to as responsive
polymers) are polymeric materials that are able to undergo measurable property changes in
response to a particular stimulus. The types of stimuli may be chemical (e.g. pH or the presence
of a particular analyte), biological (e.g. presence of a bacteria, viruses, and biomarkers), and

physical (e.g. temperature, light) [47]. The cause of a response at a large scale is linked to how



these stimuli affect the interaction between the polymer chains, and between the polymer and their
environment. The wide range of responses from responsive polymers include, changes in
mechanical properties, fluorescence, color, chemical, thermal, electrical and transport properties,
structure (shape and dimension, refer to as conformation state), swellability, permeability,
solubility (when in solution), and phase stability [48—50]. Similarly, copolymers or ionomers
present similar behavior in solid state materials [51, 52]. In addition, the breaking or formation of
noncovalent or covalent bonds as response to a particular stimulus can lead to measurable changes

of the polymer physical properties.[53].

The structural properties of responsive polymers are as diverse as the types of stimuli and
responses. Figure 2-1 shows the most common structures of stimuli-responsive polymers,
including, single macromolecules in solution, self-assembled polymer systems (micelles,
vesicles), polymerized systems like polymer films or bulk, and cross-linked systems like capsules
and polymer gels. In addition, the modification of surfaces with responsive polymers allows the
design of surfaces that change properties due to an external stimulus. This is accomplished by
direct fixation of polymer chain end to a surface substrate, creating polymer brushes, or by direct
surface coating process that leads to responsive polymer films. The various polymer structures and
diverse responses they could present has allowed responsive polymers to be used in medical
applications of drug delivery and diagnostics [11, 54], in biotechnology [53], optical systems [55],
coatings and textiles [56], and sensors [57]. As discussed in the previous section, stimuli such as
changes in temperature, pH, and gases inside packaging (e.g. CO», volatile amines) can be used as
measures of food quality and safety. In addition, these polymers can be used as matrix in composite
materials that can respond to a wide range of stimuli while proving new types of response, e.g.

electrical.
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Figure 2-1: Common structures of responsive polymers [53].

Conductive polymer composites (CPCs) — materials that combine the properties of polymers
with those of electrically conducting materials — can be used to engineer responsive materials that
report a change in electrical properties when exposed to a stimulus that interacts with the matrix.
CPCs then can be used to engineer sensors that can signal the detection of the particular analyte or
report a particular stimulus [9]. In particular, CPCs can be used as sensing elements, composed of
a responsive polymer and conducting elements, which enable the sensor to produce an electrical
signal upon exposure to an analyte. In addition to a sensing element that selectively interacts with
the analyte, sensors have two main functional parts: receptors, that react with the analyte; and
transducers, which translate the interaction between the analyte and the receptor into a measureable

signal, often electrical [58].

Recently, CPCs have been applied in gas sensors. For instance, Nguyen et al. proposed a
cheap and non-toxic device for the detection and measurement of CO; as part of an intelligent
packaging system for fresh and processed meat [59]. Their study presents details on the fabrication,
characterization of electrical properties, and performance of a CNT-based gas sensor for fresh

meat. The sensing mechanism of this system was concluded to be linked to the adsorption of gas



molecules on the surface of the CNTs as this, and the presence of defects, changes the overall
electrical conductivity of the composites. The selectivity and sensitivity of the sensors was
assessed with two gas compounds: air/CO2 and Ar/COs. In commercial applications, information
about the concentration of CO inside the package could be processed by a transducer and perhaps
transmitted using an RFID tag. Gas sensors coupled with RFID tags are discussed in section 2.3

Traceability and identification technology.

Electrical conductive polymers have been shown to be an alternative material to CPCs for
sensor for monitoring food freshness [60]. For instance, Medeiros et al. developed and tested a
taste sensor based on polyaniline nanofibers to classify different types of orange juices. The
changes in capacitance of the material enabled the estimation of the concentration of citric acid in
aqueous solutions of orange juices, with a limit of detection as low as 2 ppm. These sensing
elements were also efficient at separating different types of orange juice and at monitoring the
aging process for different storage conditions [60]. The main sensing mechanism of these elements
was the interaction between citric acid and the polyaniline nanofibers. The citric acid in the orange
juice works as an electron donor, increasing the polymer conductivity, while the absorption of
analyte may cause swelling and conformation changes in the polymer chains, changing the
dielectric constant of the fibers, and leading to a change in the capacitance between the electrodes
[60]. Other recent examples include the polyaniline-based ammonia gas sensor presented by
Matindoust et al. [61]; and similar devices for the detection of ammonia, with varying fabrication
methods, sensitivity, and limits of detection have been reported [62—-64]. While the potential of
conductive polymers for sensing applications is clear, these thesis will mostly focus on CPCs for

this application.

The development and study of polymers and conductive polymer composites that respond to
these stimuli can highly contribute to engineering indicators, sensors, and RFIDs [6, 65, 66].This
section gives insights into the use of responsive polymer systems in the different types of

intelligent packaging.
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2.1 Stimuli-responsive polymers in indicators

Indicators are elements that display changes in storage conditions, or the presence, absence
or concentration of an analyte through irreversible colour change [41, 67]. The fabrication of these
indicators has been highly affected by the study of polymers that respond to temperature, pH, CO»,

volatile organic compounds and other stimuli.

2.1.1 Temperature-responsive polymers for use in time temperature indicators

Time temperature indicators (TTIs) display changes in color depending on the thermal
history of the food attached to it, and can provide accurate predictions of the remaining shelf-life.
TTI indicators currently available in the market are based on physical, chemical, enzymatic or

biological processes [7, 68].

Due to their simplicity, TTIs are widely used commercially. For instance, 3M Monitor
Mark® by 3M Company is a TTI containing a blend of a blue dye with a fatty acid ester that has a
selected melting point. As the TTI is exposed to a temperature outside the critical range (-15°C to
26°C), the substance melts and diffuses through the indicator, presenting a blue colouring on the
packaging [42]. Keep-it Technologies commercializes Keep-it® fresh, a TTI based on a chemical
reaction between an immobilized reactant, Fe(Ill), and a mobile reactant, ferrocyanide. Initially
contained in separate sections of the TTI, the reactants are activated by removing the sealing
between the sections such that the mobile reactant is brought into contact with the immobilized
reactant, resulting in a visual color change signal. This reaction is time-temperature dependent
which allows the device to give information of the thermal history of the product [69]. Another
TTI is Fresh-Check® by Temptime Corp. This is based on the polymerization reaction of
diacetylene crystals. This time-temperature dependent reaction results in a highly coloured
polymer [9]. Enzyme-based TTIs include VITSAB® by VITSAB International AB. This indicator
is made of a triglycerides-pH indicator blend as a substrate and two separate compartments that
contain an aqueous solution of lipolytic enzymes. After the wall between the two compartments is
broken and the contents are mixed, a time-temperature dependent enzymatic hydrolysis of the
substrate will lead to a colour change from green to clear yellow [70]. Other examples of
commercial TTIs include OnVu™ by Ciba and Freshpoint™ and TopCryo™ by TRACEO that

are based on temperature dependent photochemical and micro-organism reactions respectively.
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Recently, the mechanism discussed so far have been used in TTI barcode labels like FreshCode™
by Varcode Ltd. and Tempix® by Tempix AB labels based on inks that disappear due to changes

of temperature into critical ranges [70].

Outside of commercial applications, extensive research has been done in developing new
methods for TTIs based on temperature responsive polymers. For instance, Lu ef al. developed a
TTI based on the diffusion of alkaline lipase enzyme though a tailored poly(vinyl alcohol) (PVA)
substrate in order to monitor freshness of milk. The authors found that the TTI was stable and
reliable at dynamic storage conditions and could be used to monitor the cold chain cycle of other
perishable foods during their transportation. [71]. In another example, Anbukarasu et al. presented
a temperature time indicator (TTI) based on the enzymatic degradation of a biosourced polymer-
dye blend. Given that the rate of enzymatic degradation of this polymer was found to be dependent
on temperature, the authors were able to correlate changes in color (as the dye was being released
from the polymer matrix) with the thermal history of the indicators. Implemented as a monitoring
device of food storage conditions, this device can reliably track the refrigeration history of goods,

which is vital for food preservation [72-75].

Temperature-responsive polymers are by far the most commonly studied within the field of
responsive polymers given their wide range of response mechanisms. A simple example of a
mechanism of response to temperature changes is that of chitosan. It has been shown that
hydrophobic interactions of chitosan chains and water molecules change with temperature as the
electrostatic repulsion of the NH3" groups in the polymer is temperature dependent. These changes
lead to a competition between the hydrophobic forces and the electrostatic repulsion of chitosan
(and therefore the swellability of the polymer) at a particular temperature [76]. The temperature at
which this transition occurs is called critical temperature, Ter, or temperature of volume phase
transition (TVPT). Often, during this transition, the characteristics of intra- and inter molecular
interactions in the polymer change, producing a measurable change in properties as consequence
of a change in temperature. When the hydrophilic state is prevalent below T, the polymer has
upper critical solution temperature (UCST). On the other hand, if the stable state occurs above Tk,
the polymer exhibits a lower critical solution temperature (LCST), which is the most study type of
temperature-responsive polymer. Figure 2-2 presents a summary of commonly studied

temperature-responsive polymers and their LCST.
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Figure 2-2: Common temperature-responsive polymers and their LCST (adapted from [47])

Depending on the application, different types of temperature-responsive polymers have been
implemented. These mostly include films and micro/nano particles made with copolymers and
hydrogels. Moreover, due to the high mobility that polymers have in solvents and how easily small
solvent molecules can be displaced by mobile polymer chains, stimuli-responsive behavior has
been widely studied and observed polymeric solutions. Gil et al. has presented a comprehensive

review of these studies, covering a wide range of structural changes in polymers in solution [77].

Due to their extensive application in food, cosmetics, and biological applications, hydrogels
are commonly studied temperature-responsive polymers. These networks of polymer chains are
capable of swelling several times their weight in water [78]. An example of the temperature-
responsive polymers is poly(N-isopropylacrylamide) (PNIPAA or PNIPAAm). When crosslinked
using N,N’-methylene-bis-acrylamide or N,N'-cystamine-bis-acrylamide, it forms a hydrogel able
to transition from a swollen to contracted state at a temperature above 37°C, which make it ideal
for medical applications. This transition allows this hydrogel to quickly release any solution with

which it is loaded, such as a drug in the case of drug delivery applications [79].

The development of temperature-responsive films has been also explored. Yang et al. [80]
proposed the used of chitosan films containing polyurethane (PU) and PNIPAA as a wound healing

material. The wettability and water vapor permeability of the membrane were designed to decrease
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as the temperature of the films increase to that of the human body. This behavior is linked to the
LCST properties of PNIPAA, which undergoes a drop in volume at higher temperatures and an
increase in hydrophobicity. In their system, chitosan worked as antibacterial material while PU
was used as substrate [80]. Hong et al. [81] proposed and assessed the fabrication of a stretchable
thermosensitive film based on PNIPAA and single-walled carbon nanotubes for health monitoring
applications. As the temperature of the sensing element increased, the deswelling of the PNIPAA
resulted in an increase in resistivity. The thermal response of PNIPAA allowed for a high
sensitivity of 6.5 %/°C within temperatures between 25°C and 45°C. In addition, a leuco dye,
deposited on top of the sensing element, was used to engineer color change indicators that could
show a visual temperature change [81]. In a similar example, Lavrenova ef al. [82] reported the
synthesis of a temperature sensitive film based cyano-substituted oligo(p-phenylenevinylene).
This polymer was shown to change in color in response to mechanical stimulus and temperature

[82].

The modification of the critical temperature, T, allows the response properties of the
polymer to be tailored. To achieve this, the balance between hydrophobic and hydrophilic sections
in polymer chains needs to be achieved. In the case of LCST systems, an increase in the number
of hydrophilic domains causes an increased Tcr while more hydrophobic domains will decrease the
Ter. The most common method for tailoring the Ter of responsive polymers is by random
copolymerization of the temperature-responsive polymer with controlled amounts of hydrophilic
or hydrophobic monomers in order to increase or decrease the Ter, respectively. For instance,
Hoftman et al. investigated the effect of randomly copolymerizing acrylamide (AA) (hydrophilic)
or N-tert-butylacrylamide (hydrophobic) on the T of random copolymers of NIPAA [83]. Their
results suggest that concentrations of AA below 20% led to an increase of T¢; to above 50°C, while
the addition of N-tert-Butylacrylamide produced a decrease in T¢r below 10°C [83]. Aside from
random copolymerization, the addition of functional groups of different nature, the direct
modification of the second monomer in a copolymer, and the addition of particles are some

strategies used for the control of T¢ [47].

An increasingly relevant class of temperature-responsive polymers is shape-memory and
shape-changing polymers. These polymers can be deformed into temporary shapes and then

recover their original shape upon heating [84]. This interesting property is often achieved by cross-
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linking a polymer with low glass transition temperature (Tg) or Ter with a fixating polymer that
controls the elastic recovery. The tailoring of Ty in shape changing polymers allow for the design
of one or multiple temperature shapes of an element. For instance, Xie et al. showed that Nafion -
a commercial polymer based on tetrafluoroethylene - and a perfluorosulfonic acid monomer can
be programmed with up to four distinct temporary configurations [85]. This copolymer is well
known to present two phase transitions, a broad glass transition at lower temperatures (60°C < T
< 150°C), and a transition related to its ionic cross-links at higher temperatures (>240°C) [85, 86].
The first transition is linked to short-range motion between the physical ionic cross-links that are

stable up to the second transition [87].

Temperature is the most used stimulus in responsive, self-healing polymers. These type of
materials differ from autonomous healing polymers in that they require a stimulus (thermal
activation) to undergo self-healing. Strictly speaking, any amorphous and semi-crystalline polymer
can heal if the temperature is above T and Tn, respectively, for long enough. Moreover, the time
scale required for this process to take place would make it unfit for most applications [88]. To
solve this, dynamic covalent bonds can be incorporated into polymer backbones [89]. In these
polymers, weaker dynamic bonds in low-molecular weight species will be broken preferably upon
mechanical stress, which then can allow for easier diffusion and faster healing. While this approach
allows polymer to fully recover their mechanical properties after healing, the use of weak dynamic
covalent bonds leads to materials with low mechanical properties, when compared with traditional
polymers [90]. Another approach to this is to use microcapsules with the monomer that, upon
expose to temperature, air, or a catalyst in the main polymer can repolymerize, healing the material

[91].

Chromogenic polymers are another example of temperature responsive polymers. These are
polymers that respond to stimuli by changing color. Depending on the stimuli that the polymer
responds to, chromogenic polymers can be classified into: thermochromic, electrochromic,
photochromic, ionochromic, pizeochromic and biochromic fractions [92]. In the case of
thermochromic polymers the color, intensity, and transparency depend of temperature and
temperature variations. The response mechanisms of polymers like polythiophene is based on
variation results in the alteration of the conjugated length of the & electrons in the backbone, which

leads to changes in the absorption wavelength of absorption [93].
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While a significant driver of the development of these polymers is the high interests in
medical and drug delivery applications, the vast majority of these systems can be used in other
applications with similar temperature ranges, for instance, food preservation [94]. As an example
of this, Fucinos et al. studied the temperature- and pH- response of hydrogels of PNIPAA for food
packaging applications. The degree of cross-linking and concentration of acrylic acid as co-
monomer were evaluated to produce hydrogels with a wide range of properties, and their
relationship with the swelling-collapse behaviour were studied for active packaging applications
[95]. In the development of intelligent packaging systems, e.g. TTIs, temperature-responsive
polymers loaded with dyes would report a visible change in color when the temperature of products

was above a safe value.

2.1.2 O: and humidity-responsive polymers for use in integrity indicators

One of the simplest integrity indicators aims to provide information about how much time
has passed since a particular product was opened. Often presented in the form of a label, the
activation of indicators occurs when a seal, barrier, or devices in the pack is broken. This triggers
an element that changes color as time passes. Some commercial examples are Novas® Embedded
Label by Insignia Technologies Ltd., Best-by™ by FreshPoint Lab. and Timestrip® by Timestrip
Ltd. [69].

In the case of meat packaging, gas indicators that detect oxygen in particular, are the most
commonly used integrity indicators. They provide information on the compositions of the
overhead gas inside the package, and are especially useful in the case of modified atmosphere
packaging (MAP) [32]. It is common practice in MAP that meat products are packaged in a CO;
atmosphere of 20-80% and while keeping a concentration of O, between 0.1% and 1%. For this
reason, it is viable that a leak in a MAP package that occurs as the product is transported, stored,
or consumed, can be tracked by using indicators for the high concentrations of oxygen and

humidity changes.

The use of responsive polymers for the tracking of oxygen has been explored in the past. For
instance, Vu et al. fabricated and tested an oxygen indicator based on an redox dye, thionine, an
electron donor, glycerol, and UV-adsorbing semiconducting photocatalyst, P25 TiO,, all
embedded in a polymer films, zein [96]. Other examples include the work presented by Mills et
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al., who implemented an oxygen indicator based on a low density polyethylene (LDPE) as matrix
of a nano-particulate pigment particles: methylene blue (MB) and DL-threitol coated onto P25
TiO,. The indicator changed color under the exposure to oxygen in less than 90 sec, presenting a
recovery time of 2.5 days [97]. Given that the mechanism of response of most of these indicators
is based on the redox dye, polymers most often play a role of encapsulation material or substrate

[75].

The monitoring of humidity using responsive polymers has been addressed recently. For
instance, Li et al. proposed the use of a crosslinked copolymer of 4-vinylpyridine (4-VP) with
butyl methacrylate (BuMA) as sensing materials in a resistive polymer-based humidity sensor. In
their study, the effect of copolymer composition on the humidity response were investigated. Their
results suggest that the electrical conductivity in these polymers is mainly ionic while the sensing
mechanism was strongly dependent on the concentration of ions and the water absorption ability
of the polymer. It was found that the copolymers with higher concentration of 4-VP presented
higher capacitance and sensitivity to changes in humidity [98]. In more complex systems, Lee et
al. presented a porous structure formed via phase separation between immiscible polystyrene (PS)
and polyethylene glycol (PEG), and a luminescent O»-sensitive dye. Here, the hygroscopic PEG
phase, within the PS matrix, swells with the increase in humidity, then leads to a change in the
optical scattering properties of the luminescent Oz sensing films. Given that both humidity and O2
interact with this material, the dual response of the polymer gives it high potential in food
packaging that works both as integrity indicators (by tracking high concentration of O, with
changes luminesce) and as humidity indicator (by changing the scattering of the dye with the
swelling of PEG with changes in humidity) [99]. Other examples of responsive polymers for
humidity sensing include copolymers of divinylbenzene and 4-vinylpyridinium salt derivatives
[19], polyaniline [20], methacrylic monomers [21], as well as polymer composites, among others

[22].
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2.1.3 Analyte-responsive polymers for use in freshness indicators (microbial or pathogen

spoilage)

Freshness indicators are devices or systems engineered to provide information around the
quality, microbial growth, and chemical changes of food. The diversity of products and ways in
which their freshness change require each freshness indicator to be unique to a product. In the case
of muscle foods, changes in pH, and the concentration of metabolites such as glucose, organic
acids (e.g. L-lactic acid), ethanol, carbon dioxide, biogenic amines, volatile nitrogen compounds,
or sulphuric compounds have been shown to be indicative of microbial activity, presenting the

opportunity of using them as analytes of freshness indicators [5, 66].

While an increasing number of packaging companies have announced the future
development of freshness indicators, most cases did not lead to successful commercialization [69].
After only 5 year of commercial use, Fresh Tag® by COX Technologies, a colorimetric indicator
for the formation of volatile amines in fish products was discontinued in 2004 [9, 100]. In 2007,
DSM NV and Food Quality Sensor International Inc. announced the development of a pH-sensing
element for the release of biogenic amines from microorganisms in poultry and meat. While similar
attempts have been announced by VTT Technical Research Centre of Finland and UPM Raflatac,

neither of these examples are currently available at a commercial scale [66, 101].

Despite the limited number of commercial freshness indicators, a more extensive range of
them, in particular those based on responsive polymers, has been proposed in the literature.
Indicators based on pH changes, due to the production of specific metabolites by bacteria, are
particularly well studied [66]. For instance, Choi ef al. proposed a colorimetric pH indicator based
on biopolymer films of agar and potato starch, used to encapsulate a natural dye (anthocyanin).
Given that variations in pH have been widely correlated with the spoilage process of meat, the
indicators were designed to change color from an initial spoilage pH value of 6.28, shown to be in
the range of the pH of fresh pork, between 5.18 and 6.16, to a final stage of 7.42, for spoiled pork.
This color change was then attributed to different molecular structures of anthocyanins that depend

on pH. Their work then suggest that similar methods can be used in other meat products [102].

The response of polymers to changes in pH, mostly as structural changes, has been widely

studied in biology and biomedical applications. In these polymers, the changes in structural
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properties and hydrophobicity depend on intra- and intermolecular interactions (hydrogen bridge
bonds, charge attractions) that are affected by pH. In the synthesis of polymers, the inclusion of
ionisable functional groups that can accept and donate protons depending on the concentration of
ions in the environment would lead to pH-responsive polymers. In particular, weakly acidic and
basic groups with protonation/deprotonation in the pH range between 4 and 8 are commonly used
[47]. As the value of pH approaches the transition point of protonation and deprotonation of the
polymer, critical pH (pH.r), the degree of ionization will be changed dramatically. As this change
takes place, the now uncharged macromolecule collapses (when in solution) or deswells (when
polymerized) given that the hydrophobic interactions within the polymer backbones becomes
dominant. As charges are transferred to the polymer, this produces an expanded conformation due
to the electrostatic repulsion and hydration processes takes place [47]. A significant increase in
swelling behaviour occurs in the polymer with charged groups as the osmotic pressure from mobile
counter ions increases [103, 104]. Similar to temperature-responsive polymers, the structural
configuration and its equilibrium in pH-sensitive polymers is directly dependent of the balance
between hydrophobic domains and ionizable groups [77]. Tonge et al. presented a highly detailed

review of the structures and properties of responsive hydrophobic associating polymers [105].

Polymers containing carboxylic groups are the most commonly studied pH-responsive
weak-acid polymers (Figure 2-3). Within this group, poly(acrylic acid) (PAA) and
poly(methacrylic acid) (PMAA or PMAACc) are the most frequently investigated pH-responsive
polymers [106, 107]. In the case of PMAA, the inclusion of hydrophobic methyl group causes the
polymer to exhibit a more compacted conformation in the uncharged state as well as a sharp phase
transition compared to PAA. Similarly, poly(2-ethyl acrylic acid) (PEAA) and poly(2-propyl
acrylic acid) (PPAA) transition into more compact structures at low pH and have more abrupt

property changes.

19



-

8] OH /(/XJH kﬁj

Paly{acrylic acid) Poly{methacrylic acid)
(PAA) (PMAA)
0= S O
n
"’ [
O OH
-
N o]

Poly(2-ethyl acrylic acid)  Poly(2-propyl acrylic acid) Sulfonamide-containing

(PEAA) (PPAA) polymer

Figure 2-3: Common pH-responsive weak-acid polymers [47]

Representative examples of weak-base polymers are shown in Figure 2-4. These include
some tertiary alkyl amines and aromatic amines. In general, the amine groups are able to accept
protons at low pH levels, making the polymer charged. On the other hand, they do not affect the
polymer at higher pH. Poly(N,N-diethyl aminoethyl methacrylate) (PDEAEMA) — a common
example of these polymers — has longer hydrophobic alkyl chains than poly(N,N-dimethyl
aminoethyl methacrylate) (PDMAEMA) which makes PDEAEMA able to engage in compacted
conformations at high pH, suggesting stronger hydrophobic interactions at these pH values. At pH
less or equal to 7.5, PDEAEMA precipitates due to protonation [108]. In addition to the reliable
response to pH, PDMAEMA has been reported to show sensitivity to temperature, similar to
PNIPAA [109].
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Figure 2-4: Common pH-responsive weak-base polymers [47]
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In some cases, the pKa (pH at which the protonated and deprotonated groups in a polymer
are equal [110]) of a particular ionisable polymer can be tailored by changing the design of the
polymer itself. For instance, polymers that contain sulfonamide (Figure 2-3) are easily acidified to
give a weakly acidic polymer, given that amide hydrogen is readily ionized and the electron-
accepting nature of the SO». On the other hand, electron-donating groups like the methoxy group
(Figure 2-3) will lead to an increase in pKa of the sulfonamide group. Park et al. used
sulfamethazine to modify the pKa of DMAA by free radical copolymerization. This structure
modification in DMAA lead to changes in pKa values ranging from 3 to 11. Following
modification with sulfonamide groups, the polymers exhibit a more abrupt phase transition and a
higher sensitivity to pH changes than pure DMAA [111]. In addition, pHer can be modified by
incorporation of hydrophobic groups to a polymer by copolymerization with hydrophobic
monomers. For instance, Philippova et al. proposed the modification of PAA by copolymerizing
it with hydrophobic n-acrylates (Figure 2-4). The resulting pH-responsive gel exhibit a higher
critical pH value than PAA [103].

The use of polymers in packaging applications for indicators that are based on pH changes
due to the production of specific metabolites by bacteria continues to grow [66]. Based on the
natural changes in pH of food, and given that the pHc: of pH-responsive polymers can be tailored,
the loading of dyes in these polymers can lead to simple color changes indicators for the spoilage
of products. For instance, the work Choi et al. on colorimetric pH indicators based on biopolymer
films of agar and potato starch, used to encapsulate a natural dye (anthocyanin) described above.
In their work, the polymer plays the role of substrate for the dye, which is the active component
of the system [102]. In addition, the significant change in volume in temperature- and pH-
responsive polymers as they deswell can be leveraged as a signal in conductive polymer

composites.

In addition, changes in pH have been associated with the release of volatile amines;
therefore, pH can be used as freshness indicator in muscle foods, particularly in fish [58].
Responsible for the characteristic smell of fish, volatile amines are the natural by-product from the
degradation of trimethylamine oxide by microorganisms [112]. For instance, Boscher et al.
proposed the use of a metalloporphyrin-based coating applied to poly(ethylene terephthalate)

(PET) for the detection of trimethylamine, trimethylamine, and dimethylamine amines [113].

21



Similarly, Pacquit et al. proposed the use of a colorimetric dye-based indicator to track the increase
in volatile amines as an indicator of fish spoilage. The indicators were prepared by mixing pH-
sensitive dyes within cellulose acetate, such that once in contact with basic volatile amines in the
package headspace, the amines would permeate the polymer matrix and react with dye, leading to
a change in color [114, 115]. Other studies have leveraged the same principle for a wide variety of
pH-based freshness indicators for other muscle foods [116—119]. The table below presents

additional examples of responsive polymers for pH indicators in food packaging.

Table 2-1: Some examples of pH indicators based on responsive polymers [75]

Material pH Food  Ref.
Polyvinyl alcohol, chitosan nanoparticles & mulberry extracts 1-3 Fish  [120]
3.6-4
o ) ] Citrus
Polylactic acid, poly (ethylene oxide) & phycocyanin 5.6- M [121]
eat
6.2

Black rice bran anthocyanins, oxidized-chitin nanocrystals and chitosan 112 Seafood [122]

matrix
Tamarind seed polysaccharide & litmus lichen 4-10 Milk  [123]
Chitosan, blueberry and blackberry pomace 4-7 Meat  [124]

Another stimuli for freshness indicators has been the production of carbon dioxide (CO3),
by-product of microbial growth [125, 126]. For instance, Saliu et al. investigated the performance
of a COz indicator based on a homogenous blend of an amino acid (L-Lysine), a polymer matrix
(e-poly-l-lysine, EPL) and a natural dye. Their study showed that the polymer blend changed from
blue to intense purple color as response to the presence of CO» in concentrations up to 2.5%. The
mechanism of CO: indicating was proposed to initiate by the reaction of CO> with lysine and the
subsequent pH transition of cyanidin. In low concentrations of COg, the lysine is partially
protonated due the production of the hydroxide salt, shifting the pH to the basic region. Moreover,
when the concentration of CO; increases, the pH dramatically decreases and the lysine is partly

converted to its carbamate and bicarbonate salt [127].

The synthesis of CO; responsive polymers is often addressed using monomers that contain
tertiary amine groups such as PDMAEMA, and poly(N,N-diethylaminoethyl methacrylate)
(PDEAEMA) [128, 129]. For instance, Wang et al. proposed the use of POEGMA-b-P(DEAEMA-
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random-4-(2-methylacryloyloxyethylamino)-7-nitro-2,1,3-benzoxadiazole) for the fabrication of
a high response fluorescent sensor for CO> [128]. The fluorescence of these copolymers was found
to change as result of the lone pair electrons of the tertiary amine of PDEAEMA. These sensors
showed good reversibility. In the design of these polymers, groups containing amidine, imidazole,
guanidine groups and others have been explored in the synthesis of CO» responsive polymers [130,
131]. These type of materials have the potential to be used a gas indicators in MAP applications
as well as freshness indicators as concentrations of CO2 can provide information about the

microbial activity in food.

As briefly discussed above, monitoring changes in pH can provide information about the
presence of amines. Moreover, the direct detection of organic compounds (e.g. CO2, amines NH3
or chlorinated gases), and of volatile organic compounds (VOCs) (e.g. alcohols such as methanol,
2-propanol and 1-octanol, and volatile amine groups) is also interesting. Recent research has been
done in sensors for these types of compounds, using piezoelectric behavior [27], changes in
electrical properties (impedance, capacitance and resistance) [ 132], electrochemical measurements
[133]. Other examples of these polymers include polyfluorene/Pd tetraphenylporphyrine, and 2-
amino-4,6-dimethylpyrimidine-co- 4-dimethylaminobenzaldehyde which respond to the presence

of amines by charges in fluorescence and other optical properties [134, 135].

The response of polymers to particular stimulus is dependent on changes in chemical and
physical properties of the polymer. For instance, changes in electrical properties of resistive and
capacitive sensors are commonly due to a preferential adsorption of, or reaction of functional
groups with, different analytes such as NHi;, H>S or CO. In general, changes in color,
luminescence, or opacity depends on selective chemical reactions between the analyte and the
polymer or on weak on/off interaction within the polymer that change with presence of the analyte.
The advantage of color and other optical responses in that they can be easily identified by the

naked-eye [136].

Recently, different polymer-based methods to monitor amines have been presented. For
instance, He ef al. [137] proposed the use of an alkaline earth metal—organic coordination polymer
as a luminescent indicator for methylamine, dimethylamine, and trimethylamine. The response of
this material relies on the amines combining with unsaturated carboxylic groups in the polymer.

As consequence of this, the carboxylic group can no longer vibrate, increasing the rigidity and
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reducing the loss of non-radiation energy of the ligand, causing an increase of the fluorescence
emission intensity. This change intensity allows for an on/off change in fluorescence with initial
and final peaks at 525 nm and 612 nm which requires a UV lamp to be evaluated. In more simple
systems, Jin et al. [29] proposed nitrated polythiophene (NPTh) films as indicators for
ethylenediamine, putrescine, cadaverine, spermidine, phenethylamine, and histamine. In this
system, the biogenic amine (BA) easily diffuses into the polymer film and forms charge transfer
complexes with NPTh. These NPTh®*-BA®" complexes lead to a fast change in color of the films
from light brown to a highly deep dark brown. Aiming to provide consumers with simple sensing
elements, polymers-based sensors and indicators must rely on simple responses like change in
color or opacity. Azzouz et al. recently reviewed the current advances in colorimetric and optical
sensing for gaseous volatile organic compounds [138]. In addition, Sanjuan et al. presented a

review on the recent developments in sensing devices based on polymeric systems [139].

The design of sensing elements that generate an electrical signal in response to a stimulus
can be addressed by adding conducive elements into a stimulus-responsive polymer matrix. The
following section develops on basic concepts of conductive polymer composites (CPCs) and on

some their applications on the sensing of humidity and volatile organic compounds.
2.2 Conducive polymer composites (CPCs) for sensors

Conductive polymer composites (CPCs) were developed as a solution to the high specific
weight, tendency to corrosion, relative low formability into complex shapes, and cost of metallic
materials for electromagnetic interference (EMI) and other electric shielding applications [140]. A
way of overcoming these problems was found by incorporating and dispersing a small volume
fraction of an electrically conducting phase into a polymeric matrix, resulting in a conductive
polymer composite (CPC) [141, 142]. Conventionally, metallic and carbonaceous materials in the
form of particles, fibers, flakes, thin layers, and rods have been used as fillers in micro- and nano-
sized scales [143]. The incorporation of these conductive fillers at a sufficient volume ratio in a
polymeric matrix results in filler-linked paths through the material which allow the conduction of
electrons, resulting in an electrically conductive polymer composite [140, 143]. The electrical
properties of these materials are highly dependent on the interplay between the filler and matrix,

and the sensitivity to various parameters can be leveraged to form novel sensors.
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As with traditional composite materials, combining a polymer matrix with electrically
conductive materials results in a set of tailorable combination of features of the different
components in the composite. Some of these features include high formability, low weight, high
corrosion resistance, flexibility, and good mechanical properties which make CPCs feasible
materials for several applications. In particular, properties such as flexibility, positive temperature
coefficient of resistance (PTCR), hygroscopicity, functionalization, processability, among others,
have been highly beneficial for the development of CPC-based sensors [144]. On the other hand,
the addition of conductive reinforcements of significant size and volume ratio may be detrimental
to the processability, density, and mechanical properties of the matrix. Therefore, a solution to
diminish these disadvantages is to add filler materials with size in the micro- and nano- scale in
the lowest ratio possible [140, 142]. The minimum filler content at which the isolated conductive
elements get in contact creating conductive paths is usually refer to as the percolation threshold
(Figure 2-5) and is dependent on the geometry of the fillers, the blending method, and the
components of the composite [145—-147]. Statistical percolation theory is particularly effective in
the estimation of electrical properties of composite, heterogeneous, materials such as CPCs. The
dependency of conductivity on filler concentration takes the simple form of a scaling law according

to Eq. 1.

pcrc = pr(vp — v)* Eq. 1

where pcpc is the resistivity of the composite, pr the resistivity of the filler, vr and v. the volume
fraction of the filler and that one of the percolation threshold respectively, and ¢ is the critical
exponent, calculated from experimental results [144, 145, 147]. When used in sensing, CPCs
requires the formation of stable conductive paths between conductive particles which are achieved
with filler concentrations above that of the percolation threshold, therefore, estimating the

percolation content limit is useful for the fabrication of CPC blends.
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Figure 2-5: Illustration of percolation threshold for electric resistivity in CPCs [148]

The conduction of electrons, or charge carriers, in CPCs takes place mainly thought two
processes, ohmic conduction and tunnelling conduction. The first occurs when the content of fillers
is above the percolation threshold and is due to the direct contact between the conductive filling
elements in the composite. On the other hand, tunnelling conduction occurs when the content of
conductive fillers is slightly below the percolation threshold and the mean free path between
particles is not larger than 10 nm. In this case, electric field assisted tunnelling can transport

carriers between filler neighbours though the thin insulating barrier [144, 149].

In practice, the materials used as conducting elements in CPCs present a broad spectrum of
properties and morphologies that drastically affect the resulting electrical and mechanical
properties of the composite. Geometric factors such as shape and size have been found to be
significant factors to consider in the study of electrical properties of CPCs [147, 150, 151]. Figure
2-6 shows the effect of geometric factors such as, dispersion level and shape factor, on the
percolation threshold. While most of the models for percolation threshold and prediction of
electrical properties are based on spherical particles, the conductive fillers often include elements
with aspect ratios different to 1, such as fibers, flakes, carbon nanotubes, mono- and multi- atomic
graphene, among others. For instance, fillers with a high aspect ratio (Ilength-to-width ratio) have
been found to present lower percolation thresholds given that the probability of creating conductive
paths are higher as the length of the fillers increase with respect to the width [141, 147, 150].

Grossiord et al., found that the percolation limit content decreased in 20 wt% with the increase of
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the aspect ratio of multi-wall carbon nanotubes in a PE-based composite, from ~40 to ~120 [152].
In addition to the decrease percolation limit, the increase of the aspect ratio has been found to
increase the in the maximum conductivity that can be achieved in the composite as the
concentration increases [153]. However, high aspect ratio fillers have been found to agglomerate
easily and dispersion techniques are required to disperse the conductive filler into conductive
networks [154]. In addition to geometric factors, the inherent electrical conductivity and surface
energy of the fillers affect the resultant electric conductivity of the CPC. Fillers with higher
inherent conductivity are more suitable to have a higher maximum conductivity with lower
percolation limit [155]. It has been shown that factors such aspect ratio, geometrical morphology,

and inherent electrical conductivity affect the electrical properties and percolation limit of CPCs.
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Figure 2-6: Influence of geometry on percolation limit [144]

The sensing of analytes by CPCs can be associated with the response properties of the
polymer matrix, the reinforcing element, or both. While relaying on the response of the polymer
matrix is common, applications of composites with carbon nanotubes (CNTs), multiwall carbon
nanotubes (MWCNT), carbon black (CB), and others as conducting element, often leverage their
high surface energy to produce sensing elements [156, 157]. The response from some CPCs can
also come from measureable changes in properties of the reinforcing conductive element, instead
of the matrix itself. For instance, Liu et al. fabricated and tested a flexible temperature sensor of

polyethyleneimine and reduced graphene oxide CPC by spraying it onto a polyimide substrate.
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The main mechanism of sensing of this composite was based on the thermal excitation of the
charge carriers in rGO. As the temperature in the sensor increases, the limited carrier hopping
carrier tunneling between rGO sheets transport are increases, leading to higher probability of
barrier overcoming for carriers. As consequence of this, the carrier mobility of sensing film
increases remarkably with the increase of temperature [158]. Other examples include the CNT-
based RFID systems by Nguyen et al. discussed above [59], and the graphite-polyethylene oxide
(PEO) and polyvinylidene fluoride (PVDF) composite, and the graphene-gelatine composite for
temperature sensing by Huang et al. [159] and Nassira et al [160], respectively.

Other CPCs (those that use the polymers as responsive element) produce a signal that is
linked to the way the arrangement of conductive paths of fillers changes inside the material upon
a particular stimulus, such as, changes in humidity, temperature, mechanical deformation, presence
of organic vapours, and corrosion [141]. While the electrical properties of CPCs are strongly
determined by the conductive fillers, the response to these stimuli is mainly linked to changes in
the polymer matrix and in various applications to the junction of the response of both matrix and
filler [144, 161]. This section develops on mechanisms behind the most relevant applications of

CPCs on sensing applications.

The simplest implementation of CPC sensor to understand is a strain sensor. In this system,
the change in conductivity of CPCs upon external stress is due to the change in mean free path of
the conductive fillers, which increases due to the overall strain of the sensor body [162]. While the
sensing of strain using CPCs is theoretically feasible, it requires CPCs with high filler content that
provides stable conductive channels which is detrimental for the flexibility and resilience of the
composite, properties that are preferred in the fabrication of strain reusable sensors [141, 163].
However, previous works established a balance between conductivity and mechanical properties
for the design of strain sensor for different CPCs materials. For instance, Levin et al. [163]
proposed the use of polyaniline nanoparticles in a poly(vinyl acetate) latex matrix (PVA—-PANI)
as high strain sensing element [163]. This study found the interaction between conductive
participles to be weak, which allows the disconnection of conductive paths upon an overall strain,
increasing the sensitivity of the sensor. With conductive percolation limits as low as 0.6 wt%, the
PVA-PANI sensing elements were able to sense cyclic strain of up to 1%, as well as in static

strains of 5% [163].
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Temperature sensing, temperature protection, self-regulating heating, among other
applications are based on the changes in resistivity in devices due to the positive (PTCR) and
negative (NTCR) temperature coefficient of CPCs [164]. The abrupt change in volume of the
polymer matrix of the composite as the temperature increases and eventually reaches melting point
leads to the change in mean free path between conductive fillers resulting in a change in resistivity
[165]. In self-regulating heating, the conductive filler paths generate heat by means of Joule, or
resistive, heating that increases the temperature in the CPCs. The volume in the polymer increases
as consequence of the increase in temperature resulting in the interruption of conductive paths, and
therefore, the interruption of the resistive heating. The flow of electrons and generation of heat
would continue once the temperature is decreases and the conductive paths are connected as
consequence of the decrease in volume [166, 167]. In sensors, the variation in electrical resistivity

due to PTC and NTC works as response toward changes in temperature.

One class of sensor relevant to packaging is chemical sensors. Chemical sensors leverage
surface adsorption to detect of the presence, activity, composition and concentration of particular
chemicals or gases. Following adsoption, an electrical signal is generated by an active or passive
actuator [41]. In the case of gas sensors for food packaging applications, the most common analytes
include oxygen, carbon dioxide, water vapour, ethylene gas and ethanol. The mechanism of
reaction to these analytes depends on the materials used as sensing elements. These materials
include metal oxide semiconductors, organic conducting polymers, responsive polymers,
conductive polymer composites (CPCs), and piezoelectric crystal sensors [9]. For instance, Wei et
al. [167] presented the fabrication of a vapour/gas sensor based on MWCNTs/polylactic acid
(PLA) conductive polymer composite thin films. The sensing properties of the films were tested
with chloroform (CHCI3) vapour. The response of the films was found to be linear, repeatable, and
dependent on the molecular weight of the PLA matrix. Their work successfully improved the
response time of the films by taking advantage of the high surface area of MWCNTSs and by using
thin films which high surface-to-volume ratio provides them with high sensitivity and analyte

permeability [167]. This is an updated example of vapour sensing by implementing CPCs.

The change in the overall electrical properties, such as resistance, in a sensing device is
generated by the presence of a given analyte, two main components contribute to the overall

change in electrical properties. On one hand, the adsorption of vapour or liquid molecules changes
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the electrical properties of the CPC conductive paths of fillers by creating insulting layers between
particles. Secondly, similar to PTC, the resistance of CPCs increases as consequence of the
increase in specific volume of the polymer matrix produced by the swelling, this produces an
increase in the mean free path between particles, reducing the quality and quantity of conductive
paths within the volume of the composite. Furthermore, the overall conductivity of the CPC

sensing device changes as combined result of these two phenomena.

As the main interest of this thesis is in humidity and amine sensing applications, and in the
most relevant responsive polymers that can be used as matrix for sensing CPCs, the following
section will only cover responsive CPCs for humidity and amines sensing applications. This work
will then focus on CPCs in sensing applications where the response comes mostly from the

polymer matrix instead of the conductive elements.

2.2.1 Responsive CPCs for humidity sensing applications

The measurement of humidity has been of interest for various industry applications,
including, monitoring of environment conditions for experiments, window defogging in
automobile industry, industrial drying, and environment control in textiles, human comfort, and
electronics, among others [168, 169]. In the processing and storage of food stuff, humidity, in
addition to temperature, is a relevant factor for the formation and growth of spoilage
microorganisms that affect the storage time of goods. Therefore, the monitoring of humidity during
the processing and storage of products in food industry is important in order to prevent food loss

during production and storage [17].

Humidity, in its basic definition, is the content of water in a gas. In a more detailed fashion,
humidity can be defined in two ways. The absolute humidity is the measure of mass of water
vapour in a unit volume and relative humidity is the ratio of water-vapour pressure present to the
saturated water-vapour at a given temperature or, usually expressed as the ratio of the mass of
water vapour in a unit volume compared to the mass of water vapour in a unit volume if the vapour

were saturated at a given temperature. RH is typically expressed as:

Py
RH = 2~ 100% Eq. 2

N
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where P, and P, are the vapour and saturation pressures, respectively [168].

Generally, the measurement of humidity is done in integrated circuits by measuring changes
in electrical properties of sensing element with the adsorption of water molecules on several
materials like metal oxides, porous ceramic, electrolytes, and polymers. Some limitations are
linked to sensitivity, energy requirements, response time, and hysteresis [170, 171]. Attempts to
solve these issues have been done with composite materials based on nanomaterials as they offer
high sensitivity. Moreover, complexities linked to high hysteresis and fabrication methods can
make some of these applications unviable [170, 172]. A viable solution to these problems can be
found in composite materials based on the blend of electrically conductive particles into polymers
matrixes that respond to changes in humidity, usually by swelling. These conductive particles
create conductive pathways throughout the polymer matrix and that facilitate the monitoring of

humidity by changes of electrical properties [173].

Notably, hydrophilic polymers are good candidates for the matrix in a humidity sensing
CPC. Hydrogels, for instance, are three dimensional cross-linked polymer networks that can swell
up to 99% of their weight without dissolving [174, 175]. The inert nature of hydrogels minimizes
the interaction with specific proteins and cells which makes hydrogels great candidates for various
biological and chemical applications [174, 176—181]. Poly(ethylene glycol diacrylate) (PEGDA)
is a hydrogel that has been implemented in various biological and battery applications [178—181].
PEGDA can be functionalized [182] and cross-linked [183, 184] which allow it to be used in
various applications. In the fabrication of sensors, Lee ef al. [185] has proposed and tested the use
of PEGDA-embedded polydiacetylene for the fabrication of a colorimetry biosensor. While the
sensing response was found to be low, this study successfully tested multiple a-cyclodextrin
solutions with different concentrations [185]. Similar to Lee et al. [185], Havens ef al.[186] has
used PEGDA for the fabrication of sensors with embedded sensing material. In this case,
functionalized multiwall carbon nano-tubes (MWCNT) were used in the detection of
acetaminophen and ascorbic acid. The sensing elements were found to be responsive to the
analytes in aqueous solution [186]. In both examples, the swelling of solution containing specific
analytes allowed the analytes to diffuse through the polymer, interact with the sensing constituent
and generate a signal [185, 186]. While PEGDA has been widely implemented in various
applications, the study of the effect of this hydrogel on the electrical and sensing properties of

31



CPCs, particularly in humidity sensing applications, has been limited and not necessarily
representative of the potential that the hydrophilic and hygroscopic properties offer toward

producing sensors and other electronics with these composites [174].

The fabrication of CPCs for sensing applications and other electronic devices has included
conductive polymers, carbonaceous materials, and metallic particles in the micro- and nano- scale
particles [187]. While carbonaceous materials have shown good performance in these applications,
they present limited conductivity in thin film applications and the tendency to agglomerate in
various other applications. Metallic materials, such as gold (Au) [188], copper (Cu) and silver (Ag)
[189], micor/nano- particles have been well-established in the fabrication of CPCs. In the case of
Ag, the high electrical conductivity, high stability, low cost, and antioxidant properties have
allowed this material to be a good candidate to be a conductive element in CPCs [190]. Various
studies have used Ag as conductive element in CPCs; however, there have not been enough studies
on Ag-CPCs applied in sensing elements and on the effect that this conductive filler has on the

selectivity and sensitivity of sensors for humidity and more complex applications.

2.2.2 Responsive CPCs for amine sensing

The detection and quantification of bacterial activity and volatile organic components have
been of interest for fields of medicine, biology, chemistry, among others. In food industry, the
detection of spoilage bacteria activity has been addressed in an attempt to discard hazardous
spoiled food before human consumption as well as the waste of food stuff. The development of
cheap, portable, accessible, sensing elements has been previously proposed as a solution to these
disadvantages. These sensors can be attached to food packages and food containers for the sensing
of humidity, pH, temperature, or volatile gasses [191-193]. In the sensing of amines, Fiddes et al.
[191], proposed a method for chemically sensing biogenic amines present in spoiled food stuff by
integrating a sensitive CPC to an radio-frequency identification (RFID) antenna. The sensing
material was composed of graphene, maleic anhydride, and poly(ethylene-co-vinyl acetate)
(PEVA), acted as conductive element, sensing element, and swelling polymer matrix, respectively.
The CPCs was found to be sensitive to putrescine, histamine, cadaverine, spermine, and
spermidine which are volatile molecules present in food during the spoilage process [191]. Their

work aimed to propose a simple CPC-based sensing element for volatile components produced
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during food spoilage. In addition, Lorwongtragool et al. [194], tested the performance of CNTs
mixed with different polymers, polyvinyl chloride (PVC), cumene terminated polystyrene-co-
maleic anhydride (PSMA), poly(styrene-co-maleic acid) partial isobutyl/methyl mixed ester
(PSE), and polyvinylpyrrolidon (PVP) in the detection of the amines, dimethylamine,
dipropylamine, pyridine, and ammonia solution inside a vapour chamber. Their work found that
CNT/PSE sensing elements increased their resistivity in approximately 10% when exposed to a
1000 ppm of the different tested amines. These studies are examples of the detection of food
amines by using the adsorption properties of the polymer matrix and the conductive properties of

the fillers in a CPC.

As discussed previously, numerous designs and methods for sensing freshness and integrity
in food packaging have been proposed by researchers and packaging companies. Moreover,
freshness indicators continue to stay at development stages, without significant penetration to the
market. Unfortunately, proving information about the actual freshness of food has become a risk
to the image of processors, which has become a limitation for the wider development of these
freshness indicators. As consequence of this, the integration of food sensors to RFID systems could
be a more likely solution to this image issue as producers and retailers, and not consumers, could

have information about the actual freshness of food.
2.3 Traceability and identification technology

As the risk of public scrutiny for high standards in food safety increases, food producers are
more interested in technologies that allow them to trace general information about products. In
order address this issue, radio-frequency identification (RFID) tags use radiofrequency
electromagnetic fields to store and transmit information of the product for product identification
and traceability [7, 69]. RFID devices are composed of an integrated circuit to store information
and an antenna that allows the communication and transition to an external reader [195]. Compared
with other identification techniques, such as barcodes, RFID presents the advantage to allow a
remote control and retrieve information of multiple items at the same time while providing
information about origin, process, commercial information, date of packaging, and others [42].
Traditional RFIDs were initially designed to store limited information about the identification,

origin, date of production and others. Currently, responsive CPCs can be integrated in the antenna
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or the integrated circuit of the RFID, to fabricate devices that can communicate current information

about the storage conditions and freshness of food [69].

Commercially, a group of companies, EPSILIA (Canada), RFID Enabled solutions Inc.
(USA), and HRAFN Ltd. (Sweden), have collaborated with the meat and fish industries to advance
the implementation of RFID technology [69]. Furthermore, the development of responsive
polymers used in freshness indicators and sensors has allowed the integration of other functions
into the RFID tags, including gas sensing, time temperature indicators, and biosensors, to monitor
and communicate factors of food freshness to producers [195]. The integration of time temperature
responsive materials into the integrated circuit of an RFID represents the most common used of
RFIDs with sensors. The combination of these technologies has allowed to collect information

about the cold chain during production and transportation.

Recent research has presented RFID tags with sensing functions in their integrated circuit,
additional to those of commercial time temperature tags. In order to monitor the quality of muscle
foods, for instance, Zhu et al. [196] reported the use of an RFID system to report changes in the
concentration of Oz in MAP based on the aerobic oxidation of Fell ions (Figure 2-7). The sensing
element in the integrated circuit of this RFID was a poly(4-vinylpyridine)-single wall nanotubes-
Iron T ions (P4VP-SWCNT-Fell) composites that worked as chemiresistors. Initially, the response
to oxygen of the sensing element in the RFID was done by immobilizing the P4VP-SWCNT-Fell
on a glass surface. Finally, the performance of this device to ambient air ingress was assessed in a

food package [196].
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Figure 2-7: (a) Design of RFID with the location of the responsive element (Ry); C: tuning
capacitor; L: inductor (antenna); Ric: resistance; and Cjc: capacitance of integrated circuit;

(b) Poly(4-vinylpyridine)-single-walled carbon nanotubes-Fe(II) ions composite [196]

CPCs can also be integrated into the antenna of RFIDs to measure variables in food
packaging such as temperature, humidity, oxygen, and other gases such as volatile amine
compounds [196-198]. For instance, Oprea et al. proposed the use of polyethylene-naphthalate
and polyimide on flexible RFID labels for a capacitive humidity sensors with high sensitivity of
21 fF/%RH for relative humidity between 20% and 90% [199]. A similar study was presented by
Salmeron et al [200]. They presented a humidity sensor based on polyimide substrate to be coupled
to ultra-high frequency RFID tags. The response of these sensors was linked to the changes in
electrical permittivity of the polyamide substrate with humidity. The design of the electrodes, in
form of serpentine, on the polyamide substrate, gave a sensitivity of 100 fF/%RH, significantly
higher than that by Oprea ef al. [199, 200]. Babi et al. presented an overview of RFID technology
and some leading materials and fabrication techniques, with some comprehensive examples of

responsive polymers as sensing material [195].

The design, development, and commercialization of intelligent food packaging for muscle
foods requires of cheap, simple, lightweight materials that can respond to changes in temperature,
pH, or freshness of food. Stimuli-responsive polymers and conductive composites based on them

have a large potential to cover these requirements.
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3. Low-Resistance Silver Microparticle-HEMA-PEGDA Composites for
Humidity Sensing!

ABSTRACT: We present a printable smart material that undergoes a large and reversible change
in resistance in response to changes in relative humidity. This material is a conductive polymer
composite (CPC), comprised of commercial silver (Ag) micro-particles that provide high
conductivity to the films, and of a hygroscopic polymer matrix (poly(2-hydroxyethyl
methacrylate)-co-poly(ethyleneglycol diacrylate) (HEMA-co-PEGDA)) that responds to humidity
by undergoing an increase in volume (through swelling). We characterized the electrical resistivity
and swelling behavior of the CPCs, formed sensors comprised of either thin films or patterned
lines, and investigated how relative humidity affects the electrical resistivity of the composite films
for different compositions and geometries. To characterize the material’s responsive behaviour, a
data acquisition system was used to measure changes in resistance while the relative humidity was
controlled in a humidity chamber. When the humidity was increased from 25% to 95% RH, the
resistance of the films increased up to 650%. Composites with a higher fraction of HEMA in the
matrix were found to have both lower recovery times and less hysteresis than composites in which
the matrix was pure PEGDA. Such materials can form the basis of inexpensive, printable humidity

Sensors.

! A version of this chapter has been published as Adridn Lopera-Valle, Anastasia Elias, “Low-resistance silver
microparticle-HEMA-PEGDA composites for humidity sensing”, Smart Mater. Struct., Volume 27, Number 10
(105030), doi: 10.1088/1361-665X/aad355. Refer to the preface of this thesis for more information.
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3.1 Introduction

The measurement of humidity using simple, lightweight, portable sensors, is of interest for
various industrial applications, including monitoring of environment conditions, window
defogging in automobile industry, industrial drying and environment control in textiles, human
comfort, and electronics [168, 169]. For instance, in the processing and storage of food products,
humidity — in addition to temperature — is a relevant factor for the formation and growth of
spoilage microorganisms that affects the storage time of goods [14—16]. Therefore, in order to
prevent food loss during production and storage, simple sensing devices that require low
operational energy are needed [17]. Lightweight and inexpensive sensors based on responsive

materials could even be incorporated directly into food shipments or packages.

Humidity is traditionally measured by means of optical, gravimetric, piezoresistive,
magnetoelastic, capacitive, and resistive techniques [201-203]; the last two of these represent
more than 75% of the humidity sensors on the market [168, 204, 205]. A variety of materials have
been employed for use in humidity sensors, including porous ceramics, electrolytes, polymers, and
composites [171]. In recent years, conductive polymer composites (CPC) —comprised of
conductive fillers in a polymer matrix — have been used in the fabrication of humidity sensors;
carbon-based conductive fillers materials have been employed in particular due to their
intrinsically high conductivity and high surface area [206-208]. The sensing of humidity using
CPCs usually relies on the hygroscopic properties of the polymer matrix. This matrix swells as the
relative humidity (RH) increases, leading to an increase in the distance between the conductive
elements, (e.g. particles, flakes, whiskers), resulting in a change in electrical properties such as
resistance [147, 175]. For instance, Peng et al. studied the performance of kappa-carrageenan (KC)
— CNTs as humidity sensing material, and implemented devices that exhibited high performance
during the humidity measurements, hysteresis, and stability tests [209]. In this material, the
resistance decreased as a function of humidity, due to interactions directly between water and the
surface of the CNTs. The hysteresis was found to be less than 4%, and good stability was observed
during 30 days of testing at humidity levels between 35% and 90% RH [209]. However, the
baseline resistance of the CPC-based humidity sensors — like those presented by Peng ef al. and

others [168, 173,210] — is large (=1000 Q), which may limit the efficient implementation of these
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materials in portable devices as larger power supplies or sensitive electronics are therefore required

to achieve measurable currents [209].

When hygroscopic polymers are exposed to water vapor, an osmotic pressure associated with
their hydrophilicity causes these materials to absorb water and swell. In response to this swelling
osmotic force a reactive elastic force develops, opposing the stretching of the polymer volume
[211-214]. When equilibrium is achieved, the elastic and osmotic forces reach a balance and no
additional swelling occurs [211]. Hydrogels and other highly hygroscopic polymers are good
candidates for the matrix in a humidity sensing CPC given that they can swell to over 100% and
of their weight without dissolving [174, 175]. The hydrophilicity of the polymers such as
poly(ethylene glycol) diacrylate (PEGDA) and 2-hydroxyethyl methacrylate (HEMA) — due to
polar ether groups (—C—O—C-) and hydroxyl groups (—OH), respectively — make them attractive
for use in CPC for humidity sensing applications [215, 216]. These two polymers may also be
blended [183, 184, 217]; polymers based on PEGDA and HEMA blends have been widely studied
in biomedical applications due to their biocompatibility and tunable properties such as swelling
ratio, mechanical properties, and cytotoxicity [218]. PEGDA-based composites have been
implemented in a variety of sensors. Lee et al. [185] demonstrated a colorimetric biosensor
comprised of PEGDA-embedded polydiacetylene. In their study, the intensity of the colorimetric
response was tuned by varying the concentration of a-cyclodextrin (the polysaccharide responsible
of color signal) [185]. Similarly, Havens et al. [186] used PEGDA for the fabrication of
electrochemical sensors in which the responsive elements were immobilized in a hydrogel matrix.
In their work, functionalized multiwall carbon nanotubes (MWCNT) within the PEGDA were used
to detect both acetaminophen and ascorbic acid by cyclic voltammetry. In both examples, analytes
from the solution diffused through the water-swollen polymer to interact with the sensing

constituent and generate a signal (e.g. optical or electronic) [185, 186].

A variety of fillers have been investigated for sensing applications, including conductive
polymers, carbon-based, and metallic particles in the micro- and nanoscale [187]. While carbon-
based materials (such as carbon nanotubes and graphene) have shown good performance in these
applications, they present limited conductivity in thin film applications and can be difficult to
disperse. The use of metallic materials, such as gold (Au) [188], copper (Cu) and silver (Ag) [189]

micro/nanoparticles has been well-established in the fabrication of CPCs. In the case of Ag, the
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high electrical conductivity, high stability, low cost, and antioxidant properties have led this
material to be used as the conductive filler in a number of CPCs [190]. In general, CPCs can be
processed by means of a wide range of manufacturing techniques [141] including both spin
coating, which produces films with thickness determined by viscosity of the solution and spin-
speed, [219, 220] and direct-write printing (DWP), in which a material is dispensed through a
pressurized syringe over a substrate that can be moved within the x-y plane to produce lines and

other shapes or patterns [190, 221].
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Figure 3-1: Processing, composition, and responsive of conductive-particle composites utilized

as humidity sensing materials.

In this study, we investigate the feasibility of using a low resistance silver-HEMA-PEGDA
composite for the fabrication of elements for humidity sensing. In these materials, the hydrogel
matrix swells upon exposure to water vapor, causing a physical separation of the conductive silver
particles, thereby increasing the resistance of the material (Figure 3-1). CPCs were formed using
Ag microparticles as the conductive filler and blends of the polymers HEMA and PEGDA as the
matrix. Ag microparticles with a flake-like shape were selected as the conductive filler based on
their relative high stability (as compared with Ag nanoparticles) and due to the fact that flake-like
particles are known to exhibit good connectivity within a CPC [147]. For the matrix, blends of
HEMA and PEGDA were selected, and the ratio of these components was varied to tailor the
swelling and response of the composite. We first developed a methodology to produce sensing

elements for humidity based on Ag-HEMA-PEGDA using spin coating to produce films and
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direct-write printing (DWP) to produce lines. We then characterized the physical properties of
these CPCs, including morphology and swellability. Finally, we determined how both the
composition of the hydrogel and the type of structure (films vs. lines) affected the humidity sensing

properties of the materials, including responsivity and hysteresis in the measured signal.

3.2 Experimental methods

3.2.1 Preparation of CPC mixture for spin coating and direct-write printing (DWP)

Conductive polymer composite (CPC) mixtures for spin coating and direct-write printing
(DWP) were obtained by mechanically mixing different ratios of 2-hydroxyethyl methacrylate
(HEMA, average Mn 130 Da) (No. 128635, Sigma-Aldrich, St. Louis, MO, USA) with
poly(ethylene glycol)-diacrylate (PEGDA, average Mn 750 Da) (No. 437468, Sigma-Aldrich, St.
Louis, MO, USA). These blends of miscible polymers, hereafter referred to as PEGDA-
100/HEMA-0, PEGDA-75/HEMA-25, PEGDA-50/HEMA-50, and PEGDA-25/HEMA-75, were
comprised of 100/0, 75/25, 50/50, 25/75 wt% of PEGDA/HEMA, respectively. To enable free
radical polymerization of monomer mixtures, 0.3 wt% of thermally-degradable free radical
initiator, 2,2'-Azobis(2-methylpropionitrile) (AIBN) (No. 441090, Sigma-Aldrich, St. Louis, MO,
USA) was added to the mixtures. No water was used in the polymer blend, as the addition of water
was found to decrease the viscosity of the mixture, which sometimes resulted in the precipitation
of the Ag particles. The polymers and initiator were mixed using a stirring plate (Isotem Basic
Stirring Hotplate, Fisher-Scientific, Pittsburgh, PA, USA) at 600 RPM for over 2 hours to ensure
that a uniform mixture was produced. Following polymer mixing, silver conductive particles (No.
6105, Methode Development Co., Chicago, IL, USA), with nominal diameters of 10-12 um [222]
were added in different ratios to the polymer solutions. Mixing was achieved using a 40 kHz
ultrasonic bath at 21°C (CPXH Heated Ultrasonic Cleaning Baths, Fisher-Scientific, Pittsburgh,
PA, USA) for as long as 3 hours to fully disperse the particles in the polymer blends.

As the concentration of particles in a solution are known to vary during the spin-coating
process [223-226], preliminary experiments were required to determine the composition of
solutions for spin-coating that would result in samples with the final desired composition: 75 wt%
Ag. A range of solutions were prepared, spin-coated, and crosslinked, and the content of Ag was

analyzed by thermogravimetric analysis (as described in section 3.2.4 Material characterization).
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The content of PEGDA, HEMA, and Ag required to achieve 75 wt% (24 vol%) Ag in the spin-
coated samples is shown in Table 3-1. In this table, the sample names represent the final ratio of
PEGDA:HEMA in the hydrogel matrix of the composite (excluding the mass of the filler phase).
As can be seen from Table 3-1, it was generally necessary to add less Ag than desired in the final
film. This trend has been reported and explained in previous studies [223-226]; due to the low
viscosity of the monomer solution, this mixture is spun off preferentially with respect to the filler
particles, resulting in coatings of higher wt% of the filler. Table 3-2 lists the content of PEGDA,
HEMA, and Ag in each CPC solution used for DWP. No material is lost during the DWP process
(unlike the spin-coating process), therefore the composition of the solution directly matches the
desired composition of the sample. The ratios of PEGDA:HEMA summarized in Table 3-1 and
Table 3-2 reflect the composition of the polymer blend prior to co-polymerization and do not

represent the final composition of each co-polymer after free radical polymerization.

Table 3-1: Composition of CPC mixture for spin coating process (selected to achieve a final
composition of 75 wt% Ag microparticles and of 25 wt% polymer after spin coating, based on
preliminary studies). The name of each composite indicates the desired ratio of PEGDA/HEMA
after spin-coating (excluding the mass of the filler phase).

Mixture content required for spin-coating

Composite PEGDA HEMA Ag
PEGDA-100/HEMA-0/Ag 30 wt% (80 vol%) 0 wt% (0 vol%) 70 wt% (20 vol%)
PEGDA-75/HEMA-25/Ag 30 wt% (65 vol%) 10 wt% (21 vol%) 60 wt% (14 vol%)
PEGDA-50/HEMA-50/Ag 25 wt% (45 vol%) 25 wt% (45 vol%) 50 wt% (10 vol%)
PEGDA-25/HEMA-75/Ag 14 wt% (23 vol%) 41 wt% (69 vol%) 45 wt% (8 vol%)

Table 3-2: Composition of CPC mixture for DWP process. The name of each composite
indicates the desired ratio of PEGDA/HEMA after printing (excluding the mass of the filler

phase).

Composite PEGDA HEMA Ag
PEGDA-100/HEMA-0/Ag 25 wt% (76 vol%) 0 wt% (0 vol%) 75 wt% (24 vol%)
PEGDA-75/HEMA-25/Ag 19 wt% (57 vol%) 6 wt% (19 vol%) 75 wt% (24 vol%)
PEGDA-50/HEMA-50/Ag 12.5 wt% (38 vol%) 12.5 wt% (38 vol%) 75 wt% (24 vol%)

PEGDA-25/HEMA-75/Ag

6 wt% (19 vol%)

19 wt% (57 vol%)

75 wt% (24 vol%)
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3.2.2 Percolation threshold

The percolation threshold of the electrical resistivity was studied by adding Ag particles in
concentrations from 0 to 80 wt% (30 vol%) in PEGDA-100/HEMA-0, PEGDA-50/HEMA-50, and
pure HEMA polymer matrices. Bulk samples were prepared by casting the solutions in silicone
molds, as described in section 3.2.6 Equilibrium water content, and electrical resistivity was
characterized by four-point probe as described in section 3.2.5 Electrical characterization of spin-
coated films and printed lines. The morphology of specimens of CPC casted samples was

characterized as described in section 3.2.4 Material characterization.

3.2.3 Synthesis of spin-coated films and printed elements

Polymer composite films, shown in Figure 3-2a, were deposited by spin coating. Glass
microscope slides (No. 12-550-A3, Fisherbrand Pittsburgh, PA, USA), 25.4 mm x 76.2 mm x 1
mm (width x length x thickness) were used as substrate for spin coating. To facilitate electrical
connections to the composites, sections of conductive copper tape (No. 1181, 3M, St. Paul, MN,
USA) approximately 20 mm in length and 12.7 mm in width were placed 40 mm apart on one of
the sides of the glass. The substrates were cleaned with isopropyl alcohol and placed on the chuck
of the spin coater (Model WS 650-8B- 23 NPP, Laurell Technologies Corporation, North Wales,
PA, USA). Approximately 3 mL of CPC mixture was applied on the surface of the substrate. The
coating process was conducted in two steps: 1) a spreading step in which the substrates spun at a
speed of 500 RPM for 30 seconds (to disperse the mixture over nearly the entire surface of the
substrate), 2) a spin step at a velocity of 1400 RPM for 15 seconds (to control the thickness of the
final film). Finally, to activate the initiator and polymerize the samples, the CPC-coated glass
substrates were placed inside an oven (Isotemp Standard Oven, Pittsburgh, PA, USA) set at 80°C

for 6 hours.
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Figure 3-2: Typical features of conductive a) spin-coated film samples and b) printed line

samples.

The printed lines, shown in Figure 3-2b, were deposited by a direct-write printing (DWP)
technique. Sections of KAPTON® tape, 50 mm in length and 12.7 mm in width, were affixed to
strips of bond paper to create self-standing thin substrates for the printing of sensing lines of CPC.
The KAPTON® substrates were cleaned with isopropanol as described above. Following cleaning,
a printing system (I&J F2200, 1&J Fisnar Inc., Germantown, WI, USA), equipped with a
pneumatic syringe for material deposition and a programmable x-y stage, was used to pattern lines.
The mixture was dispensed through a gauge no. 26 needle in a straight line with 40 mm of length.
In order to print consistent lines, the distance between the substrate and the needle tip was set to
be approximately 200 um, while the speed of printing was set to 30 mm/s at a feeding air pressure
of 3 psi. Finally, the printed lines were cured inside an oven set at 80°C for 6 hours. Following
curing, the spin-coated films and printed lines were placed into a desiccator for as long as 8 hours

to remove any water molecules that might have been absorbed during the fabrication process.

3.2.4 Material characterization

The morphology of spin-coated thin films and printed lines was evaluated using a field
emission scanning electron microscope (SEM) (Zeiss Sigma 300 VP-FESEM, Zeiss, Cambridge,

UK). Images of the un-coated CPC elements were captured using secondary electron (SE) mode.
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In addition, a two-dimensional surface topography profiler (Alpha-Step 1Q, KLA Tencor,
Malpitas, CA, USA) was used to accurately measure the thickness of the spin-coated films and
construct profiles of the cross section of the printed lines. The profiler is equipped with a 5 um
radius stylus used to profile the contour of the lines at a speed of 50 pm/sec under an applied force

of 12.5 mgf.

The composition of the CPC in the cured spin-coated films and printed lines was investigated
to verify that the concentration of Ag was similar in all samples. Based on previous studies [223—
226] and preliminary tests, the concentration of Ag was expected to vary subsequent spin-coated
process. The Ag volume fraction (Vag) of the composite was determined by thermogravimetric
analysis in accordance with ASTM Standards ASTM D2584 [227] and ASTM D3171 [228]. A
thermogravimetric analyzer (TGA/DSC Model 1, Mettler Toledo, Columbus, OH, USA),
equipped with an ultra-micro balance cell and differential thermal analysis (DTA) sensors, was set
at a heating rate of 10 °C/min under nitrogen atmosphere. The Ag volume fraction of each sample

was calculated by using the following formula shown in Eq. 3 [229]:

mAg
Dy
Volyy = sl Eq. 3

% + %
DAg Dm

where m is the mass, D is the density, and the subscripts Ag and m represent the Ag particles and
matrix, respectively. The values of the densities of PEGDA, HEMA, and the Ag particles were
taken as 1121 kg/m® [230], 1150 kg/m? [231], and respectively 10490 kg/m? [232].

3.2.5 Electrical characterization of spin-coated films and printed lines

Electrical characterization of samples was performed using both two- and four- point probes.
A four-point probe (Signatone S-302-4, Lucas Signatone Corporation, Gilroy, CA, USA), coupled
with a sourcemeter (Keithley 2401 SourceMeter, Solon, OH, USA), was used to apply 10 pA
current and to measure the resulting voltage between the 1.5 mm spaced probes. The electrical

resistivity of the film samples was calculated using Eq. 4 [233]:
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P= 1:(2) G) Ea. 4

where p is the material resistivity, / is the film thickness, V' is the voltage measured in the probe
and [/ is the applied current applied with the sourcemeter. Due to their reduced sampling area,
characterization of the printed lines could not be undertaken using a four-point probe.
Alternatively, a sourcemeter (Keithley 2401 SourceMeter, Solon, OH, USA) was set in two-point
measurement mode to record the resistance between the two silver points in the extremes of the
printed line, as shown in Figure 3-3. In the case of printed lines, the material resistivity is given by

Eq. 5 [234]:

where p is the material resistivity, /4 is the line thickness, W is the line width, L is the line length,

V' is the voltage measured in the probe and / is the applied current applied with the sourcemeter.

3.2.6 Equilibrium water content

Studies of equilibrium water content (EWC) were performed to determine the swellability
and affinity of the CPCs to water. The equilibrium content was studied by preparing samples with
Ag particles in concentrations of 0 or 75 wt% (24 vol%) in hydrogel matrices with the following
compositions: PEGDA-100/HEMA-0, PEGDA-75/HEMA-25, PEGDA-50/HEMA-50, PEGDA-
25/HEMA-75. The preparation of the CPC mixtures was the same as for the samples described in
section 3.2.1 Preparation of CPC mixture for spin coating and direct-write printing (DWP).
However, rather than spin-coating or printing the mixtures, the samples for the study of
equilibrium water swelling content were fabricated by casting roughly 4 ml of the CPC mixture in
disk-shaped silicone containers and then curing this material inside an oven set at 80°C for 6 hours.
Following the fabrication of the samples, hereafter referred to as the ‘bulk samples’, their initial
mass was measured and recorded. The samples were then immersed in a 50 ml glass beaker with

no less than 40 ml of DI water. Over 27 hours, the bulk samples were periodically removed from
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the DI water, the water from the surface of the samples was removed using a light stream of air
followed by blotting, and the mass of the samples was then measured and recorded. After 27 hours
of immersion, the samples were removed from the DI water and dried at 16% RH; similar mass
measurements were then taken. Assuming that the Ag particles do not contribute in the absolute
increase in mass by water swelling, the swelling content of the hydrogel component of the samples

could be calculated using Eq. 6:

(my, — mp)100
EWC = Eq.
(100 — wtY%,g)mp a6

where m is the mass, wt%y, is the weight content of Ag particles, 0 or 75 wt%, and the subscripts

W and D represent the wet and dry states of the samples, respectively.

The hydrophilicity and wettability of the CPC and their polymer blends was investigated by
using water-in-air contact angle measurements. Previous studies have suggested that the
adsorption and affinity of a material to water can be investigated by means of studying its
wettability [235, 236]. For instance, Muster et al.[235] stablished a correlation between the water
absorption and the bulk wettability of silica particles, where particles with lower contact angles
were found to have higher water adoption [235]. In this study, a video system analysis tool for
contact angle (FTA 200 Dynamic Contact Angle Analyzer, First Ten Angstroms, Inc., Portsmouth,
VA, USA) was used to characterize the hydrophilicity of the pure PEGDA:HEMA blends and the
PEGDA:HEMA:Ag CPCs at 23°C. Bulk samples of pure PEGDA:HEMA were fabricated as
described above in this section. Films of CPC were fabricated as described in section 3.2.3

Synthesis of spin-coated films and printed elements.

3.2.7 Humidity response testing

The response of the spin-coated films and printed lines to the changes of relative humidity
(RH) was investigated by placing the samples inside a controlled humidity chamber (Thermotron
S-1.0-3200, Thermotron Inc., Holland, MI, USA) at a constant temperature of 25°C, and
monitoring the changes in their electrical resistance as the humidity inside of the chamber was

varied. As shown in Figure 3-3, within humidity chamber, a data acquisition system (NI USB-
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6216, National Instruments, Austin, TX, USA) was used to measure the resistance of the active
material in a two-probe configuration, while a commercial IC humidity sensor (HIH-5030,
Honeywell, Golden Valley, MN, USA) was utilized as a reference probe. Measurements were
collected every 3 seconds. The response of the CPC elements was investigated by placing the
samples, Figure 3-3, inside the humidity camber set at various levels of RH ranging from 25% RH
to 95% RH, with 10% RH steps, for as long as 90 minutes for each step. The stability of the sensing
elements was evaluated by setting the samples in a 60% RH environment for as long as 5 days
while their resistance was monitored. In addition, the response and recovery times of the sensors
were evaluated by exposing the samples to 10 cyclic changes in humidity from 35% RH to 95%
RH. The response of the samples to changes in humidity was studied in the form of relative change

in resistance (RR) as described in Eq. 7:

_RO
RR="2L "2 100% Eq.7
R

where, RR is the percentage change in electrical resistance, Rpy is the electrical resistance at a
given RH in ohms, and R| is the electrical resistance of the samples after 8 hours inside a desiccator

at a relative humidity of 16% RH in ohms.

Figure 3-3: Diagram of humidity testing and data collection. The electrical resistance of the
sample and the signal from a commercial humidity sensor placed within the humidity chamber

were collected by a DAQ every 3 seconds as the humidity was varied.
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3.2.8 Sensitivity

A simple linear regression was used to model the sensitivity (i.e. the relationship between
RR and RH) of the responsive elements. RR was plotted as a function of RH and the slope of the
data, termed the regression coefficient, was calculated within the evaluated range of RH. The
coefficient of determination (7) for the regression lines of the experimental data points was at least

0.95 or greater for both the spin-coated films and printed lines.

3.2.9 Statistical analysis

A t-test analysis was performed using commercial software (STATISTICA for Academia,
StatSoft Inc., Tulsa, OK, USA) to evaluate the statistical differences between sets of results.
Unequal variances and a significance level of a = 0.05 were used in the evaluations, corresponding

to a 95% confidence interval.

3.3 Results and discussion

3.3.1 Material characterization

Samples were prepared by both spin-coating and direct write printing. To determine the
concentration of Ag in the hydrogel matrix, composites were initially prepared at a range of
concentrations, and the resistivity of the samples were measured (Figure 3-4). The percolation
threshold was found to be around 45 wt% (with some variation depending on the blend of polymer
in the matrix); a loading of 75 wt% was selected for all subsequent CPCs. In some responsive
CPCs, the wt% loading is chosen to be near to the percolation threshold in order to maximize the
response [187, 237]. However, such systems can also have non-linear responses, requiring
complex signal processing and electronics that can operate over a wide range of currents, as
discussed in Lee et al. [173]. Here a higher value was chosen to ensure that the initial resistivity
would be low, ensuring that characterization could be taken using simple electronics and a low

voltage power supply.

Figure 3-4 shows the electrical resistivity of different concentrations of Ag in PEGDA-
100/HEMA-0, PEGDA-50/HEMA-50, and pure HEMA polymer matrixes. The percolation
threshold of the CPC with pure HEMA was determined to be around 15 wt% (2.6 vol%)
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composition, at which concentration the resistivity of the composite decreases from 220 Qcm to
0.02 Qcm. In the case of the PEGDA-100/HEMA-0 polymer matrix, the percolation threshold was
found to be around 45 wt% (9.7 vol%), where the resistivity of the CPC decreased from 56300
Qcm to 0.2 Qcm. In the case of the PEGDA-50/HEMA-50 polymer matrix, the percolation
threshold was found to be around 30 wt% (4.3 vol%), where the resistivity of the CPC decreased
from 320 Qcm to 0.03 Qcm. The values of resistivity found in this work are significantly larger
than that one of pure bulk Ag, 1.6 x 107'° Qcm, due to both the insulating effects of the polymer

matrix and its interaction with the conducting particles.
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Figure 3-4: Percolation threshold for resistivity of CPC with PEGDA-100/HEMA-0, PEGDA-
50/HEMA-50 and pure HEMA as matrix.

Low magnification SEM images were used to characterize the morphology of the spin-
coated films and printed lines, as shown in Figure 3-5. Figure 3-5a shows a representative low
magnification image of the spin-coated film samples (top view). The films — comprised of 25 wt%
polymer and 75 wt% Ag microflakes — appear to be homogenously coated on the surface of the
glass substrate (as observed by eye and by microscope inspection). While some voids were
observed on the surface of the spin-coated films, (Figure 3-5a) the volume of these voids was not
significant in comparison with the overall volume of the film. Apparent agglomeration or
clustering of Ag microparticles in the polymer matrix was not seen (by visual inspection or by
SEM). While the high content of silver microparticles can be detrimental to the mechanical

integrity of the polymer composite, visual inspection of the films and lines did not reveal any
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adhesive or cohesive failure of the sensing elements (Figure 3-5). This may be due to the
mechanical support that the glass and KAPTON® substrates provide to the composite films and
lines. The low magnification image of the top view of the bulk sample (Figure 3-5¢, formed by
casting the CPC in a silicone mold) is very similar in appearance to the spin-coated film. However,
some differences in the orientation and morphology of the particles in the spin-coated and bulk
samples can be seen in the high magnification images (Figure 3-5b and Figure 3-5d, respectively).
A range of particle sizes — as large as 12 pum — was observed. The orientation of the Ag particles
in the spin-coated films (Figure 3-5b) was observed to be partially aligned in-plane direction of
the glass substrate, whereas the orientation of the particles in the bulk sample appear more random
and globular (Figure 3-5d). The partial orientation could be related to the spin coating process and
shape of the particles. In spin coating, the rotation of the substrate leads to uniformity of the
resultant film while the excess of mixture is eliminated. In the case of particulate suspensions and
immiscible polymer blends, the centrifugal forces in spin coating have been found to significantly

affect the orientation and distribution of particles present in suspension [238-241].

Figure 3-5: a) Low and b) high magnification SEM image of a film sample; ¢) low and d) high
magnification SEM image of a bulk sample; ¢) low and f) high magnification SEM image of a

printed line sample.
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Figure 3-5e and Figure 3-5f show representative low and high magnification SEM images
of the printed lines. At low magnification, the lines appear dense and similar to the other two
samples (films and bulk). At high magnification, the particles in the printed lines can be seen to be
highly oriented parallel to the plane of the substrate. With respect to DWP, extensive research has
concluded that the shear forces involved in the flow of the mixture throughout the deposition
needle can lead to alignment of the particles [242—244]. At high magnification, it can be seen that
the particles in the spin-coated films (Figure 3-5b) and printed lines (Figure 3-5f) appear to be
aligned in the plane of the substrate, whereas those in the bulk samples (Figure 3-5d) appear to be

more randomly oriented.

Surface profilometry was used to measure the width and thickness of both spin-coated films
and printed lines. The average thickness of the spin-coated films was found to be 13 ym £+ 3 um
(n =20, 4 measurements in 5 samples). In comparison, the width and thickness of the printed lines
was found to be 435 um £ 14 um (n = 20, 4 measurements in 5 samples) and 27.8 pum + 3.5 pm (n
= 20, 4 measurements in 5 samples), respectively. In the case of the printed lines, the low standard
deviations of the thickness and width suggests that these features were homogeneous throughout

the samples.

In order to ensure that the content of Ag was consistent in all samples, ASTM D2584 [227]
and ASTM D3171 [228] were used to determine the Ag weight fraction in the CPC spin-coated
films and printed lines, and the results are shown in Table 3-3 and Table 3-4. In this table, the
content of HEMA and PEGDA values were calculated from the weight fraction of the polymer
matrix determined by TGA based on the ratio of HEMA or PEGDA in the initial solution. These
results show that, as expected, the average Ag fraction in the film specimens was 78 wt% (27
vol%) which was higher to that of the CPC mixtures utilized for spin-coating (as described in
Table 3-1). For instance, the concentration of Ag in the composite with blend PEGDA-
100/HEMA-0 as matrix changed from 70 wt% (20 vol%) prior spin coating to 77 wt% (26 vol%)
in the films, and from 45 wt% (8 vol%) to 78 wt% (28 vol%) for those films with PEGDA-
25/HEMA-75 as polymer matrix. The trend of increased concentration of particle filler in the spin-
coated film with respect to the concentration of particles of the initial mixture has been previously
reported and explained in previous studies [223-226]; due to the low viscosity of the monomer

solution, this mixture is spun off preferentially with respect to the filler particles, resulting in

51



coatings of higher wt% of the filler. In contrast, the composition of the lines deposited by DWP
does not change substantially since the material that is printed is the material that is cured. The
content of Ag in the spin-coated films and DWP lines was nearly the same: 77.3 wt% + 1.4 wt%
(n=12) and 75.8 wt% =+ 0.8 wt% (n = 12), respectively. The slight differences were not found to
be statistically significant. In our work the content of the mixtures was selected to keep the wt%
Ag as constant as possible while varying the composition of the hydrogel matrix (e.g. the ratio of
PEGDA to HEMA). Some variation in the Ag wt% can be seen in Figure 3-5, however the
variation in the wt% between the different sample types was much less than the difference between

the wt% of PEGDA or HEMA in the matrix.

Table 3-3: Composition of CPC spin-coated films (n = 3 for each polymer blend). The ratio of
polymer to Ag was determined by TGA. The total fraction of PEGDA and HEMA in the
polymer matrix was then calculated from these results based on the relative fraction of each
added to the mixture (as reflected by the sample names).

Composite PEGDA HEMA Ag
PEGDA-100/HEMA-0/Ag 23 wt% (74 vol%) 0 wt% (0 vol%) 77 wt% (26 vol%)
PEGDA-75/HEMA-25/Ag 16 wt% (53 vol%) 5 wt% (18 vol%) 79 wt% (29 vol%)
PEGDA-50/HEMA-50/Ag 13 wt% (38 vol%) 12 wt% (37 vol%) 75 wt% (25 vol%)
PEGDA-25/HEMA-75/Ag 6 wt% (19 vol%) 16 wt% (54 vol%) 78 wt% (28 vol%)

Max SD =+ 1.4 wt% (£ 1.6 vol%)

Table 3-4: Composition of CPC printed lines. The ratio of polymer to Ag was determined by
TGA. The total fraction of PEGDA and HEMA in the polymer matrix was then calculated from
these results based on the relative fraction of each added to the mixture (as reflected by the
sample names).

Composite PEGDA HEMA Ag

PEGDA-100/HEMA-0/Ag 24 wt% (75 vol%) 0 wt% (0 vol%) 76 wt% (25 vol%)
PEGDA-75/HEMA-25/Ag 19 wt% (57 vol%) 6 wt% (19 vol%) 75 wt% (24 vol%)
PEGDA-50/HEMA-50/Ag 11.5 wt% (37 vol%)  11.5 wt% (37 vol%) 77 wt% (26 vol%)
PEGDA-25/HEMA-75/Ag 7 wt% (19 vol%) 19 wt% (57 vol%) 75 wt% (24 vol%)

Max SD ==+ 1.1 wt% (£ 1.3 vol%)
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3.3.2 Electrical characterization of spin-coated films and printed lines

The electrical resistivity of the spin-coated films and printed lines was investigated using 4-
and 2- point probe respectively. The overall resistance of the spin-coated film samples was 3.8
+ 0.3 Q, and that of the DWP lines was 42.5 Q £ 1.6 Q (values averaged across all types of polymer
matrix blends). The resistivity of the samples with PEGDA-100/HEMA-0 as polymer matrix was
1.6 mQ-cm £+ 0.4 mQ-cm for both films and lines, while that of the composite with PEGDA-
25/HEMA-75 polymer blend was 1.3 mQ-cm + 0.5 mQ-cm. In a t-test analysis, a p-value of 0.27
was found when comparing the resistivity of the PEGDA-100/HEMA-0 and that of the PEGDA-
25/HEMA-T75 films, indicating that the difference between these values was statistically negligible
(p > 0.05). The low resistivity of this CPC is desirable as it would allow these materials to be

implemented in low power applications such as food storage systems.

While the electrical resistivity of the films and lines at the selected concentration (~76 wt%
or 25.9 vol%) were similar to each other (1.3 to 1.6 mQ-cm), these values differed from the
electrical resistivity of the bulk samples (as measure for the electrical percolation study described
in section 3.3.1 Material characterization, ~ 6 m{2-cm at a similar concentration). The difference
between these values can be attributed to differences in the distribution and orientation of the
particles. The SEM images of the films and printed lines revealed that the Ag particles had some
orientation in the plane of the substrate (likely caused by the flow dynamics during the spin coating
and DWP processes), whereas the Ag particles in the bulk films were more randomly oriented.
These results suggest that the orientation of the Ag particles in the direction of the substrate
decrease the resistivity of CPCs, as particles in this orientation can form a more connected and
continuous network through which the electrons can travel. These results are in agreement with
previous studies from the literature, which have shown that the orientation of anisotropic particles
can lead to an enhancement in properties such as thermal conductivity and mechanical strength

[150, 241, 243].

3.3.3 Equilibrium water content

The swelling dynamic of the polymer blends was studied by immersing bulk samples in DI
water while their mass was measured, and the results are shown in Figure 3-6. Figure 3-6a depicts

the gain in mass in time due to swelling of water of the polymer samples without Ag particles (as
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calculated using Eq. 6, above). After approximately 12 hrs of immersion, the sample mass reached
a steady state, achieving an increase in mass of 51.7% + 1.4%(n = 12); this value remained
relatively constant until the samples were removed from water after 27 hrs of immersion. As shown
in Figure 3-6a, the EWC was not significantly affected by the composition of the polymer blend
in those samples without Ag particles. These values are generally in agreement with previous work
from the literature: Hirota et al. [245] and Wu et al. [246] reported the EWC values of polymerized
HEMA and PEGDA (average Mn 700 Da) networks as 44.9% and 49.2%, respectively. Other
articles from the literature have shown that higher EWC can be achieved when the monomers are
polymerized in the presence of water, which results in a more porous and swollen structure [246,
247]. Here, we opted not to mix water with the monomer solution in order to maintain a high

viscosity for DWP, and to prevent phase separation of the components.

Figure 3-6b depicts the equilibrium swelling ratio of CPCs (containing 75 wt% Ag). As only
the polymer fraction (and not the silver fraction) of the blend absorbs water, this value has been
scaled by the wt% of the polymer matrix. As shown in Figure 3-6b, the inclusion of Ag particles
in the polymer blends affected the water absorption capacity of the CPC matrix for most of the
polymers. An exception was seen for the samples containing 100 wt% PEGDA in the matrix: the
EWC of pure PEGDA-100/HEMA-0 and the EWC of PEGDA-100/HEMA-0/Ag were similar
(52.1% + 1.6% and 51.68% + 1.3%, respectively), indicating that PEGDA absorbs the same
amount of water with and without silver present. In contrast, the pure PEGDA-25/HEMA-75
matrix had a significantly higher EWC than the analogous CPC (53.8% + 0.5% vs 41.4% + 0.4%).
Lower EWCs were also seen for the CPCs than for the pure polymers for the two other polymer
compositions (PEGDA-75/HEMA-25 and PEGDA-50/HEMA-50). These results suggest that the
inclusion of Ag microparticles (which are themselves hydrophobic) in the different polymer blends
leads to decreased hydrophilicity in samples with higher content of HEMA in their polymer matrix
when compared with those without Ag. Similar increases in hydrophobicity upon the addition of
silver flakes were reported by Bayer et al. [248], who proposed to blend silver flakes into
poly(vinyl chloride-co-vinyl acetate-co-vinyl alcohol) coatings in order to make them
superhydrophobic. Their results showed that the addition of silver flakes in 50 wt% to the polymer
matrix led to an increase in the contact angle from 75° to 164° + 4° [248]. Contact angle data for
our polymer blends and CPCs are shown in the Table 3-5. While all composites (without Ag) had

similar initial contact angles 28° + 1.9° (n = 48), the values for the CPCs ranged from 45° + 2.1°

54



(n = 12) for PEGDA-100/HEMA-0/Ag to 62° = 2.7° (n = 12) PEGDA-25/HEMA-75/Ag. These
results indicate that hydrophobicity of all samples increased with the addition of Ag, with the

largest increase occurring for the sample with highest HEMA content.

The contact angle results for the PEGDA:HEMA bulk samples and CPCs are shown in Table
3-5. The results for the PEGDA:HEMA bulk samples of each composition were similar, and the
average value of the bulk samples (without conducting particles) was 28° + 1.9° (n = 28) for the
CPCs, the contact angle of the film samples varied with the composition of the CPC polymer
matrix. For instance, the contact angle of the spin-coated film with matrix PEGDA-100/HEMA-0
was 45° + 2.1° (n = 12) and that of PEGDA-25/HEMA-75 was 62° + 2.7° (n = 12). The contact
angle was found to increase in roughly 38% from PEGDA-100/HEMA-0 to PEGDA-25/HEMA -
75 polymer blends, showing that the material became more hydrophobic as the proportion of
HEMA was increased.

Table 3-5: Contact Angle of Ag CPCs

CPC Polymer matrix ~ Polymer blend only Contact Angle (n=12)

PEGDA-100/HEMA-0 29° + 1.4° 45°+2.1°
PEGDA-75/HEMA-25 29°+2.0° 50° £1.8°
PEGDA-50/HEMA-50 28°+£1.6° 57°+£2.3°
PEGDA-25/HEMA-75 26°+ 1.1° 62°+2.7

Overall, the differences in EWC and contact angle for composites containing Ag particles
may be due to interactions between functional groups in the HEMA monomer and the Ag
conducting particles. While some previous studies have reported that the addition of HEMA, due
to its —OH groups, increases the hydrophilicity of PEGDA-HEMA hydrogels [216], here we
observed a decrease in the hydrophilicity of the CPCs as the content of HEMA increases,
evidenced by both a decrease in contact angle and a decrease in EWC. A reason for this might be
associated with specific interactions between the —OH groups and the Ag particles. Previous
studies, such as that by Siddiqui et al. [249], have suggested that the hydrophilic -OH groups and
C=0 in HEMA can easily create hydrogen-bond of the OH:--OH and C=0---HO types [249, 250].
Not only OH---OH dimers, but -OH---OH---OH---OH- aggregates and as well as Ag+---OH
bonds have been reported during polymerization of solid polymers and HEMA-Ag
nanocomposites [249-251]. When OH- interacts with Ag+ instead of forming hydrogen bonds, an
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increase in hydrophobicity and a decrease in the EWC may result. This may help to explain our
results. In agreement with the findings in this work, Lee et al. [252] and Chandra et al. [253]
showed that the EWC of 1 vinyl-2-pyrrolidone/N,NO-methylene-bisacrylamide, and sodium
carboxymethyl cellulose/ poly(acrylamide-co-2-acrylamido-2-methylpropane sulphonic acid)

polymers, respectively, could be reduced by the inclusion of Ag particles.
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Figure 3-6: Swelling of a) pure polymer blends and b) CPCs with 75 wt% Ag particles. Samples

were immersed in water at time = 0 hrs (measured periodically), and removed from water at t =

27 hours and dried to 16% RH.
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3.3.4 Steady humidity response

In this work, the CPC is comprised of conductive Ag particles embedded in a hygroscopic
polymer that has been previously reported to swell upon changes in RH [217, 254]. As
consequence of this swelling, an increase in the effective distance between the conductive particles
was expected to occur, leading into a change in the resistivity of the CPC material. The response
of the CPC film and line sensors was assessed inside a humidity chamber as the relative humidity
(RH) was varied from 25% to 95% RH. The relative resistance (RR (%)) is given by equation Eq.
7, above, is plotted as a function of RH in Figure 3-7.

In Figure 3-7a, which depicts the response of the films, the relative resistance of all
compositions showed a /inear increase when the relative humidity increased. As expected, the
swelling of the polymer matrix led an overall increase in resistance, likely resulting from an
increase in separation between conductive particles. In our work, the response of the films to
changes in RH was different for each material, despite the fact that the content of Ag filler was
nearly the same for all films (~76 wt% or 25 vol%). The results shown in Figure 3-7a suggest that
the composition of the polymer blend in the films has an effect on the magnitude of the change in
resistance of the material. For instance, the relative resistance of the PEGDA-75/HEMA-25/Ag
samples was 86% £ 1.7%(n = 3) at 25% RH and 338% + 8%(n = 3) at 95% RH. In general, the
value of the relative resistance increased with increasing RH, reaching a maximum at RH 95%.
For instance, at 95% RH, the RR was 521% =+ 9%(n = 3) for PEGDA-100/HEMA-0/Ag, 338% =+
8% (n = 3) for PEGDA-50/HEMA-50/Ag, 137% =+ 3%(n = 3) for PEGDA-50/HEMA-50/Ag and
95% =+ 2%(n = 3) for PEGDA-25/HEMA-75/Ag polymer blends. The increase in resistance was
mainly driven by the swelling of the polymer matrix. As the humidity increased and the content of
water in the CPC sensing elements increased, the polymer swelled, increasing the main free path
between the Ag particles, which alters the conductive paths within the CPC, therefore increasing

the relative resistance of the material.

As shown in Figure 3-7a, the relative resistance of the spin-coated CPC films exposed to
95% RH increased with the concentration of PEGDA. For instance, the value of relative resistance
at 95% RH for PEGDA-100/HEMA-0/Ag was 521% + 8%(n = 3), while the relative resistance for
PEGDA-25/HEMA-75/Ag was only 95% + 2%(n = 3). This difference in behavior can be
attributed to higher hydrophilicity of the CPC PEGDA-100/HEMA-0/Ag as compared with the
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sample containing HEMA in the matrix. As discussed in section 3.2.6 Equilibrium water content,
the water absorption results showed that the CPC samples with the highest content of PEGDA
(PEGDA-100/HEMA-0/Ag) underwent more swelling than those with HEMA in their
composition. Therefore, these samples also exhibited the highest change in resistance when

exposed to 95% RH.
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Figure 3-7: Variation of resistance of CPCs in the form of a) spin-coated films and b) printed

lines with change in RH from 25% RH to 95% RH, in 10% RH increments for 3 cycles.

The response of the printed lines was evaluated as per the methods described above for film
samples. Figure 3-7b shows the response, in terms of relative resistance, of the printed lines upon
changes in RH inside the humidity chamber. In the case of lines of PEGDA-100/HEMA-0/Ag, for
instance, the RR of the samples changed from 53% =+ 5%(n = 3) to 630% + 10% (n = 3) when the
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RH in chamber changed from 25% RH to 95% RH. On the other hand, the RR of the PEGDA-
25/HEMA-75/Ag printed sample increased from 83% =+ 2%(n = 3) to 157% = 3%(n = 3) when the
RH inside the humidity chamber changed from 25% RH to 95% RH. Similar to the response of
thin films, the relative resistance increased linearly with the increase of RH. In addition, the
composition of the CPC polymer matrix was found to have an effect in the magnitude of the
response of the printed sensing elements. The composite which underwent the largest response
(PEGDA-100/HEMA-0/Ag) was also the most hydrophilic (with the largest EWC and contact
angle). To determine the stability of the networks, the RR of a sample kept at 60% RH was
measured every 3 seconds for as long as 5 days; a slight increase in the measurement of 4.3% was
found over the time period of measurement. This indicates that the samples are relatively stable,

even in conditions of relatively high humidity.

While the response of the spin-coated films (Figure 3-7a) and printed lines (Figure 3-7b) was
found to be similar in behaviour (with the response of each sample increasing with increasing
composition of PEGDA in the polymer matrix), the magnitude of the response differed for each
geometry. For instance, the value of RR of the spin-coated film with PEGDA-100/HEMA-0/Ag
was 521% =+ 8%(n = 3), while the printed lines presented a RR value of 630% + 10% (n = 3). A
similar trend was observed for each matrix composition: larger responses were measured for the
lines than for the films. In terms of geometry, the average width and thickness of the printed lines
were 435 pm £ 14 um (n = 20) and 27.8 um + 3.5 pm (n = 20), while those of the spin-coated
films were 25.4 mm and 13 pm + 3 pm (n = 20). The lines were therefore thicker than the films
(by a factor of ~2), while the films had a much larger size in the plane of the substrate. The
difference in thickness are not expected to affect the response; while the larger thickness of the
lines would allow a higher overall swelling to occur in response to the water vapor, the relative
change in resistance should be the same (assuming homogenous behaviour throughout the
material). Differences in the overall geometry of the sample types are expected to contribute more
substantially to differences in behaviour: while the films are constrained in the plane of the film
(allowing them to swell in only one direction), the lines are able to expand in both width and height
in response to the water vapor. This added degree of freedom may contribute to the higher change

in resistance observed for the lines, as these structures are subject to fewer boundary conditions.
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The sensitivity, S, of a sensor is defined as the ratio between the change in RR and any
change in RH (S = RR/RH). The values of sensitivity of the spin-coated films and printed lines
were determined from the data shown in Figure 3-7, and the results are summarized in Table 3-6.
As discussed above, sensing elements with higher concentration of PEGDA showed higher
sensitivity given the higher compatibility to water. As was qualitatively observed from the graphs,

lines fabricated from a given CPC exhibited higher sensitivities than films of the same material.

Table 3-6: Sensitivity of spin-coated film and printed line sensing elements.

Polymer blend Spin-coated films (%/RH) Printed lines (%/RH)
PEGDA-100/HEMA-0/Ag 8.06 9.43
PEGDA-75/HEMA-25/Ag 4.15 5.44
PEGDA-50/HEMA-50/Ag 1.66 2.15
PEGDA-25/HEMA-75/Ag 0.9 1.19

3.3.5 Cyclic humidity response

To test the cyclic response of the sensing elements, the RR of films and lines were
characterized as the RH was periodically varied from 35% to 95%. This range of humidity was
chosen to span the values reported for the storage of fresh grains, produce, and meat [15, 16, 255].
Each humidity cycle lasted 180 mins (90 mins at 35% RH and 90 mins at 95% RH); transitions
between the two states typically took 120 sec to achieve. The results of five cycles of testing for
films and lines are shown in Figure 3-8a and Figure 3-8b respectively. In each case, a relatively
fast change in relative resistance was observed when the humidity was increased or decreased, and
a steady state was then reached. The average values of RR in cyclic tests were consistent with
those found in the steady state tests (shown in Figure 3-7a and Figure 3-7b). For instance, the
average value of RR in steady state and cyclic tests of PEGDA-100/HEMA-0/Ag spin-coated films
at 35% RH was 88% + 7%(n = 10) and 552% £ 17%(n = 10) at 95% RH. On the other hand, the
average value of RR in steady state and cyclic tests of PEGDA-100/HEMA-0/Ag printed lines at
35% RH was 115% + 12%(n = 10) and 665% =+ 32%(n = 10) at 95% RH. The small differences
between these values can in part be attributed to hysteresis (discussed below). As was observed in
the study of the steady-state response, the magnitude of the response, and therefore of the
sensitivity, of the printed lines sample was roughly 27% higher than those of the spin-coated film
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samples. As argued above, the sample geometry affects the sensitivity and the magnitude of the

response of the CPC samples.
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Figure 3-8: Cyclic variation of relative resistance of a) spin-coated CPC films and b) printed

CPC lines with cyclic change in RH from 35% to 95%.

The recorded values of RR during the cyclic changes of RH showed evidence of hysteresis,
exhibiting slightly but progressively higher relative resistance values at a given state from cycle to
cycle. Representative hysteresis loops are shown in Figure 3-9a and Figure 3-9c for films and lines.
The hysteresis for each sample composition was calculated by the change in RR after each low-
to-high humidity cycle, using the first cycle as reference, and the results are shown in Figure 3-9b
and Figure 3-9d for films and lines, respectively. Hysteresis was observed particularly in spin-
coated films and printed lines with PEGDA-100/HEMA-0/Ag polymer blend, for which the values
of RR for the spin-coated films increased from 552% + 17%(n = 10) in the first cycle to 587% =

22%(n=10) after 10 cycles. Notably lower hysteresis effects were observed in samples with higher
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concentration of HEMA in their polymer blend, e.g. PEGDA-25/HEMA-75/Ag, for which the
values of RR for the spin-coated films increased from 94% + 7%(n = 10) in the first cycle to 97%
+ 2%(n = 10) after 10 cycles. As argued above, the sensing mechanism of the spin-coated films
and printed lines is that as the film swells upon exposure to water, the change in volume causes
the distance between conductive particles to increase, leading to a measurable increase in
resistance. The permanent change in resistance suggests that part of the conductive paths along the
volume of the sample were permanently changed after exposure to high levels of humidity. As has
been discussed previously by Ahmad et al. [256], Farahani et al. [257] and others, hysteresis in
the electrical properties of CPCs exposed to humidity — evidenced by a permanent change in RR
— may be attributed to the formation of clusters of absorbed water in pores in the volume of the

polymer matrix or at the filler-polymer interface.

The time required to reach a steady state RR value after a controlled changed of RH inside
the humidity chamber was estimated. The time required for the RR to increase and reach steady
state following an increase in RH from 35% to 95% is referred to as response time, whereas the
time is required for the RR to decrease and reach steady state following a decrease in RH from

95% to 35% is referred to as recovery time. These parameters were calculated by taking the time

dRR(t)/dv

derivative of RR, and measuring the time taken from the control change in RH inside

the humidity chamber to the time at which this derivative decreased to less than 0.05. The results
are shown in Figure 3-9a-b and Figure 3-9c-d for both the spin-coated films and printed lines, and,
as for other parameters, the time of response of the CPC samples was affected by the matrix
composition. For instance, the average response time of the PEGDA-100/HEMA-0/Ag spin-coated
film samples was 226 sec + 8§ sec (n = 10), while that of the PEGDA-25/HEMA-75/Ag was 325
sec = 5 sec (n = 10). The film samples with the highest response (highest overall change in RR)
were also the samples with the fastest response time; this behavior can likely be attributed for the
high affinity of water to these materials (samples with this composition were also the most
hydrophilic). These samples also exhibited the longest recovery times, indicating that more time
was required to remove the water from the network once the relative humidity dropped; this also
results from the comparatively high hydrophilicity of the samples. This is likely due to the
hygroscopic properties of the samples: once water was absorbed into the more hydrophilic samples

(containing the highest proportion of PEGDA) the high affinity of the water for the network
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resulted in the longest time to remove the water from the network once the RH dropped.
Conversely, as the proportion of PEGDA decreases in the samples (and the proportion of HEMA
therefore increases), the overall response (RR at 95% RH) decreases, the response times become

longer, and recovery times become faster; this results from the decreasing hydrophobicity of the

samples.
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Figure 3-9: Hysteresis loop (a and ¢), hysteresis values, and response and recovery times (b and

d) of a-b) spin-coated CPC films and c-d) printed CPC lines with different matrix compositions.

In general, both the response and recovery time were shorter for the printed lines than for
the films. For instance, while the PEGDA-50/HEMA-50/Ag and PEGDA-75/HEMA-25/Ag spin-
coated film samples required 294 sec + 6 sec (n = 10) and 317 sec = 6 sec (n = 10) of response
time, the printed samples for equal compositions required only 255 sec + 5 sec (n = 10) and 216
sec = 5 sec (n = 10) respectively. This represents an average decrease in response time of 20%.

Similarly, the recovery times of the films was found to be longer than those of lines of the sample
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material: the recovery time of PEGDA-50/HEMA-50/Ag and PEGDA-75/HEMA-25/Ag spin-
coated films was 307 sec & 6 sec (n = 10) and 270 sec £ 6 sec, respectively, whereas the recovery
times of the printed lines of the same materials were only 255 sec = 6 sec (n = 10) and 214 sec +
6 sec (n = 10), respectively. These findings provide additional evidence that the geometry of the
sensing elements, particularly the cross-sectional area, affects the sensing properties. The material
comprising patterned lines is generally more accessible to water vapor than the material
comprising a thin film, as the vapor can diffuse inward from more than one direction (i.e. from
both the sides and top rather than simply from the top). These modified boundary conditions result
in a higher response. Similar effects in resistive sensors were observed by Ahmadipour et al. [258],
who examined the effect of the thickness of resistive sensors, based on calcium copper titanate
(CCTO) films on the response and recovery times for humidity change from 30% to 90% RH. An
increase in thickness — and therefore in volume of the sample — from 200 nm to 600 nm, led to
the increase in response time from 12 seconds to 35 seconds, and an increase in recovery time
from 500 sec to 650 sec. In the case of response and recovery times, lower volume of printed lines
leads the sensing elements to reach equilibrium more quickly. Through variation of the thickness,
it may be possible to tune and balance the response time and thickness of the line-like sensing

elements [258, 259].

In establishing a comparison between the current work and other CPC-based resistive
humidity sensors, Table 3-7 summarizes sensing properties, such as relative sensitivity, and
response/recovery time, of this work with other recently demonstrated materials. While some other
CPCs materials were found to have a higher absolute change in resistance when exposed to high
levels of relative humidity, the initial or base-line resistance of these materials is significantly
larger (=1000 Q) than the CPC films and printed lines presented in this work. For instance,
Tripathy et al. [208] presented a polydimethylsiloxane (PDMS)-Armalcolite nanocomposite as
humidity sensor with a sensitivity of 8x10° Q/%RH and an initial resistance of 8x107 Q. This large
resistance requires the use of electronics that can resolve resistances that vary over orders of
magnitude. On the other hand, if the relative change in resistance is considered, the CPCs presented
in this work is higher than others, with an approximately 10%/%RH, which is higher than that of
the (Tetraethylammonium 2-acrylamido-2-methyl-1-propanesulfonate) -co- 1-Vinyl-2-
pyrrolidinone/Ag (TEAMPS-co-VP/Ag) composite presented by Park er al. [210], and the
poly(acrylic acid)-multiwall carbon nanotubes (PAA-MWCNTs) composite by Lee et al. [173].
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Despite their low resistance and high sensitivity, the response time of the HEMA-PEGDA-Ag
composites presented here was comparable or longer than other composites; the fastest times were
shown by Tripathy et al. [260], Xu et al. [206] (utilizing Polyvinyl alcohol nano-fibrillated
cellulose graphene oxide (PVA-NFC-rGO) composites), and Peng et al. [209] (utilizing Kappa-

carrageenan-carbon nanotube (KC-CNT) composites).

Table 3-7: Comparison of resistive humidity sensors based on conductive polymer composites

(CPC).
Material RO Abs. Sensitivity ~ Rel. Sensitivity  Response  Recovery Ref.
(Q) (©/RH) (%/RH) (sec) (sec)
HEMA-PEGDA-Ag Films 3.8 0.31 8.06 227 323 Current
HEMA-PEGDA-Ag Lines 45 4.24 9.43 182 280 Current
PAA-MWCNTs 100 6.85 6.85 670 380 [173
TEAMPS-co-VP/Ag 8.1x105 1.2x104 -1.53 180 195 [210
PVA-NFC-rGO 3.7x106 1.3x105 -3.47 120 120 [206
KC-CNTs 2.6x105 3.1x103 -1.19 100 130 [209
PDMS-Armalcolite 8x107 8.3x105 -1.04 10 15 [260

3.4 Conclusions

In this study, the feasibility of using Ag-HEMA-PEGDA/Ag for the fabrication of elements
for humidity sensing was investigated. These materials exhibited low electrical resistivity and high
response to changes in RH when compared with similar CPCs from the literature [173, 209, 210],

although the response times of the materials was relatively high.

The composites explored in this thesis were simple to prepare and could easily be patterned
on arbitrary samples by dispensing them through a pressurized syringe onto a moving stage. Due
to their low overall resistance, the CPCs investigated in this study may be useful for integration
into low-power and portable devices. For example, inexpensive sensors could be fabricated to
monitor storage conditions of food and other humidity-sensitive consumer products as they travel
through the supply chain. Such sensors would consist of the printed responsive material, and an
external power supply and a current meter r ohmmeter. To ensure their utility, future work should

focus on determining the selectivity of these sensors with respect to stimuli such as temperature
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and pressure. While this study focused on polymer matrices which swelled in response to water,

in future work the composition of the matrix could be tailored to enable sensing of other materials.
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4. Amine Responsive Poly(lactic acid) (PLA) and Succinic Anhydride (SAh)

Graft-Polymer: Synthesis and Characterization’

ABSTRACT: Amines are known to react with succinic anhydride (SAh), which in reactions near
room temperature, undergoes a ring opening amidation reaction to form succinamic acid (succinic
acid-amine). In this work, we propose to form an amine-responsive polymer by grafting SAh to a
poly(lactic acid) (PLA) backbone, such that the PLA can provide chemical and mechanical
stability for the functional SAh during the amidation reaction. Grafting is performed in a toluene
solution at mass content from 10 wt% to 75 wt% maleic anhydride (MAh) (with respect to PLA
and initiator), and films are then cast. The molecular weight and thermal properties of the various
grafted polymers are measured by gel permeation chromatography and differential scanning
calorimetry, and the chemical modification of these materials is examined using infrared
spectroscopy. The efficiency of the grafting reaction is estimated with thermogravimetric analysis.
The degree of grafting is determined to range from 5% to 42%; this high degree of grafting is
desirable to engineer an amine-responsive material. The response of the graft-polymers to amines
is characterized using X-ray photoelectron spectroscopy, infrared spectroscopy, and differential
scanning calorimetry. Changes in the chemical and thermal properties of the graft-polymers are
observed after exposure to the vapors from a 400 ppm methylamine solution. In contrast to these
changes, control samples of neat PLA do not undergo comparable changes in properties upon

exposure to methylamine vapor. In addition, the PLA-g-SAh do not undergo changes in structure

2 A version of this chapter has been published as Adrian Lopera-Valle, Anastasia Elias, “Amine Responsive
Poly(lactic acid) (PLA) and Succinic Anhydride (SAh) Graft-Polymer: Synthesis and Characterization”, Polymers,
Volume 11, Issue 9, No. 1466, doi: 10.3390/polym11091466. Refer to the preface of this thesis for more information.
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when exposed to vapors from deionized water without amines. This work presents potential

opportunities for the development of real-time amine sensors.

4.1 Introduction

Sensors based on smart materials, which undergo visible and gradual changes in color in
response to a stimulus of interest, can be used effectively to monitor both storage conditions and
analytes indicative of food safety. For example, time-temperature indicators — which undergo
gradual changes in color at a temperature-dependent rate —can reliably track the refrigeration
history of goods, which is vital for food preservation [72]. While storage conditions such as
temperature, humidity, and oxygen are indirect indicators of freshness, it is also desirable to
monitor direct analytes such as chemicals released during food ripening (e.g. ethylene oxide [6]).
In the case of meat and fish products, biogenic amines including ammonia, putrescine,
dimethylamine, putrescine, dopamine, histamine and methylamine are known markers of spoilage
[23-26]. The concentration of amines present in an enclosed fish package, for instance, has been
shown to increase from 130 ppm to 350 ppm at 4°C with time as food decreases freshness [4,7];

gaseous and liquid amines potentially represent direct indicators of food freshness and safety.

The concentration of amines in solution, gas, or vapour phase can be measured by high
performance liquid chromatography [8,9], electrochemical sensors [10,11], electrical-based
sensors [266], and optical detection methods [3,13]. Most of these methods require lab-scale
analytic equipment and trained personnel. However, smart materials, that undergoes a specific and
sensitive reaction to a stimuli, can be used for the detection of amines. For instance, Jin ef al.
proposed the use of nitrated polythiophene (NPTh) for the detection of a wide range of biogenic
amines (BAs). In this system, the BAs easily diffuse into the polymer film and forms charge
transfer complexes with NPTh, leading to a change in in color of the film, [29]. A key component

of this system is a material that reacts selectively with amines.

Amine-selective reactants that have been incorporated into electrically-responsive smart
materials are anhydrides such as maleic anhydride (MAh) and succinic anhydride (SAh). As
reported previously, in the first step of the reaction between the amine and MAh or SAh, the lone

electron pair of the amine conducts a nucleophilic attack on the C=0O © bond of the anhydride to
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form a tetrahedral intermediate, while the second carbonyl becomes part of the leaving group on
the other side of the anhydride ring [268—275]. This is followed by the removal of a proton from
the leaving group by the amine and the donation of an electron from the carboxylate group back
to the C=0O & bond, which is much less electrophilic than in an acid anhydride [268-273]. While
the reaction between MAh or SAh and amines has been used as initial step for classical approaches
to the synthesis of maleimide and succinimide, this process requires the dehydration of the
intermediate acid, usually promoted by acids and temperature [21,23,24]. At room temperature,
the most likely pathway is that the ring-opening reaction converts the anhydride into the
corresponding dicarboxylic acid monoamide, maleamic acid or succinamic acid for MAh and SAh,
respectively [15,17,21]. As reviewed by Sun et al. [278], polymers that undergo molecular
structural changes - in this case the ring opening of SAh upon contact with methylamine - have
high potential as stimuli responsive materials. Such transitions could potentially be leveraged in
smart material-based systems, using a pH indicator dye, as the acidity of the anhydride changes,
or using an electrochemical set up to monitor the creation of H+ ions in the anhydride-amine
reaction, or changes in the water solubility of the compound, as MAh and SAh are not soluble in

water while maleamic and succinamic acids are.

In order to engineer amine-responsive materials based on succinic anhydride, chemically-
stable materials compatible with food packaging must be produced. In the literature, a number of
thermal processing methods have been demonstrated for grafting SAh onto various polymer
chains, including polystyrene [19,25], poly(N-isopropyl acrylamide) (NIPA) [280], and
polyethylene glycol [281]. One polymer of interest for use in food-based sensors is polylatic acid
(PLA). Polylatic acid (PLA, Figure 4-1a) is a bio-sourced, food compatible, biodegradable, and
recyclable thermoplastic with high commercial attention given that, as a biopolymer, it can help
mitigate the polymer waste problem, particularly in food packaging [28,29]. One advantage of
PLA is that it has functional groups such as —OH, and —CH in its chain, which makes possible to
chemically couple it with reactive polymers such as maleic and succinic anhydrides [30,31],
oxazoline, and epoxide [31,32]. In addition to reacting with amines (as described above), maleic
anhydride (MAh) is one of the most widely used reactive compatibilizers in polymer processing
due to its good chemical reactivity, low toxicity and low potential to form dimers, trimers, and
polymers under free radical grafting conditions [287]. While the in-situ melt graft-polymerization
of PLA and MAh, to form PLA-g-SAh, by means of free radical polymerization has been studies
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and reported in the past by Hwang et al. [285], Detyothin ef al. [288, 289], Ma et al. [290], Du et
al. [291], Csikos et al. [292], Birnin-Yauri ef al. [293], and others, these methods typically utilized
melt-based processes and achieved only very low grafting degree (below 3%). To maximize the

response of the materials, a large grafting degree is desired.

In this work, we develop a solution-based method for the synthesis of responsive polymers
with SAh in their structure, and characterize the response of these materials to a fish degradation
biogenic amine: methylamine. Firstly, MAh is grafted with poly(lactic acid), to form PLA-g-SAh,
Figure 4-1. In this system, the PLA acts as a backbone/scaffold for the responsive component of
material (i.e. the succinic anhydride) (Figure 4-1a). The method proposed in this work aims to
achieve a high grafting rate of SAh to PLA chains. We then study the effect of initial MAh content
in the graft-polymer on the physical properties, including molecular weight, polydispersity index,
thermal stability, and thermal properties. In order to monitor and prove the responsive behavior of
SAh in the graft-polymers, samples are exposed to the vapours from a 400 ppm methylamine
solution in water under room conditions (Figure 4-1b). Following exposure to amines, FTIR and
XPS are used to confirm and characterize the reaction between amines and SAh. In addition, the

thermal properties of the polymer were compared with those of the films prior amine exposure.
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Figure 4-1: Proposed free radical graft-polymerization reaction between PLA and MAh, and

reaction between PLA-g-SAh and methylamine to form PLA-g-Succinamic acid.
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4.2 Experimental Methods

4.2.1 Polymer Synthesis and Sample Preparation

Poly(lactic acid) (PLA, 4042D, NatureWorks LCC, Minnetonka, MN, USA) pellets
(comprised of 92% L-lactide and 8% D-lactide units) were dried in an oven at 70°C for at least 8
hours in order to remove absorbed water from the environment. Following drying, a 40 mg/ml
PLA solution in toluene (No. 244511, Sigma-Aldrich, St. Louis, MO, USA) was prepared in an
air-cooled reflux setup at 100°C for 1.5 hours. The graft-polymers were synthetized by adding
maleic anhydrite (MAh, No. 63200, Sigma-Aldrich, St. Louis, MO, USA) and 3 wt%
Azobisisobutyronitrile (AIBN, No. 441090, Sigma-Aldrich, St. Louis, MO, USA), as free radical
initiator (Figure 4-1). The PLA-MA solution was kept at 100°C for one hour in order to guarantee
the complete decomposition of the free radical initiator. Table 4-1 lists the composition of the

blends of PLA and MAh used in this study.

Table 4-1: Sample composition

PLA MAh AIBN
Sample Name
wt% wt%  wt%

NeatPLA 100 0 0
PLA-g-SAh10 87 10
PLA-g-SAh25 72 25
PLA-g-SAh50 47 50

W W W W

PLA-g-SAh75 22 75

Once the polymer solution was prepared and brought to 50°C, approximately 3 ml was
poured onto a pre-heated microscope glass slides (No. 12-550-A3, Fisher brand, Pittsburgh, PA,
USA), 25.4 mm x 76.2 mm, and 1 mm of thickness, and maintained at 50°C until the complete
evaporation of the solvent was achieved. The films casted by these means were used for

characterization purposes following the methods described below.

4.2.2 GPC

Molecular weight and molecular weight distribution of PLA-g-SAh were evaluated using

gel permeation chromatography (GPC). The GPC instrument was equipped with a mixed bed
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column (T6000M, 300 x 8§ mm, 10 wm, Malvern Panalytical, Malvern, UK), a dual detector
(Viscotek GPC 270 Max, Malvern Panalytical, Malvern, UK), a refractive index detector
(Viscotek VE 3580, Malvern Panalytical, Malvern, UK). The molecular weight of the samples was
obtained from calibration curves using 99 kDa polystyrene and 235 kDa polystyrene for
verification. Tetrahydrofuran (THF) was used as eluent at a constant flow of 0.5 mL/min. The
PLA-g-SAh samples were dissolved using tetrahydrofuran (THF, sample concentration of 3

mg/mL), and filtered before injection using a 0.2 um filter.

4.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the polymer samples were recorded using a Fourier Transform Infrared
Spectrometer (Agilent Cary 600 Series FTIR Spectrometer, Agilent Technologies Inc., Santa
Clara, CA, USA) instrument equipped with a universal attenuated total reflectance (UATR)
accessory. The spectra were recorded between 4000 cm™! and 400 cm ™!, and between 3200 cm ™!

and 2700 cm ™! frequency ranges.

4.2.4 Thermal Characterization

Thermal analysis was performed using a differential scanning calorimeter (DSC Model 1,
Mettler Toledo, Columbus, OH, USA), under a nitrogen flow of 20 mLmin-1. Typical sample
mass was 15 mg. Analysis was performed in open Al pans. Samples were initially equilibrated at
-10°C for 5 minutes, heated from -10°C to 210°C at 10 °C/min, held at a temperature of 210°C for
5 minutes, and then cooled from 210°C to -10°C, at a cooling rate of 10 °C min™!. From the DSC
heating scans, glass transition temperature (Tg), melting temperature (Tm), and enthalpy of fusion

(AHm) were determined.

The thermal stability of the graft-polymers was studied by using a thermogravimetric
analyzer (TGA/DSC Model 1, Mettler Toledo, Columbus, OH, USA), equipped with an ultra-
micro balance cell and differential thermal analysis (DTA) sensors, set at a heating rate of 10
°C/min under 20 mL/min nitrogen atmosphere, and a heating cycle from 25°C to 380°C. The
thermal stability of the polymer films was defined as the onset temperature of the thermal
degradation process (Td) in TGA, extracted from the Mettler Toledo STARe thermal analysis
software (Mettler Toledo, Columbus, OH, USA), by taking the intercept between lines drawn
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tangent to the flat portion of the curve where the weight changes very little and the steep portion

of the curve once the mass begins to drop.

To enable the estimation of the degree of grafting, additional reference samples were
prepared and analyzed using the same TGA method. These include: neat PLA, neat MAh, PLA-
MAhS50 (a 50/50 blend of PLA and MAh dissolved in toluene and cast without initiator) and PLA-
AIBN3 (PLA dissolved in toluene with 3 wt% AIBN and cast).

4.2.5 Hydrogen Nuclear Magnetic Resonance ('H-NMR)

Hydrogen Nuclear Magnetic Resonance (\H-NMR) spectra were obtained in a Nanalysis 60
MHz NMReady-60 spectrometer (Nanalysis Corp., Calgary, AB, Canada). The equipment was
pre-calibrated with deuterated toluene (No. 434388, Sigma-Aldrich, St. Louis, MO, USA). For the
measurement, 10 mg of the polymer sample were dissolved in 1 mL deuterated toluene and placed
in NMR tubes. Data was collected from 0 to 12 ppm with 512 scans per sample and 4096 points
were recorded per scan. An analysis of the ratios of the peaks associated with MAh, PLA, and SAh

was used to estimate the degree of grafting.

4.2.6 Amine Response

The response of the PLA-g-SAh graft-polymer was studied by exposing the polymer films
(2.5 cm x 7.6 cm) to the vapours from a 400 ppm methylamine (No. 426466, Sigma-Aldrich, St.
Louis, MO, USA) solution in water contained in a closed cylindrical glass container (25 cm
diameter % § cm tall) containing 300 mL of amine solution at 20°C for 8 hours. The samples were
then placed on a stainless steel platform inside the glass container such that they were suspended
about 20 mm above the level of the amine solution. The reaction between the SAh-grafted polymer
and methylamine, shown in Figure 4-1, was characterized by using FTIR techniques as per
described in section 4.2.3 Fourier Transform Infrared Spectroscopy (FTIR) with scanning range
from 1300 cm™ and 980 cm’!. In addition, X-ray photoelectron spectroscopy (XPS) survey scans
were performed using an X-ray photoelectron spectrometer (Kratos AXIS 165, Kratos Analytical
Ltd, Manchester, U.K.) equipped with dual magnesium (Mg, Ko radiation hv = 1253.6 eV) and
aluminium (Al, Ka radiation hv = 1486.6 eV Al), and monochromatic Al X-ray sources. XPS was

performed in order to quantify the content of methylamine on the surface of the PLA-g-SAh
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samples after exposure to amines, as well as to collect further evidence of the reaction between
them and SAh. The XPS scans were analyzed using an XPS processing software (CASAXPS
2.3.19PR1.0, Casa Software Ltd, Teignmouth, U.K.). Finally, the changes in thermal properties of
the PLA-g-SAh after exposure to methylamine were measured using DSC as described in section
4.2.4 Thermal Characterization. In addition, a set of specimens was then exposed to water vapor

(without methylamine) in order to check for selectivity of the polymer response.

4.2.7 Statistical Analysis

To test for statistically significant differences within groups of data, an analysis of variance,
ANOVA with Fisher LSD post-hoc test, was performed (using STATISTICA for Academia,
StatSoft Inc., Tulsa, OK, USA) , and P-values < 0.05 were considered statistically significant. To
compare differences in properties within a certain sample type before and after exposure to amines,
t-test analysis was performed using commercial software (STATISTICA for Academia, StatSoft
Inc., Tulsa, OK, USA). P-values < 0.05 were considered statistically significant.

4.3 Results and Discussion

4.3.1 Molecular Weight

The molecular weight and polydispersity of both neat PLA and of the PLA-g-SAh samples
with compositions described in Table 4-1 were measured by means of GPC. The results are
summarized in Error! Reference source not found.. The average molecular weight (My) of the
eat PLA was found to be 159 kDa + 8 kDa, and the number average molecular weight (M,) and
polydispersity index (PDI) were found to be 122 + 9 kDa and 1.3 + 0.03, respectively. For each
sample, the Mw, Mn, and PDI was found to be statistically significantly different with respect to
neat PLA. Initially, we expected to observe an increase in Mw after grafting corresponding to the
amount of SAh grafted onto the PLA. However, for the PLA reacted with 10 wt% (PLA-g-SAh10
samples) and 25 wt% initial MAh (PLA-g-SAh25 samples), the molecular weight of each
decreased significantly to 131 kDa (corresponding to an 18% decrease). Composition with initial
concentrations of initial MAh of 50 wt% (PLA-g-SAh50) exhibited a slightly lower My than neat
PLA (141 kDa £ 2 kDa). The samples reacted with 75 wt% MAh (PLA-g-SAh75 samples)
exhibited the highest Mw of all: 279 kDa + 19 kDa. While the graft-polymerization, as a process
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of chain addition, was expected to increase the My, it was found to have an opposite effect for
initial MAh concentrations equal to or less than 50 wt%. As argued in previous studies, this
decrease in My, can be due to chain scission of the polymer chains caused by the free radicals in
the polymer solution. This chain scission occurs when AIBN radicals undergo side reactions with
ester groups in PLA that cause the sectioning of PLA chains [34,36,37]. For instance, Detyothin
et al. [288] reported a significant decrease in the molecular weight of PLA, from about 70 kDa to
15 kDa after it was melt copolymerized with 7 wt% MAh by means of free radical polymerization
with 2,5-bis(tert-butylperoxy)22,5-dime-thylhexane (Luperox 101) [288]. While this phenomenon
is likely to occur at all initial concentrations of MAh, the overall values — which generally increase
with MAh content — likely reflect a combination of chain scission (which decreases M) and

grafting (which increases My).

Table 4-2: Summary of GPC results (n = 3).

M, My PDI

Sample Name
kDa kDa M./M,

Neat PLA 122+9 159+8 1.3+£0.03
PLA-g-SAh10 80+4 131+4 1.6+0.09
PLA-g-SAh25 81+6 131+2 1.6+0.09
PLA-g-SAhS0 85+1 141+£2 1.7+0.03
PLA-g-SAh75 102+2 271+£19 2.7+£0.12

Similarly, the PDI constantly increased from 1.3 + 0.03 for neat PLA to 2.7 + 0.12 for PLA-
g-SAh75. The source for this variation can be due to both to grafting reactions and undesirable
chain scission reactions. However, the GPC results may be slightly skewed by the fact that our
analysis assumed that the chains were relatively linear after grafting. If branching occurred, the
measured results could be expected to under-report the molecular weight given that the branching
of SAh in PLA increases the molecular weight and density of polymer chains while decreasing
their radius of gyration. This would then lead to the report of lower molecular weights as GPC is
based on the size of polymer chains [294]. Studies of viscosity may be able to confirm the effect

of branching on the molecular weight and PDI of the grafted polymer.
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4.3.2 Polymer Structure

The product of the polymer grafting reaction between PLA and SAh was analyzed using
ATR-FTIR. Figure 4-2a shows the FTIR curves for solvent cast films of neat PLA, neat MAh
(powder form, as received by the provider), and PLA-g-SAh50 samples. Figure 4-2b depicts the
ATR-FTIR spectra from 3200 cm™ to 2700 cm™ of all grafted polymers, including neat PLA and
neat MAh. Neat PLA showed characteristic ATR-FTIR peaks at 1751 cm™, 1182 cm™!, 1126 cm’
!, 1081 cm™-1035 cm™, and 872 ¢cm!-954 cm’!, corresponding to C=O stretching, C-O—-C
asymmetric stretching, C—OH side group vibrations, —CH stretching, and C—C vibrations,
respectively [295, 296]. In the ATR-FTIR spectra of neat MAh and PLA-g-SAh50, the peaks at
3120 cm™ (also displayed in Figure 4-2b) and 1781 cm! correspond to the C=0 asymmetric
stretching, and at 1859 cm™ and 1746 cm™! correspond to the C=0 symmetric stretching of cyclic
anhydride [281, 297-300]. The presence of these asymmetric and symmetric C=O stretching bands
suggest the presence of SAh in the PLA-g-SAh50 and other grafted polymer films. Similar to this
work, Detyothin ef al. monitored these symmetric and asymmetric stretches of the C=0 bonds —
part of the cyclic anhydride ring — to show that SAh molecules were grafted onto PLA back bone
using free radical melt grafting [289]. In addition, the grafting of SAh to PLA, by the bond cleavage
of the C=C bond to C-C in MAh, to form SAh, and the formation of a free radicals in the C-H
group of PLA, could be monitored by analysing the C=C (830 cm™! and 694 cm™) and C-H (2850
cm') bond stretches [297, 300]. In Figure 4-2a, the drop in the C=C bending bond peaks at 830
cm™! and 694 cm’!, Figure 4-2a, from neat MAh to PLA-g-SAh50 specimens suggest the process
of bond cleavage of the C=C bond in MAh to C-C in SAh upon the presence of free radical from
the C-H bond or from the AIBN free radical initiator. In addition, in Figure 4-2b, the decrease in
the peaks in the proximity of the 2850 cm™ band — corresponding to sp®> C-H stretch — may
suggest the formation of a free radicals in the C-H group of PLA [301, 302]. Similar to previous
reports, the use of ATR-FTIR to monitor relevant bonds involved in the grafting of SAh into PLA

can provide some evidence of these reaction [281, 297-300].
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Figure 4-2: ATR-FTIR curves between (a) 4000 cm™ and 400 cm™!, and (b) from 3200 cm™ to
2700 cm™! of neat PLA, neat MAh, PLA-g-SAh50, and other graft polymer samples.

4.3.3 Thermal Properties and Degree of Grafting

The thermal properties and thermal stability of the PLA-g-SAh were evaluated by means of
DSC and TGA. Table 4-3: Thermal properties from DSC of neat PLA and PLA-g-SAh (n =3, P
< 0.01). summarizes the glass transition temperature, Ty, melting temperature, Tm, and specific
heat of fusion, AHn, of the neat PLA and PLA-g-SAh samples. In addition, the DSC curves are
presented in Figure 4-3, where vertical lines labeled as Tg, pLa and T, pLa mark the glass transition
temperature and the peak of the endothermic melting process of neat PLA. In general, the AHn,

Tg, and T were found to decrease with the increase of initial MAh content. For instance, the Ty,
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Tm, and AHn decreased from to 31°C + 2°C, 140°C + 3°C, and 29.8 J/g = 0.5 J/g for neat PLA to
28°C £ 1°C (P =0.04),116°C = 2°C (P =0.05), and 19.2 J/g+ 0.7 J/g (P =0.001) for the PLA-g-
SAhS50 samples, respectively. As seen in Figure 4-3, the decrease in the thermal properties was
more significant for PLA-SAh grafts with higher initial MAh content. The decrease in the polymer
Mw and increase in PDI (section 4.3.1 Molecular Weight) provided evidence of chain branching
and chain scission during the polymer grafting reaction between PLA and SAh. This branching
and scission could be responsible of the reduction of Tg. In addition, the increase in the PDI may
lead to the formation of irregular structures and amorphous regions in the polymer, further
decreasing the temperature and energy required for the melting of the graft-polymer, i.e. T, and
AHm [284, 285, 288, 290, 303]. The results presented in this work align with what has been
reported by others [285, 290]. For instance, Ma et al. [290] investigated the effects of different
concentrations of MAh in a poly(lactic acid) (PLA)-g-maleic anhydride (MA)-co-styrene (St)
copolymer that was synthetized by free radical polymerization using dicumyl peroxide (DCP) as
an initiator. In their work, they reported that after copolymerization the melting point of neat PLA
went from 179°C to 176°C for a 4.5 wt% MAh and 0.5 wt% DCP set of samples [290]. As
suggested by the results in this work, and as reported by Ma et al. [290], the free radical
polymerization between PLA and MAh lead to a decrease of Tg, T, and AHm, of PLA.
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Figure 4-3: DSC curves of neat PLA and PLA-g-SAh with different initial contents of MAh.
Vertical lines labeled as Ty and Ty mark the glass transition and melting peak temperatures of

neat PLA.

78



Table 4-3: Thermal properties from DSC of neat PLA and PLA-g-SAh (n =3, P <0.01).

“C) (O (J/g)
Neat PLA 31£2 140+3 29.8+0.5

Sample Name

PLA-g-SAh10 32+1 133+2 21.8+04
PLA-g-SAh25 30+£2 121+3 20.6+0.6
PLA-g-SAh50 28+1 116+2 19.2+0.7
PLA-g-SAh75 21+£2 108+3 2+0.8
MAh - 53 138

The thermal stability of the graft-polymer was characterized using TGA technique, and
defined as the onset temperature during volatilization of the specimens. Figure 4-4 shows
representative curves of sample weight against temperature (Figure 4-4a), and summarizes the
thermal stability properties of all compositions (Figure 4-4b). Neat PLA was found to be thermally
stable at temperatures as high as 352°C (Tq). In contrast, the degradation temperature, Tq, of neat
MAh samples was found to be 120°C. The TGA results show that the thermal stability of the graft-
polymers decreased with the addition of initial MAh into the polymer solution. This degradation
process was found to take place in two stages. An initial reduction of mass was found at
temperatures between that of the degradation of neat MAh (120°C) and that of neat PLA (352°C).
This is likely due to neat (unreacted) MAh molecules that became volatile at a lower temperature
than neat PLA and PLA-g-SAh. Upon further heating, the degradation of neat PLA and PLA-g-
SAh occurred. Given that this stage is more representative of the actual thermal stability of the
grafted polymer, Figure 4-4b, summarizes the onset temperature at which this second process
starts. As it has been reported previously, the thermal degradation of neat PLA is associated with
hydrolysis of ester groups and accelerated by the end groups (~COOH) [303, 304]. While PLA-g-
SAh graft-polymers, can be expected to share the degradation mechanism of neat PLA[303], the
onset of thermal degradation at lower temperatures for samples with MAh of 75 wt% may
additionally be attributed in part to a wider distribution of the chain size, as evidenced by the higher
PDI values for these materials (section 4.3.1 Molecular Weight). In addition, Figure 4-4b shows
the degradation temperature of the PLA-MAhKS50 and PLA-3AIBN specimens descried above
(section 4.2.4 Thermal Characterization). No significant difference between neat PLA and PLA-
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3AIBN was found, suggesting that the processing method alone does not lead to the degradation
of PLA. The degradation of PLA-MA is discussed in more detail below.
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Figure 4-4: TGA (a) curves of neat PLA, neat MAh, a film comprised of a 50/50 blend of PLA
and MAh without initiator (PLA-MAS50), and grafted polymers (n = 3), and (b) degradation
temperature of PLA-g-SAh with different initial contents of MAh. Reference samples (PLA with
initiator without MAh and PLA-MAhS50) are denoted in red.

While the graft-polymerization of PLA and MAh by means of free radical polymerization
has been reported by Hwang et al. [285], Detyothin et al. [288, 289], Ma et al. [290], Du et al.
[291], Csikos et al. [292], Birnin-Yauri ef al. [293], and others, the vast majority of these works
use melt-based methods for the blending of polymers and creation of free radicals required for the
formation of PLA-g-SAh. Given that these melt-based techniques are done at temperatures from
160°C to 190°C, it is likely that they lead to the partial or complete degradation of MAh. While
these high temperatures are required for the melting and blend of PLA, they are higher than the
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degradation temperature of MAh, here reported to be 120°C. In contrast in our work we report a
procedure for the grafting of PLA and SAh that is based in a solution method that is executed at a
temperature of 100°C, which is well below the degradation temperature of MAh.

The degree of grafting of SAh in the PLA polymer chains was estimated based on the results
of the TGA, and makes use of the fact that — as shown in Figure 4-4a — the Tq of neat MAh (120°C)
is much lower than that of neat PLA (352°C). For each sample, the drop in mass during heating
from room temperature to Tq of the grafted polymer was assumed to correspond to volatilization
of unreacted MAh. The mass of grafted SAh was then assumed to be the difference between the
initial fraction of MAh added and the fraction of mass volatilized below 120°C. The main
assumptions in this analysis are: i) All MAh initially added to the solution is incorporated into the
cast polymer films; ii) All unreacted MAh is evaporated below Tq of the grafted polymer, and
iii) PLA itself is not degraded below the Tq of the grafted polymer.

The 'H-NMR spectra, Figure 4-5, were used to estimate the degree of grafting on SAh into
PLA. The spectra for neat PLA shows the representative signals at 1.2-1.5 and 5.0-5.2 ppm
corresponded to -CH3; and -H respectively. Neat MAh shows a signal at around 7 ppm,
corresponding to —H. After grafting, the signal for the succinic anhydride (SAh) group was found
in the region of 2-2.2 ppm corresponding to the —CH> in the free group in the grafted succinic
anhydride [285, 305]. The estimation of the degree of grafting by comparing the area of the peaks
associated to MAh and SAh.

Neat MAh

PLA-g-SAh75

PLA-g-SAhS0 A
PLA-g-SAh25 A

PLA-g-SAh10

Neat PLA M
I T T T T T T T T T T T 1

12 10 8 6 4 2 0
Signal (ppm)

Figure 4-5: 'H-NMR spectra of neat PLA, neat MAh, and other graft polymer samples
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All grafted samples undergo higher losses in mass below 352°C than neat PLA: this thermal
degradation is attributed to the degradation of unreacted MAh. To evaluate this assumption,
samples of 50 wt% MAh (PLA-MAhS50) were also characterized with TGA. The thermal
degradation process of the PLA-MAS50 composition (solvent blend of PLA and MAh without free
radical initiator) occurred in two stages, Figure 4-4a. Initially, there was a rapid drop in 50 wt% at
around 120°C, likely to be linked to the thermal degradation of neat MAh. Subsequently, the
remaining 50 wt% of the samples degraded near the thermal degradation temperature of PLA. This
process differs from the thermal degradation of the PLA-g-SAh50 specimens, where the initial
drop of mass was 22 wt% and the remaining 78 wt% degraded at around 225°C. The estimation
of the degree of grafting assumes that the initial drop in mass (22 wt%) is linked to the degradation
of unreacted MAh and that the remaining 28 wt% from the initial content of MAh (50 wt%) was
grafted onto the PLA backbone. Following this rationale, the degree of grafting was estimated to
be 28 wt% + 2 wt% for the PLA-g-SAh50 composition. Figure 4-6 shows the estimated degree of
grafting in terms of the initial content of MAh in the solution. In general, the increase in initial
concentration of MAh led to a linear increase in the degree of grafting in PLA. The efficiency of
grafting, calculated as the ratio between the grafting degree and initial content of MAh, was found
to be 56.6% =+ 3.6% for all initial contents of MAh. '"H-NMR spectroscopy was used to validate
these results. The efficiency was found to be 46.73% + 1.1%. The results found in both methods,
Figure 4-6, suggest an agreement between TGA and 'H-NMR methods, particularly for low initial
contents of MAh. Similar results have been reported by Ma et al. [290]. In their work, the degree
of grafting and grafting efficiency were estimated for different concentrations of MAh in a
poly(lactic acid) (PLA)-g-maleic anhydride (MAh)-co-styrene (St) copolymer, synthetized by free
radical polymerization through extrusion process and using dicumyl peroxide (DCP) as an
initiator. In their work, the relation between initial MAh and grafted SAh was found to be linear,
i.e. the increase in initial content of SAh led to a linear increase in grafted SAh, similar to that one
displayed in Figure 4-6. Moreover, their work reported a grafting efficiently of about 25%. The
higher grafting efficiency found in the current work could be related to the extended time of
reaction used (1 hour), and lower processing temperature, which, as discussed above, may reduce
the degradation of MAh during the grafting process. This finding suggest that the methods
presented in this work have potential to provide higher grafting degree than those by melt-mixing

methods. This may be particular beneficial in applications where high grafting degree of SAh is
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needed, in particular those where SAh works as compatibilizer in polymer blends [288, 289] and

composites [303], or as responsive element [191].
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Figure 4-6: Grafting degree of grafting by TGA (n =3) and '"H-NMR of succinic anhydride on

PLA as function of the initial content of maleic anhydride concentration in solution.

4.3.4 Amine Response: Polymer Structure

The reaction between SAh in the PLA-g-SAh and methylamine was characterized by using
ATR-FTIR. The comparison of FTIR spectra between 1400 cm™ and 980 cm™ of PLA-g-SAh50
samples before and after methylamine exposure is presented in Figure 4-7. The spectra before
exposure shows the C—-O—C asymmetric stretching, C-OH side group vibrations, —CH stretching
of PLA in the 1182 cm-1, 1126 cm™, 1081 cm™, 1035 cm™! bands as previously shown in Figure
4-2 (section 4.3.2 Polymer Structure). In addition to the PLA peaks, the spectrum (Figure 4-7),
shows the presence of C—N stretching vibration of aliphatic amines in the 1290-1150 cm™! region
for the PLA-g-SAh films that were exposed to methylamine; this supports the reaction of SAh and

methylamine proposed in Figure 4-1 [306].
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Figure 4-7: FTIR curves between 1300 cm-1 and 980 cm-1 PLA-g-SAh50 samples before and

after exposure to methylamine vapor from a 400 ppm solution

XPS scans were done in PLA-g-SAhS50 samples in order to trace the presence of amine, e.g.
-NHb», groups on the surface of the polymer films after exposure to methylamide vapours. As
expected, carbon (C;s) and oxygen (O1s) were detected before and after exposure as they are the
main constituents in the PLA-g-SAh polymer. However, in the samples exposed to methylamine,
nitrogen (N) groups were detected. The XPS survey scan curves and their deconvolution for Cis
before and after exposure to amines are shown in Figure 4-8a and Figure 4-8b, respectively. In
addition, the scan peak for Nis before and after exposure and its deconvolution after amine
exposure are shown in Figure 4-8c and Figure 4-8d. As reported previously, the C;s spectrum can
be deconvolved into two peak components at 285.8 eV and 283.6 eV before exposure (Figure
4-8a), which correspond to the carbon atoms of C-O and C-C groups, respectively. Similarly, the
Cis spectrum following exposure can be deconvolved into peaks at 286.9 eV and 283.6 eV, which
correspond to C-N-C and C-C groups [307, 308]. In addition to these two peaks in Figure 4-8b,
those corresponding to C=0 and C-O (288.3 eV and 285.8 ¢V) may be present but cannot be
distinguished. The Nis spectra, Figure 4-8d, can be deconvolved into two components at 401.2 eV
and 399.5 eV, which correspond to the nitrogen atoms of C-N-C and N-H/N-H» groups,

respectively [307-309]. As shown in Figure 4-8c, there was not presence of this peak prior
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exposure to amines. The C-N-C peak present in both the Cis and Nis, as well as the FTIR results

discussed above, suggest that there is a reaction between the SAh group in the PLA-g-SAh and

methylamine.
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Figure 4-8: XPS curves for (a, b) Cis and (c, d) Nis before and after exposure to vapours of 400

ppm methylamine solution

4.3.5 Amine Response: Thermal Properties

The thermal properties of the PLA-g-SAh polymer films were evaluated by DSC. Figure 4-9

displays the DSC curves for the graft-polymers, both before (dotted lines) and after (solid lines)

exposure to methylamine. In addition, Table 4-4 summarizes the thermal properties from these

curves. As described and argued in section 4.3.3 Thermal Properties and Degree of Grafting, as

the initial MAh content to graft the PLA-g-SAh polymer increases, there is a decrease in AHm, T,

and T due to the chain scission that occurs during the grafting reaction between PLA and MAh.

However, the exposure to methylamine was found to lead to changes in thermal properties of the

graft-polymers. In general, the ring opening reaction lead to an increase in AHm , Tg and Tr, in the
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graft-polymers when compared with the thermal properties before amine exposure. This increase
was found to be more significant with increasing in MAh content. For instance, the PLA-g-SAh10
composition did not present a significant increase in thermal properties, while the PLA-g-SAh75
has an increase of Tg from 21°C £ 2°C to 30°C £ 3°C (P =0.01), of Try from 108°C +=3°C to 121°C
+ 1°C (P =0.002), and of AHm, from 2 J/g+ 0.8 J/g to 20.6 J/g+ 0.9 J/g (P 0). Little data has been
reported in the past about changes in thermal properties before and after amine ring opening of
SAh. Based on the results described here, we suggest that this change could be led by alterations
in inter- and intra- molecular interactions in the graft-polymer. In particular, the ring opening
amidation reaction of SAh to form PLA-g-succinamic acid, Figure 4-1b, and subsequent reaction
with the amine group in methylamine can cause higher inter molecular interactions as a section of
the polymer (SAh) opens up which can be responsible of an increase in heat and temperature
required for endothermic processes such as glass transition and melting [280, 310, 311]. In
addition, and as reported by Kesim ef al. [280, 311], the creation of new available OH groups can
cause more intermolecular H-bonded interactions, decreasing mobility of PLA-g-SAh chains
which contributes to that increase in thermal properties [310]. In addition, the study of thermal
properties due to similar structural changes, e.g. the transition from linear to cyclic structures and
vice versa, were studied by Sugai et al. [312]. In their work, the structural and thermal properties
of photo-cleavable linear and cyclic poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) were
studied. They reported that the transformation from a cyclic to a linear molecular structure led to
an increase from 128°C to 142°C. This difference could be due to the higher level of physical

entanglement and intermolecular interactions between polymer chains.

Table 4-4: Thermal properties from DSC of neat PLA and PLA-g-SAh before and after exposure
to methylamine (n = 3).

Before After
T, Tm AHpn, T, Tm AHn
C) O (J/g) °C) O (J/g)
PLA-g-SAh10 32+1 133+2 21.8+04 |31+3 142+2 248+04

Sample Name

PLA-g-SAh25 30+2 121+3 20.6+0.6 |32+2 135+1 269+0.6
PLA-g-SAhS0 28+1 116+2 192+0.7|31+1 126+2 23.8+0.5
PLA-g-SAh75 21+2 108+3 2+08 |30+3 121+1 20.6+09
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Figure 4-9: DSC curves of neat PLA and PLA-g-SAh with different initial contents of MAh

before and after exposure to methylamine. Vertical lines labeled as Ty and T mark the glass

transition and melting peak temperatures of neat PLA.

To further investigate the selectivity and mechanism of the response, various control samples
were also characterized. A set of samples was exposed to water vapor (without methylamine), no
change in the thermal properties was found. This suggests that, as illustrated in Figure 4-1b, water
would not go through a similar reaction as that between the methylamine and SAh group in the
PLA-g-SAh polymer converts the succinic anhydride (SAh) into the corresponding PLA-g-
succinamic acid. In addition, to generate a blank set of samples for the reaction between SAh and
methylamine into succinamic acid (succinic acid-methylamine), samples of pure PLA were

exposed to both 400 ppm methylamine and water for as long 8 hours. Similarly, this did not show
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evidence of structural changes in PLA, perhaps because there was not SAh present to react with
methylamine. In our future work, we will vary the concentration of amine in the solution to

determine the limit of detection.
4.4 Comparison with Literature

When compared with other polymers that respond to amines vapour proposed in the last 3
years, the grafted polymers presented in this work showed some advantages and disadvantages.
Some details of these responsive polymer are summarized in Table 4-5. While these materials have
been shown to respond to amines using different mechanisms, they require the use of additional
instruments and equipment such as UV lamps in He et al. [137], QCMs in Das ef al. [313], and 4-
point probe equipment in Khan ef al. [314]. Based on the characterization done in this work, the
response of change in polymer structure and thermal properties have the potential to engineer
sensing elements that respond to the presence of amines by changing in color (as the ring opening
reaction of SAh can protonate a pH responsive dye) which are of much interest due to their
simplicity, similar to those presented by Jin et al. [29]. In contrast with recent reports, this work
presents a simple solution based method for the grating of SAh onto PLA polymers chains. This
method allows for a high efficiency of grafting and the potential to tailor the responsive properties

of the grafted polymer with the change in initial concertation of MAh.

In contrast with the work presented by Jin et al. [29] and Khan ef al. [314], the ring opening
amidation reaction presented in our work is not reversible; the reverse reaction can only occur in
the presence of heat or an acid. The resulting responsive material can therefore not be used for
real-time monitoring of amine concentration. This irreversible behavior is, however, desirable in
some applications, analogous to temperature-time indicators (TTIs) where exposure to the stimulus
leads to a gradual change in property — often color — of the sensor. A record of exposure to the

stimulus is therefore preserved, even once the stimulus is removed.

88



Table 4-5: Relevant responsive polymers that react to amines (from 2017 to 2019)

Material Amines Mechanism Response Ref.
The biogenic amine (BA)
ily diffi into th
Ethylenediamine, castly Giuses Imto the )
trescine. cadaverine polymer film and forms A fast change in color from
u , Y , , ,
Nitrated polythiophene (NPTh) P soermidine charge transfer complexes light brown to a highly deep [29]
perm D with NPTh. These NPTh&+- dark brown
phenethylamine, histamine
BAS— complexes lead to the
change in color of the film.
Amines combine with
unsaturated carboxylic
groups in the polymer. The
boxyli
) ) . Methylamine, cat oxy' ¢ gr01.1p can ¥1o On/Off change in fluorescence
Alkaline earth metal—organic coordination , ) longer vibrate, increasing e
dimethylamine, . with initial and final peaks at [137]
polymer . . the rigidity and educe the
trimethylamine .. 525 nm and 612 nm
loss of non-radiation energy
of the ligand, causing the
increase of the fluorescence
emission intensity
The lone pair of nitrogen of
amine interacts with the . .
Polyaniline-titanium(IV) . " £ Pani Reversible change in
olyaniline-titanium ) ) imine nitrogen of Pani, . ,
y. ) Methylamine, ethylamine ) g ) . resistivity measured with 4- [314]
sulphosalicylophosphate composite decreasing the intensity of .
.. . point probe
positive charge which
decreases the conductivity
. . . . ) ) Small molecules of amines  Polymer-coated quartz crystal
Schiff base 3(aminopropyl)triethoxysilane  Methvl thvl
( propyl) Y ciiy’dtitie, ethyatine, are trapped in molecular ~ microbalance (QCM) substrate [313]

(APTES)

diethylamine,

pores introduced by the

absorbs the amines, increasing
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EuCl3 with 4,4'-biphenyldicarboxylic acid
(H2BPDC)

PLA-g-SAh

triethylamine,
tertbutylamine ammonia

Methylamine,
dimethylamine,
trimethylamine

Methylamine

bulky group of Schiff base
attached to polysiloxane.
They are stabilized by H-
bonds and dipole-dipole
inter- action

Fluorescence quenching by
the amines

Amidation of SAh in PLA-
g-SAh with methylamine.
Lone electron pair of the
amine conducts a
nucleophilic attack on the
C=0 = bond of SAh to start
a ring opening reaction.

the mass of the film and the
mass

Drop in fluorescent emission
at 413, 578, 592, 614 (main
peak), 650 and 704 nm when
excited by UV light of 311 nm

Increase in melting point and
donation of protons during
ring opening of SAh. Potential
in color change indicators and
electrochemical sensing.

[315]

This work
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4.5 Conclusions

In this study, we presented a solution-based method to graft PLA with SAh with a high
degree of efficiency, and demonstrated the response of PLA-g-SAh to amines. Most previous work
on PLA-g-SAh has focused on using melt-mixing; one advantage of our technique is that it takes
place well below the degradation temperature of MAh/SAh. In addition, we achieved a higher
efficiency of grafting than achieved previously by melt mixing (e.g Ma et al. [290] and Hwang et
al. [285]); this allowed for a high degree of grafting overall. The structural and thermal properties
of the graft-polymers were studied. The increase in branching in the PLA chains, as consequence
of grafting, led to a decrease in melting point and crystallinity of the polymer (as compared with
neat PLA). Following grafting, PLA-g-SAh films were exposed to the vapor of a 400 pm amine
solution. This concentration was selected as it is indicative of spoilage in fresh fish products [24].
While other studies have reported the reaction between SAh-grafted polymers (such as PMVE-co-
MAh [316]) and amines, the study of the effect of the degree of grafting on the reaction with
amines has not been explored in the past. Our materials exhibited significant changes in thermal
properties after exposure to the amine vapor, as the methylamine-caused ring opening of SAh
increased physical interactions and OH-bonded interactions of the polymer which increased its
thermal properties. Due to the structural changes that occur within the grafted polymer upon
exposure to the amine vapor, this work presents potential opportunities for the development of
real-time amine sensing elements that are simple to use, biodegradable, and simple to produce at
a large scale. In our future work we will leverage the reaction that occurs between the amine vapor

and SAh groups to engineer colorimetric sensors.
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5. Colorimetric Indicators for Volatile Amines Based on Responsive Poly (lactic

acid) (PLA) and Succinic Anhydride graft-polymer’

ABSTRACT: Smart materials that can undergo changes in color upon the detection of amines has
the potential to provide information of the freshness of fish and meat. In this work, we study the
use of poly (lactic acid)-g-succinic anhydride (PLA-g-SAh) polymer — coupled with pH sensitive
dyes — as amine-responsive materials for color change indicators. In this system, the reaction
between SAh and amines protonates the dye and leads to an irreversible change in color in the
indicators. The resulting change in color was recorded and monitored with standardized photos
and UV-Vis spectroscopy. Initially, indicators of different degrees of SAh (from 5 wt% to 45 wt%)
grafted onto PLA were exposed to the vapours from a 400 ppm amine solution. Samples with the
higher degrees of grafting underwent the most visible changes in color. A more detailed study of
the effect of temperature and amine concentration was done in indicators with 30 wt% SAh. The
limits of detection, half-time and kinetics of the response are also presented. Higher temperatures
and concentrations were found increase the degree of the color change while decreasing the half-
time of response of the indicators. This work shows potential opportunities for the development of

simple real-time amine indicator.

3 A version of this chapter will be submitted for consideration of a peer-reviewd journal as Adrian Lopera-
Valle, Anastasia Elias, “Amine Responsive Poly(lactic acid) (PLA) and Succinic Anhydride (SAh) Graft-Polymer:
Synthesis and Characterization” Refer to the preface of this thesis for more information.
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5.1 Introduction

Smart materials — which undergo visible and gradual changes in color as response to a
particular stimulus — can be effective tools to monitor the storage conditions and freshness of food.
For instance, time-temperature indicators have been developed to track the refrigeration history of
goods, providing information about their cumulative exposure to temperatures that could
compromise their freshness [72]. While storage conditions including temperature, humidity, and
exposure to oxygen are good indirect indications of food quality [26], it is also desirable to monitor
direct indicators of food quality such as chemicals released during food ripening (e.g. ethylene
oxide [6]) and spoilage. In the case of fish and meat, biogenic amines — including ammonia,
putrescine, dimethylamine, trimethylamine, putrescine, cadaverine, dopamine, histamine and
methylamine [23-25] — are known by-products of natural degradation. For instance, the
concentration of amines present in an enclosed package of game Atlantic fish (e.g. red drum) has
been shown to increase from 130 ppm to 350 ppm at 4°C in the span of 12 days of storage (as food
freshness decreases) [24, 261]. Therefore, the design and testing of simple devices that can respond
to amines are desirable for monitoring food freshness and safety, particularly in fresh fish and
meat, as amines have been shown to increase in concentration with time as food freshness

decreases [24, 261].

The detection and quantification of amines in vapour, gas or solution have been done with
a variety of methods including electrochemical sensors [264, 265], electrical-based sensors [266],
optical detection methods [23, 267], and high performance liquid chromatography [262, 263].
While effective, most of these methods require a power supply and/or lab-scale analytic equipment
and trained personnel. A possible way to overcome these drawbacks is by implementing simple
elements based on smart materials that undergoes a specific and sensitive reaction to amines. For
instance, He et al. proposed the use of an alkaline earth metal—-organic coordination polymer for
the detection of methylamine, dimethylamine, and trimethylamine [137]. In the response of this
polymer, amines bond with unsaturated carboxylic groups in the polymer and restrict their
vibrations, thereby increasing the rigidity of the polymer. This reduces the loss of non-radiation
energy of the ligand, causing the increase of the fluorescence emission intensity, leading to an

on/off change in fluorescence with initial and final peaks at 525 nm and 612 nm.

93



A key element in engineering an amine-responsive smart material is the use of a molecule
or functional group that undergoes a selective reaction with amines. Anhydrides such as maleic
anhydride (MAh) and succinic anhydride (SAh) have been reported to react with amines. In the
first step of this reaction, the lone electron pair of the amine conducts a nucleophilic attack on the
C=0 = bond of the anhydride to form a tetrahedral intermediate, while the second carbonyl
becomes part of the leaving group on the other side of the anhydride ring [268-275]. Following
this, the removal of a proton from the leaving group by the amine and the donation of an electron
from the carboxylate group back to the C=0 m bond, which is much less electrophilic than in an
acid anhydride [268—273]. While the reaction between MAh or SAh and amines has been used as
initial step for classical approaches to the synthesis of maleimide and succinimide, this process
requires the dehydration of the intermediate acid, usually promoted by acids and/or temperature
[274, 276, 277]. At room temperature, the most likely pathway is that the ring-opening reaction
converts the anhydride into the corresponding dicarboxylic acid monoamide, maleamic acid or
succinamic acid for MAh and SAh, respectively [268, 270, 274]. This reaction can result in
physical and/or chemical changes that can be leveraged in smart materials. For examples, Fiddes
et al. proposed to use carbon black(CB) /polyethylene-vinyl-acetate(PEV A)/maleic-anhydride
(MAh) conductive polymer composites (CPCs) to passive radio frequency ID (RFID) tags sensors
for the detection of biogenic amines present in the spoilage of meat [316]. In their work, MAh was
used as the sensing element in the composite, by binding to primary amines to form a stable amide

bonds and making the CPC more hygroscopic [279, 316].

In the previous chapter, this thesis demonstrated a solution-based method to graft high
percentage of SAh onto a backbone of poly-lactic acid — a degradable bio-based material that is
increasingly being utilized in food packaging —forming PLA-g-SA. NMR and TGA studies
revealed that the efficiency of the graft reaction was ~52%, leading to a graft-polymer with up to
43.7% grafted SAh. This work then determined that upon exposure to the vapours from a 400 ppm
methylamine solution the anhydrite-amine ring-opening reaction led to changes in the structural
and thermal properties of the grafted-polymer [317]. For example, FTIR characterization before
and after exposure to amines showed the presence of C-N stretching, and indicated that the ring
reaction proceeded as described above, and as shown in Figure 5-1. Finally, the evaluation of the
thermal events of glass transition and melting suggested that there was a change in the polymer

structure and its inter/intra-molecular interactions. The results that were presented reflect the
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potential that PLA-g-SAh — which produce H+ ions through the anhydride-amine reaction — could
have as responsive element in electrochemical sensors, in responsive CPCs, or colorimetric

indicators that respond to the presence of volatile amines [317].

In this study, we investigate the use of a PLA-g-SAh polymer, coupled with a pH sensitive
dye, as an amine-responsive sensing material that undergoes an irreversible change in color upon
exposure to small concentrations of amines in vapor (Figure 5-1). Initially, the effect of the
composition of the grafted polymer, i.e. the degree of grafting of SAh in PLA, on the change in
color of the indicators was characterized. In order to monitor and prove the responsive behavior of
SAh in the graft-polymers, samples were exposed to the vapours from a 400 ppm methylamine
solution in deionized water under room conditions. Following this, a further characterization of
the indicators was done under different condition of amine concentration and temperature. The
change in color was evaluated by means of UV-Vis spectroscopy performed before and after
exposure to amines. The potential of utilizing these polymer-based color change indicators in
intelligent packaging that can monitor the freshness of food based on the response of polymers to

amines is discussed.

(a) Graft—polymerization
| 1
Crystal violet

3 wt.% AIBN
o © 0 100°c
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MAh PLA-g-SAh .
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HO OH HO
CH,

PLA-g -SAh Methylamine PLA-g-Succinamic acid
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Figure 5-1: Proposed free radical graft-polymerization reaction between PLA and MAh, and the

color change response of PLA-g-SAh and methylamine to form PLA-g-Succinamic acid
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5.2 Experimental Methods

5.2.1 Polymer synthesis

The method used to synthesize the succinic acid-grafted PLA was described in the previous
chapter [317]. Poly(lactic acid) (PLA, 4042D, NatureWorks LCC, Minnetonka, MN, USA),
comprised of 92% L-lactide and 8% D-lactide units, pellets were dried in an oven at 70°C for at
least 8 hours in other to remove absorbed water from the environment. Following drying, a 40
mg/ml PLA solution in toluene (No. 244511, Sigma-Aldrich, St. Louis, MO, USA) was prepared
in an air-cooled reflux setup at 100°C for 1.5 hours. The graft-polymers were synthetized by adding
maleic anhydrite (MAh, No. 63200, Sigma-Aldrich, St. Louis, MO, USA) and 3 wt%
azobisisobutyronitrile (AIBN, No. 441090, Sigma-Aldrich, St. Louis, MO, USA), as free radical
initiator (Figure 5-1). The solution was kept at 100°C for one hour in order to ensure the complete
decomposition of the free radical initiator. Based on the characterization work presented in the
previous chapter [317], Table 5-1 lists the composition of the blends of PLA and MAh used in the
synthesis of the materials, as well as the fraction of SAh that actually grafted onto PLA and the

resulting molecular weight.

Table 5-1: Sample composition

PLA MAh SAh Mw[317]

Polymer blend
wt% wt%  wt% kDa
Neat PLA 100 0 0 122
PLA-g-SAhS 87 10 5.1 80

PLA-g-SAhIS 72 25 146 81
PLA-g-SAh30 47 50 29.8 85
PLA-g-SAh45 22 75 437 102

5.2.2 Fabrication of color change indicators

To produce color-changing indicators, a pH sensitive dye, crystal violet (pH range 0.1-2.0,
No. 69710, Sigma-Aldrich, St. Louis, MO, USA), was mixed into the polymer solutions described
in Table 5-1 at concentration of 0.2 mg/ml. The dye-containing polymer solution was sprayed

using a commercial air-brush (No. 8574428, Princess Auto, Winnipeg, Manitoba, Canada)
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attached to a building air line at 40 psi of nominal pressure. Filter paper (>11um particle retention,
diameter 55 mm circles, No. 1001055 Whatman™ Qualitative Filter Paper, GE Healthcare,
Chicago, IL, USA) was used as substrate, and mounted with masking tape on a flat vertical surface
placed 15 cm from the nozzle of the air-brush. After 3 to 4 passes, the filter papers were uniformly
covered by the dye-containing polymer solution. The sprayed papers were dried overnight under

ambient conditions to eliminate the solvent.

Additional samples of PLA-g-SAh30 were prepared for further characterization of these
indicators to test the effect of temperature and amine concentration. To maximize the contrast of
the visible color change, a second dye was added. In this new formulation, both crystal violet (pH
range 0.1-2.0, No. 69710, Sigma-Aldrich, St. Louis, MO, USA) and thymol blue (pH range 1.2-
2.8, No. 114545, Sigma-Aldrich, St. Louis, MO, USA) mixed into the polymer solution at
concentrations of 0.2 mg/ml and 0.01 mg/ml, respectively. Similarly, the dye-containing polymer
solution was sprayed using a commercial air-brush onto filter paper substrates following the

methods described above.

5.2.3 Scanning electron microscopy

The morphology of both as-received filter paper (hereafter referred to as bare) and PLA-g-
SAh coated filter papers was evaluated using a field emission scanning electron microscope (SEM)
(Zeiss Sigma 300 VP-FESEM, Zeiss, Cambridge, UK). A sputter coater (EM SCD 005, Leica-
Baltec Instrument, Balzers, Liechtenstein) with a carbon evaporation accessory was used to deposit
a thin carbon coating onto the surface of the paper samples to prevent them from charging in the

SEM. Images of the papers were captured using secondary electron (SE) mode.

5.2.4 Effect of SAh content on sensor response

As an initial assessment of the performance of the color change indicators, the effect of
different initial MAh concentrations, listed in Table 5-1, on the color change response of the
indicators was investigated. The color indicators were placed inside a cylindrical glass container
(25 cm diameter x § cm tall) with 500 ml of 400 ppm amine solution in water at 21°C for 8§ hours.
The samples were then placed on a stainless steel platform inside the glass container such that they

were suspended about 20 mm above the level of the amine solution. Color change measurements
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were carried out on a spectrophotometer UV-VIS (Hitachi U-3900H, Hitachi Ltd, Tokyo, Japan)
in absorbance mode, and measured from 710 nm to 380 nm, at a scanning rate of 120 nm/min. The

collected UV-VIS spectra were plotted and compared.

In addition, pictures of the color change indicators were taken before and after exposure to
methylamine vapour with a 3968 x 2976 pixels camera, set at an ISO of 1600, shutter of 1/640
sec, exposure compensation of 0, and white balance for indoor white light, at a distance of 10 cm.
These parameters were kept constant in order to reliably visualize the changes in the color of the

indicators due to their exposure to methylamine.

5.2.5 Effect of amine concentration and temperature

The response of the PLA-g-SAh30 color change indicators to vapors of amines was
characterized by means of UV-VIS spectroscopy at various time steps during exposure to
methylamine vapour. The color change indicators were placed inside a cylindrical glass container
(25 cm diameter x 8 cm tall) with 300 ml of amine solution at 5°C, 14°C, and 21°C for 24 hours.
Amine solutions of 50 ppm, 150 ppm, 300 ppm, and 600 ppm were used. The temperature of the
solution was controlled by placing this glass container inside a larger 34 cm x 38 cm X 15 cm
plastic container with DI water that circulated through a refrigerated/heated recirculating bath
(Model 911, PolyScience Ltd, Niles, IL, USA). Samples were removed from these conditions at
desired time-points (from 0 to 24 hours), halting the color change, photographed and characterized
using a spectrophotometer. Measurements were carried out on a spectrophotometer UV-VIS
(Hitachi U-3900H, Hitachi Ltd, Tokyo, Japan) in absorbance mode, and measured from 710 nm

and 380 nm, at a scanning rate of 120 nm/min.

The collected UV-VIS spectra generally present a peak at maximum absorbance within the
wavelength range measured, associated to the concentration of protons in the polymer comprising
the indicator (Figure 5-2). With the change in color of the paper-based indicators, the wavelength
at which the maximum absorbance (Anax) occurs shifts. Therefore, the wavelength of 4. can be
plotted as a function of time in order to track the color change response of the indicators. Following
this, a sigmoidal regression, Figure 5-2, was used to model the relationship between Auqx and time

for the different test conditions described above in this section, as follows,
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where Ap and /s are the initial and final wavelengths of the maximum absorbance (which would

Amax (t) = + Af

Eq. 8

represent the initial and final colors of the indicators), ¢;> is the midpoint of response of the
indicators (time required to reach the midpoint between Ap and 4y), and p is the power of the

sigmoidal regression. The regression coefficient, 7, was found to be above 0.95 for all cases.
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Figure 5-2: Data analysis for sensor characterization

In addition, the derivative of A, Eq. 8, with respect to time can be further solved and
evaluated for ¢ = #;,2 in order to find the rate of change of color with respect to time at the midpoint

of the transition between A and 4. This leads to Eq. 9 as follows,
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A max p(Ao — 4¢)
t e ———
dt (t1/2) 4ty ), Eq.9

K =

The values of A, t1/2, and K were used to characterize the magnitude of the response, time of

response, and sensitivity of the color change indicators presented in this work.

5.3 Results and Discussion

5.3.1 Scanning electron microscopy

Low and high magnification SEM images, shown in Figure 5-3, were used to characterize
and compare the morphology of the bare and PLA-g-SAh-coated papers. Figure 5-3a and Figure
5-3b depict bare papers (at low and high magnification, respectively), while Figure 5-3c and Figure
5-3d depict coated papers (also at two different magnifications). The bare papers appear to be
comprised of randomly oriented cellulose fibers that form voids distributed in a homogeneous
fashion. These voids are natural of filter papers and are meant to allow fluids pass through the
filter while trapping larger matter. On the other hand, the coated paper presented a significant
decrease in visible voids as the PLA-g-SAh appears to be deposited over them. In uncoated
samples, (Figure 5-3b) there is a network-like structure created by voids and randomly oriented
fibres. After spray coating (Figure 5-3d), the majority of these voids and fibres were covered with
a thin PLA-g-SAh graft-polymer film. The SEM images in Figure 5-3 suggest that the polymer
was effectively deposited in the filter papers. These morphology features were consistent

throughout the different contents of SAh listed in Table 5-1.
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Figure 5-3: a) Low and b) high magnification SEM image of a bare paper filter; c) low and d)
high magnification SEM image of a PLA-g-SAh coated filter paper

5.3.2 Effect of SAh content on sensor response

Color change indicators were prepared by mixing crystal violet pH dye with succinic
anhydride-grafted PLA (Table 5-1) dissolved in toluene at 0.2 mg/ml and spray coating the
resulting mixtures onto filter paper. To determine which grafted polymer would undergo the most
visible change in color upon exposure to amines, these indicators were then exposed to the vapours
of a methylamine solutions of 400 ppm. With pH of 6.8 £ 0.2 (rn = 5), this solution falls in the pH
range of amines associated with fish spoilage (pH 6 to 7.5 [318]). The response of the color change
indicators was characterized both by photographs taken under standardized settings and using UV-
Vis spectrometry in absorbance mode (measurements taken on 5 random location around the center
region of the samples). The resulting UV-Vis spectra therefore correspond to the complementary
color of the indicator. The peak absorbance for the neat PLA indicators before exposure to
methylamine was 548 nm £ 3 nm (n = 15, appearing violet in color), and around 590 nm + 8 nm
(n = 60, appearing violet-blue in color) for those of PLA-g-SAh samples. The larger standard
deviation of the PLA-g-SAh samples reflects the fact that the exact color is dependent on the
amount of SAh grafted to the PLA backbone. For instance, as can be seen in Figure 5-4, the PLA-

g-SAhS samples had an initial main peak of 589 nm =4 nm (n = 15, appearing blue-violet to blue)
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while that one for the PLA-g-SAh45 samples was 613 nm + 2 nm (n = 15, appearing blue). This
shows that initial and final color of the indicators are directly affected by the concentration of SAh
in the polymer, where more violet samples are indicative of a lower pH, while a bluer color
indicates a higher pH within the color change scale of crystal violet. This change suggests that the
increase in SAh in the graft-polymerization reaction increased the pH of the polymer deposited on

the paper substrates.
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Figure 5-4: Adsorption UV-Vis spectra and images of color change indicators before and after

their exposure to methylamine (n =5)

After exposure to amines, the indicators presented a change in color that — similar to the
initial color of the indicators — was dependent on the content of SAh. For instance, the UV-Vis
spectra of the PLA-g-SAhS5 and PLA-g-SAh1S5 set of samples did not present a significant change

in color. Moreover, the UV-Vis spectra showed a drop in the intensity of the absorbance peak at
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589 nm with an increase in the absorbance at around 400 nm. This drop in intensity was easily
observable in the photos (Figure 5-4b and Figure 5-4c), and measured to be 19% + 0.8% (at A =
589 nm, n = 15) for PLA-g-SAhS5 and 28% + 0.7% (at A = 591 nm, n = 15) for PLA-g-SAh1S5.
Despite the lack of shift in A, the measured drop in intensity was visible by naked eye. This could

constitute a response to the exposure to amine vapours.

On the other hand, the indicators produced using PLA-g-SAh30 and PLA-g-SAh45
underwent a change in both the intensity of color and the color itself, as shown in Figure 5-4d and
Figure 5-4e. The absorbance peak of the PLA-g-SAh30 indicators shifted from 595 nm = 2 nm (n
=15) to 589 nm + 3 nm (n = 15) after exposure to amines, and an 11% £ 1.0% (at A = 595 nm, n
= 15) drop in intensity was observed. In addition, the PLA-g-SAh45 indicators underwent a change
in intensity and color, with the maximum absorbance peak starting at 613 nm + 3 nm (appearing
blue, n = 15) and decreasing to 594 nm + 4 nm (appearing violet, n = 15), while the peak intensity
decreased roughly 8% =+ 0.6% (at A = 594 nm, n = 15). Following the color scale of crystal violet,
the degree of protonation of the dye (and the corresponding pH of the polymer coatings) increased
as a result of the formation of succinamic acid upon the reaction of methylamine with succinic
acid (SAc-methylamine). These indicators changed in color as consequence of the change in the
protonation of the dye in the graft-polymer coating when SAh reacted with the amine group in
methylamine to form succinamic acid. The larger relative shift in peak (and change in color) occurs
for the samples with a higher fractional composition of SAh on the polymer backbone, as these
are the functional groups that react with methylamine and consequently, as depicted in Figure 5-1,

protonate the crystal violet dye in higher degree.

To further investigate the mechanism and the selectivity of the response, various control
samples were also characterized. Samples of PLA-g-SAh30 were exposed to water vapor (without
methylamine), and little to no change in color was observed (Figure 5-4f). In addition to those
shown in Figure 5-4, a set of samples was sprayed with only dye (no polymer was deposited) and
exposed to methylamine vapor from a 400 ppm solution as control experiment. No change in color
was observed after exposure (shown in Figure 5-5a), indicating that the observed color change
does not result simply from the vapor interacting directly with the dye. This is expected given that
its pH of the solution (6.8 + 0.2, n = 5) is well beyond the color change range of crystal violet (pH

range 0.1-2.0) which explains why no change in color was observed in this control [319]. Finally,
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as a blank set of samples for the reaction between SAh and methylamine, samples of neat PLA
were exposed to both 400 ppm methylamine and water for as long 8 hours. No change in color
was observed after exposure (shown in Figure 5-5b). The results of these control experiments
indicate that the grafted polymer reaction with methylamide plays a fundamental role in the color

change response of the indicators (shown in Figure 5-4), caused by the protonation of the dye

[319].
a) ; b) c) d) :
- . . . .
- . . . .

Figure 5-5: Blank samples of a) papers sprayed with only dye (no polymer was deposited) and

exposed to methylamine vapor from a 400 ppm solution as control experiment; b) neat PLA
exposed to water vapour; ¢) PLA-g-SAh30 indicators exposed to water vapour and d) to the

vapours from a 300 ppm solution of methanol

Finally, this color change tests allowed us to conclude that as the PLA-g-SAh30 (Figure
5-4d) and PLA-g-SAh45 (Figure 5-4e) compositions presented a more visible and intense change
in color as their higher concentration of SAh could allow for a higher protonation of the crystal

violet molecules (Figure 5-1).

Given the more visible (and measured by UV-Vis) change in color and also in thermal
stability (reported in the previous chapter as Lopera-Valle et al. [317]), the PLA-g-SAh30
composition was chosen to characterize the effects of temperature and amine concentration on the

response of color change indicators.
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5.3.3 Color change performance — concentration and temperature

A detailed characterization of the performance of the PLA-g-SAh30 indicators under
different conditions of temperature and amine solution concentration was conducted. Aiming to
increase the contrast of the visible color change that occurred when crystal violet was used as a
dye, thymol blue was added as second dye. The final color of the indicators after 24 hrs of exposure
to different conditions of temperature and amine concentration was captured with standardized
photos and characterized with UV-Vis, and displayed in Figure 5-6. Figure 5-6a shows photos of
the indicators after 24 hrs of exposure to 50 ppm, 150 ppm, 300 ppm, and 600 ppm solutions of
methylamine at 5°C, 14°C, and 22°C, while Figure 5-6b shows the UV-Vis spectra for indicators
at 22°C and different amine concentrations. The initial color of all indicators was an intense purple,
similar to that of PLA-g-SAh30 in Figure 5-4d. As shown in Figure 5-6a, some of the indicators
presented some purple color regions after exposure to methylamine (and the consequent color
change). These regions may be locations of the indicator where the polymer was not homogenously
sprayed onto the filter papers as this fabrication process was done by hand and limited control on
the deposition rate are likely to happen. In the future, using a robotic arm or a 3-axis frame for the
deposition of the polymer solution onto papers could allow to fabricate more homogenously coated

papers.

The change in color that occurred upon exposure to amines was observed to be affected by
both temperature and concentration. At a fixed temperature (Figure 5-6¢), the largest color changes
were observed for the solutions with highest concentration. For instance, at a constant temperature
of 22°C, the wavenumber of the peak absorption, /s, for specimens exposed to 50 ppm amine
solution for 24 hrs did not change from the initial color, 523 nm + 2 nm (n = 15, appearing violet).
As the concentration of amines increased to 150 ppm, 300 ppm, and 600 ppm, the peak of
maximum absorbance decreased to 470 nm + 2 nm (n = 15, appearing red-orange), 460 nm + 3 nm
(n =15, appearing orange), and 460 nm + 2 nm (n = 15, appearing yellow), respectively. Similarly,
at a fixed concentration (Figure 5-6d), color changes were more drastic at higher temperatures than

lower ones.

The effects of temperature and concentration are likely linked by both an increase in the
kinetic of reaction of SAh and methylamine, and a decrease in the vapour pressure of the

methylamine in water as the temperature increases. This would then translate into a higher
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concentration of methylamine vapour in the air around the color change indicators, leading to a

higher conversion of SAh into succinamic acid (SAc-methylamine).
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Figure 5-6: Characterization of PLA-g-SAh30 indicators after 24 hrs of exposure to different
methylamine concentrations and temperatures. (a) Color of sensors exposed to methylamine
concentrations and temperatures indicated, (b) UV-Vis spectra for samples at 22°C and different
amine concentrations, and effect of (c) temperature and (d) concentration on the color of the

color indicators based on UV-Vis absorbance after 24 hrs of exposure to methylamine.

The monitoring of the color change with UV-Vis measurements suggests that the color
change indicators, when exposed to methylamine in this set up, require a minimum concentration,
known as low limit of detection, and a minimum temperature, perhaps closely related to a thermal
barrier, to show a significant change in color. The results illustrated in Figure 5-6d suggest that the
limit of detection lays between 150 ppm and 300 ppm for all temperatures tested in this study. For
instance, no significant change in color was measured for any temperature at 50 ppm concentration,
and no change was observed below 150 ppm when the solution was kept at 14°C. This means that
the limit of detection at 5°C is between 150 ppm and 300 ppm, while that of systems at 14°C and
22°C is between 50 ppm and 150 ppm. In the case of the effect of temperature, Figure 5-6¢c, the

results of Ar in terms of concentration for different temperature shows that that temperatures
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between 5°C and 14°C would lead to the response of the sensors at any concentration above 50

Selectivity tests were done in this group of indicators. A set sample of PLA-g-SAh30
indicators were exposed to water vapour and to the vapours from a 300 ppm solution of methanol

for as long as 8 hours. No apparent color change was observed in any of the tests (shown in Figure

5-5c and Figure 5-5d).

5.3.4 Color transition and sensor characterization — kinetics

The transition from the initial to final color of the indicators was captured in photos and
measured by UV-Vis (measurements taken on 5 random location around the center region of the
samples) at various time steps. As an example of this process, particularly of the effect of
concentration, Figure 5-7 shows photos of two sets of color change indicators exposed to 600 ppm
(Figure 5-7a) and 50 ppm (Figure 5-7b) at 22°C after 12 hrs of exposure to methylamine. Given
that no significant change in color was observed past 12 hrs, this time was concluded to be enough
for the indicators to reach steady state. The pictures clearly show that higher concentration of
methylamine, at 600 ppm led to a noticeable change in color in less than 2 hrs, and that the color
ceased to change further beyond 3 hours of exposure. On the other hand, at the lower concentration
of 50 ppm, a significant change of color did not occur even after 12 hrs. This visual characterization
suggests that the increase in concentration, and in temperature are direct determinants of the time
required for the indicators so display a noticeable change in color as consequence to the exposure

to amines.
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Figure 5-7: Color change of colorimetric sensor exposed to (a) 600 ppm, and (b) 50 ppm at
22°C

The kinetic of the color change of the indicators shown in Figure 5-7 was monitored with
UV-Vis over a 24 hr period. Figure 5-8 shows the changes in the peak wavelength based on
UV-Vis spectra for different temperatures and concentrations. Figure 5-8a shows an example of
the time evolution UV-Vis spectra during the exposure time. Figure 5-8b, Figure 5-8c and Figure
5-8d display the time traces of the peak wavelength for 5°C, 14°C, and 22°C, respectively, at
different methylamine concentrations. The time traces of the color of the indicators seems to be

consistent for the different temperatures and concentrations.

A sigmoidal numerical fitting of the results presented in Figure 5-8b to Figure 5-8c into Eq. 8
was used to model the kinetics of color change. The advantage of doing this lays in the possibility
of characterizing the process of color change in terms of concentration and temperature. While the
initial color of indicators was consistent for all the conditions, the final peak wavelength and the
time required for this change to occur were different for all conditions. In Eq. 8, this time is
represented by the response half-time, ¢, /,: the time required for the color to transition from A to
A5, . Table 5-2 summarizes the half response time of the indicators under the conditions tested.

Similar to the final color of the indicators, t;/,, was affected by temperature and concentration.
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Given that change in color required a minimum concentration and temperature to take place, some
of the tested conditions did not lead to a change in color and there was no half-time of response to
be reported. For the concentrations reported, the increase in temperature was found to decrease,
t1/2- For instance, the half-times of the indicators exposed to 300 ppm solution of amines at 5°C
and 22°C were roughly 9.8 hrs and 2.6 hrs respectively. This represents a 70% decrease in half-
time. In parallel, the increasing the concentration of amine in the vapour led to a decrease in #;,2.
The half time for samples at 14°C and 150 ppm was 12.9 hrs, while that one of tests at 600 ppm
was 2.6 hrs. These results suggest that increase in temperature and concentration decrease the time

required for the indicators to produce a visible change in color.
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Figure 5-8: Response of PLA-g-SAh30 indicators as a function of time. (a) Uv-Vis spectra time
series for the response of colorimetric sensors exposed to 300 ppm solution at 22°C. Wavelength
of the maximum absorbance peak versus time (hrs) for samples exposed to different

methylamine concentrations as measured at (b) 5°C, (c¢) 14°C, and (d) 22°C.
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Table 5-2: Half-time (hrs) of response of the indicators under different conditions of
concentration and temperature

Temperature (°C)

Concentration (ppm) 5 14 22

50 -
150 ~ 129 77
300 98 69 26
600 76 16 09

The rate of color change was studied by evaluating the derivative of the color change fitted
models at the half time of the color change, Eq. 9. Figure 5-9 displays the rate of color change, «,
in terms of temperature, Figure 5-9a, and concentration, Figure 5-9b, for different concentrations
and temperatures respectively. An increase in temperature and concentration led to an increase in
k. For instance, indicators exposed to vapours from 300 ppm at solutions 22°C presented a k of 25
nm/hr while an increase in concentration to 600 ppm led to a k¥ of 80 nm/hr. These results are
correlated with lower half-times of response as higher temperature and concentration would lead
to faster and more significant changes in color, shown in Figure 5-8. The rate of color change in
terms of temperature for different concentrations, Figure 5-9b, suggests that the rate of color
change was the same for those samples exposed to 14°C and 22°C as « in terms of concentration.
This is also displayed in Figure 5-9a, where for all concentrations, the temperature had little to no

effect on the rate of color change for tests at 14°C and 22°C.
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Figure 5-9: Effect of (a) temperature and (b) concentration on the rate of color change at half-

time of response.

In summary, the PLA-g-SAh30 color change indicators tested in this work underwent a
noticeable change in color when exposed to the vapours from methylamine solutions at
concentrations above 150 ppm and at temperatures above 5°C. Exposing the sensors to vapours at
higher temperature and concentration led to higher concentration of methylamine to react with
SAh in the grafted polymer, leading to a higher degree of protonation of the dye and a stronger
change in color. In addition, at the lowest temperature of 5°C — similar to the temperature used in
food refrigeration — only concentrations of above 150 ppm of methylamine led to a change in color

of the indicators.
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5.4 Comparison with literature

When compared with some of the color-based indicators for amines and food freshness
proposed in the last 3 years, the indicators proposed in this work showed some particular
advantages and disadvantages. Some of the details of these color-change amine sensors are
summarized in Table 5-3. For instance, Iswarya et al. [320], Yin et al. [321], and Ismail et al. [322]
proposed the use of metal ions and stabilized nanoparticles to trace the presence of amines, e.g.
dopamine, melamine, and ammonia. The changes in particles size and yield (in the case of metal
ion for the formation of particles) [321], and the interaction between particles (for stable
nanoparticles that change in distribution) [320] were used as response to the presence of amines.
While they presented a limit of detection as low as 10 ppm, the complex nature for characterization,
control, and disposal of metal nanoparticles (silver, Ag, and gold, Au, in these cases) make their
implementation less favourable when compared to the air-sprayed PLA-g-SAh proposed in this
work [320-322]. In addition, other recent studies, like those by Dominguez-Aragon et al. [318]
and Urmila et al. [323], have proposed to directly measure the pH of the meat samples by means
of color change dyes and indicators [318, 323]. In the case of Urmila et al. [323], they proposed
and tested the use of complex data processing for the calibration and analysis of an array of pH
dyes that allowed good selectivity of analytes associated with chicken freshness. One limitation of
the indicators the current work is in terms of selectivity: SAh reacts with amines in general rather
than with methylamine in specific. Further work is required to understand how this applies to real

samples.

112



Table 5-3: Recent color change indicators for amines relevant to this work (from 2015 to 2018)

Sensor Amines Mechanism Application Ref.
Metalloporphyrin dyes respond to most of the SVOCs durin
Array of Spoilage volatile . porp y Y . p' 8
) ) chicken spoilage. pH indictors also respond to hydrogen )
metalloporphyrins and organic compounds . L Chicken freshness  [323]
. sulphide and the organic acids. The color changes are process
pH indicators (SVOO0) .. o . .
by a multivariate calibration algorithm to asses spoilage
Amino acids L-histidine Recognition of
. The presence of dopamine lead to the increase in size and g .
capped metal Dopamine i ) neurological [320]
. yield of nanoparticles (Au, Ag, and Au/Ag) ,
nanoparticles disorders
Formation of Au nanoparticles (red) from the reduction of Au
) . : ) Infant formula
H202 + Au ions Melamine ion by H202. The presence of melamine, slows down the ) [321]
. . . adulteration
formation and size of Au nanoparticles (blue)
Polv(ortho- Trimethylamine
¥ L ) ) The pH of the amines was reflected by the aniline component o
phenylenediamine-co- Dimethylamine ) Tilapia freshness  [318]
o in the copolymer
aniline) copolymer Ammonia
Initially orange, the Ag colloids form an A H3)2+ )
) ) ) y & £ ) ) g(N ) ) ) Detection of
Fruit extracted silver ) coordination complex when in contact with ammonia. This i i
. Ammonia ) . . carcinogenic [322]
nanoparticles increases the surface charge of Ag NPs which results isolated
o . . compounds
and more hydrophilic particles with a blue color
SAh in PLA-g-SAh reacts with methylamine. This reaction
PLA-g-SAh + crystal . 8 . yian Methylamine in ~ This
] Methylamine changes the protonation of a pH dye in the polymer, )
violet + thymol blue fish spoilage work

producing a change in color in crystal violet
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5.5 Conclusions

In this study, the feasibility of using PLA-g-SAh (synthetized by a solution-based method)
for the fabrication of color change indicators for amines was investigated. The previous chapter
proposed and assessed a method for the high degree grafting of succinic anhydride into PLA chains
[317]. The current study leveraged this reaction to produce color change indicators by protonating
a pH sensitive dye. These indicators were then tested under different condition of temperature and
concentration of amines in solution. The characterization of the indicators studied in this work
showed that a minimum temperature, between 5°C and 14°C, and concentration, between 150 ppm
and 300 ppm in the amine solution. Given that the safe temperatures for the storage of fish has
been defined between below 4°C, while concentrations of amines, depending on the combination
of amines present, that are considered safe for human consumption have been defined to be below
500 to 1000 ppm [324], these indicators can potentially be used to monitor the conditions present
in packaged fish. The polymer backbone used in this work — PLA — is a biopolymer that is
increasingly being incorporated into packaging materials; our sensor is designed for integration
with such packaging. This work presents potential opportunities for the development of real-time
amine indicators that are simple to use, biodegradable, and simple to produce at a large scale.
Moreover, further tailoring of the indicators response can be achieved by exposing various

compositions of grafted polymer to different conditions of temperature and amine concentration.
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6. Final remarks

Conclusions

This thesis focused on the conceptualization, development, and study of two new
applications for responsive polymers and composite materials in the fabrication of intelligent
packaging systems. After a brief review of applications of responsive polymers on different types
of intelligent packaging, this thesis focused on the characterization and testing of a HEMA-
PEGDA-silver conductive polymer composites (CPCs) for the fabrication of humidity sensing
elements. The effects of the composition and fabrication methods on the sensing properties of these
materials were evaluated and compared. The study of these sensing elements demonstrated their
potential for the monitoring of storage conditions of produce sensitive to humidity. Following this,
the attention of this thesis shifted to the design and testing of a responsive PLA-g-SAh polymer
that selectively responded to amines — by-product of fish spoilage —by undergoing changes in the
polymer chain structure and thermal properties. Finally, the reaction between amines and PLA-g-
SAh was leveraged to fabricate color change indicators that responded to different concentrations
of amines. This was achieved by blending a pH sensitive dye with the polymer in solution and
spraying it onto commercial filter paper. The study of these polymers and of their response to by-
products of fish spoilage, shines light on the development of simple, inexpensive and efficient

indictors for the large scale production of fish and meat.

Chapter 3 of this thesis focused on a conductive polymer composite (CPC) material that can
respond to changes in humidity by changing its electrical properties. This CPC was comprised of
a blend of HEMA-PEGDA and silver (Ag). One of the novelties of this work was in the fabrication

of humidity sensors with materials that exhibited low electrical resistivity and high response to
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changes in RH when compared with similar CPCs from the literature. This work significantly
contributed to the understanding of the effect of geometry on the sensing properties of CPC-based
sensors. Here, the sensing properties of films and fine lines direct deposition methods were
compared and discussed. In addition, the work presented in Chapter 3 is a novel platform for the
development of low-resistance sensing elements based on CPCs that respond to particular stimuli
(e.g. humidity, VOC) by undergoing large swelling of the polymer matrix. These type of systems
are shown to have the potential to be integrated into low-power and portable devices into food

packaging systems.

Chapter 4 presented a method for the synthesis of a responsive polymer that underwent
changes in structural and thermal properties upon exposure to amines. To achieve this, succinic
anhydride was used as responsive functional group and grafted onto PLA. A novel solution-based
method to graft PLA with SAh with a high degree of efficiency and comprehensive evidence of
the response of PLA-g-SAh to amines were presented. The high degree of grafting and efficiency
of grafting of SAh into PLA chains is a significant contribution of this work, as it uses processing
temperatures that avoid thermal degradation of SAh. The response of SAh to amines has been
reported in the past, moreover, the study of changes in structural and thermal properties following

this response was not widely studied prior this study.

Following the synthesis and characterization of the PLA-g-SAh, Chapter 5 discussed the
feasibility of using PLA-g-SAh for the fabrication of color change indicators for amines. In this
chapter, this reaction was leveraged to produce color change indicators by protonating a pH
sensitive dye. The method of fabrication and the testing conditions of these simple indicators was
a novelty of this work. The indicators were tested under different condition of temperature and

concentration of amines in solution. These conditions were considered such that they fit the safe
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temperatures for the storage of fish, while concentrations of amines, depending on the combination
of amines present, that are considered safe for human consumption have been defined to be below
500 to 1000 ppm. This thesis demonstrated that these indicators can potentially be used to monitor

the conditions present in packaged fish.

The main contributions and novelties of this work are the development of protocols and
procedures for the characterization and application of materials and methods with the potential to
be applied on other systems for packaging of food and other products. The ideas of leveraging the
response properties of polymers for new applications are often a challenge that requires a rigorous
study of materials. This thesis presented a set of methods to evaluate the response of polymers to
particular elements, for the fabrication of sensing elements and of indicators for safe storage and
freshness of food. While other sensors and indicators in food storage or other applications can
differ in the requirements targeted for humidity sensing and amine monitoring, the methods
presented in this thesis can be used in the sensing of other analytes such as ethylene gas or other

organic volatile compounds in produce.

The materials studied in this thesis were found to have the potential to be used in intelligent
packaging that can allow the monitoring of storage conditions and freshness of food. These
materials can be used to engineer devices and elements that provide dynamic feedback to the
consumer on the actual conditions of a product. This information can be a tool to reduce food
waste by informing consumers about the quality and safety of food, and has the potential to be
extended to applications of intelligent packaging in pharmaceuticals, electronics, medicine, and

others.
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Future work

The different studies in this thesis open the opportunity to answer new questions about some

of the materials and methods here discussed.

The study of the effects of geometry and processing on the sensing properties of low-
resistivity CPCs opens the door to manufacture and characterize RFID components. For instance,
sensing elements in the integrated circuit or the antenna can be fabricated with CPCs that change
in resistivity as consequence of changes in relative humidity, leading to changes in the response
from the RFID. Techniques such as inkjet and direct write printing can be used to pattern

responsive elements within RFIDs.

In addition, future work may include experiments that can determine the selectivity of these
the CPCs here studied. The response to changes in other stimuli such as temperature and pressure
should be also evaluated. While this study focused on polymer matrices which swell in response
to water, the composition of the matrix could be tailored to enable sensing of other analytes such

as volatile organic compounds.

Based on the study of the response of PLA-g-SAh to amines, new responsive polymer
composites as sensing elements in sensors for amines can be engineered. Using PLA-g-SAh as
matrix and conducting elements such as silver particles, this CPC would potentially react to amines
by increasing hygroscopicity, swelling more water after the SAh groups in the grafted polymer
react with amine groups. As studied in Chapter 3, this swelling would then lead to an increase in

electrical resistivity, producing a signal for the increase in concentration of amines.

Finally, the study of color change indicators for methylamine opens up the opportunity to

test their response to other volatile amines associated with fish and meat freshness. In addition to
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this, it would be valuable to conduct tests with samples of commercial fish and meat. These tests

would make the use of color change indicators for monitoring fish and meat freshness more robust.
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