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ABSTRACT

5792002063: Polymer Science Program
Rateeya Saikaew: Thermomechanical Behavior and Chemical
Sensing of Cationic Poly(Diallyldimethyl Ammonium Chloride) and
Anionic Poly(Sodium 4-Styrene Sulfonate) Assembled into
Composite Polyelectrolyte Multilayer Thin Films and Complex
Membranes.
Thesis Advisor: Asst. Prof. Stephan Thierry Dubas 149 pp.
Keywords: Polyelectrolyte ~ Multilayers/  Layer-by-Layer/  Polyelectrolyte
Complexes/ Solution-Mixing/ Curcumin/ Cellulose Nanocrystals/

Thermomechanical/ Sensing

Polyelectrolyte composite membranes of cationic PDADMAC and
anionic PSS assembled into polyelectrolyte multilayer (PEM) thin film and
polyelectrolyte complex (PEC) membranes were used as matrix embedded with
several additive molecules. Nano-scale PEM films fabricated using the layer-by-
layer deposition method and the loading and release of a hydrophobic model drug
curcumin (Cur) was studied for drug delivery and sensing applications.
Interestingly, it was found that the loading and release of Cur could be triggered
by solvent composition and temperature. In a parallel study, the alternative to the
nanoscale PEM was studied in the form of PEC, which were used as stand-alone
film with a thickness in micro-scale. PECs prepared by solution-mixing using
NaCl as a plasticizer followed by centrifugation and compression molding were
investigated. Remarkably, not only the tuning of [NaCl] used during mixing could
affect the thermomechanical behavior of salt-free films but also the changes in
polyelectrolytes stoichiometry. Cur blended into non-stoichiometric PEC
membranes were tested as optical NH; vapor sensor and it was found that the
excess positive stoichiometry gave the best results. To further improve the
mechanical properties of both the free-standing PEM and PEC films, cellulose

nanocrystals (CNCs) were used as fillers to reinforce the polymer matrix.
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CA-coated on glass slide, LbL of 5-layer PDADMAC/PSS
primer and PDADMAC/CNC film with increasing the
number of layer from 5 to 30.

Free-standing film of 20-layer CNC/PDADMAC with 1 M
NaCl after soaked in acetone. The film is easy to manipulate

compare to 40-layer PDADMAC/PSS free-standing film.

XX

PAGE

128

129

131

132

133



CHAPTER1
INTRODUCTION

The utilization of polyelectrolytes, cationic poly(diallydimethylammonium
chloride) (PDADMAC) and anionic poly(sodium 4-styrene-sulfonate) (PSS), has
gathered remarkable interest based on the interaction between cationic and anionic
functional group. Interestingly, when these oppositely charged electrolytes are
assembled into nano-thin films using the layer-by-layer (LbL) deposition or solution
mixing into precipitated complexes, they are stable and remain insoluble in water or
any organic solvents. These films can indeed be doped with numbers of organic or
inorganic molecules due to the interaction between oppositely charged components.
Nevertheless, the direct incorporation of non-ionic or hydrophobic molecules in the
polar surface or within the film matrix remains a challenge due to the lack of
interactions between the components. The LbL assembly of PDADMAC and PSS
onto a substrate can provide nanostructured layers with tunable thickness and
composition. In this work, the attempt to load hydrophobic 1,7-bis-(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-2,5-dione  (curcumin, Cur) in polyelectrolyte
mulitlayer (PEM) is presented in Chapter 3. The study of the loading and release
behaviors of Cur from the PEM thin films led to the finding that both solvent and
temperature can affect the loading and release of these hydrophobic model drugs.
The application of Cur in PEM as pH indicator for sensor applications is described.

Although the PEMs produce very thin, smooth, and homogenous films, their
limitation is the time-consuming in the fabrication process. To accelerate the
assembly of polyelectrolyte films, PDADMAC and PSS can be used to prepare
micro-scale membranes of polyelectrolyte complexes (PECs) by solution-mixing
(Michaels, 1965) using NaCl as plasticizer followed by centrifugation and
compression molding into 100 um sheet. In Chapter 4 mainly discusses the concept
of an excess electrolyte, nonstoichiometric PEC, membranes blended with oppositely
charged and non-charged molecules. The PECs were prepared using various [P+]:[P-
] polymer ratio ranging from [2:1] to [1:2]. These Cur-PEC films were demonstrated

here as visual detectors for aqueous pH solution and ammonia (NH3) vapor phase.



The PECs formation is thermodynamically driven by the entropy gain
associated with the release of the salt counter-ions. Because PECs cannot be directly
melted with temperature and are non-soluble in water, they are known to be hardly
processable in the solid state and brittle when dry. It is known that water and salt are
two important parameters that allow the softening of the PECs by modifying the
chains interactions, enhancing chain mobility, and creating free volume in the ionic
network (Hariri ef al., 2012). Depending on the ionic strength of the solution, PECs
are obtained in the form of tough complexes, elastic liquid coacervates, or liquid-like
solutions (Shamoun, 2012, Wang, 2014). The effect of NaCl concentration on the
mechanical properties and the glass transition temperature (7;) of compressed PEC
membranes have been reported in Chapter 5. Unlike the several previous studies on
PECs (Zhang, 2015, Shamoun, 2012), the work presented here focused on the
influence of salt addition during mixing and complex formation on the thermo-
mechanical and shape memory effect of PEC membranes affer the salt was rinsed
out.

The improvement of the mechanical properties of PEC membranes and also
free-standing PEM films by reinforcement with cotton cellulose nanocrystals (CNCs)
isolated from sulfuric hydrolysis was studied in Chapter 6. There are several possible
applications of these composite membranes depending on the additive molecules

combined with polymer matrix.



CHAPTER 11
LITERATURE REVIEW

2.1 Polyelectrolytes (PEs)

Polyelectrolytes (PEs) are polymer systems consisting of positively and
negatively charged groups interacted together with electrostatic force and balanced
the charge by small molecule counterions, which were electroneutrality. The PEs are
become more interesting materials because of the both characteristics that shows the
charge possibilities of electrolytes and the practically useful properties of polymers.
Their properties are being used in a wide range of technological, industrial, biology,
and also chemistry fields. The commercial PEs were synthesized by polymerization,
polycondensation, or polyaddition process. Moreover, there can be obtained from
natural sources including gelatin, pectin, or from chemical modification of nonionic

polymers such as cellulose, starch, etc. The examples of PEs are show in Figure 2.1.
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Figure 2.1 Examples of polyelectrolytes.



The strong PEs, cationic poly(diallydimethylammonium chloride)
(PDADMAC) and anionic poly(sodium 4-styrene sulfonate) (PSS) are macroions
and counterions on aqueous solution, remain as dissociated polyacid and polybase in
all range of pH and show high chemical stability under wide a range of conditions
(Dubas, 1999).

Early development focused on achieving fundamental understanding of nano-
scale polyelectrolyte multilayer (PEM) films, due to the practically used of thin layer
formation, and controlling the properties of materials at a molecular level by layer-
by-layer (LbL) deposition using spinning, spraying, immersion, fluidic or
electromagnetic. The different types of layer and substrates can provide widely
applications. After that, the assembly focused on applying two or more building
blocks to accelerate the process for prepare polyelectrolyte complex (PEC) driven by
sedimentation, spray dry of particles, electrochemical assembly, and simultaneous
spray (Richardson, 2016). The electrolytes assembly techniques for PEM and PEC

formations are shown in Figure 2.2.
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Figure 2.2 Polyelectrolyte assembly techniques.



2.2 Polyelectrolyte Multilayers (PEMs)

The development of ultrathin films for application in biomedical such as drug
and gene delivery is an interesting technology. The number of publications about
thin films for biomedical fields is strongly expanding. The layer-by-layer (LbL) self-
assembly has been widely used for prepare the nanostructure ultrathin films, the so-
called polyelectrolyte multilayer (PEM), achieved in a directly on surface with any
shapes and sizes, low-cost manner, simplicity of process, and preformed under mind
conditions, which is suitable for preserving activity of drugs or biomolecules
(Villiers, 2011, Bertrand, 1999). This method was introduced in the early 1990s by
Decher and co-workers. The adsorption in alternative multilayers is governed by
electrostatic interactions between the polyelectrolyte in solution and the
polyelectrolyte of opposite charge on the top of layer (Rechert, 2004). A substrate
with the negative charge on surface is immersed in the positive charge
polyelectrolyte solution and a monolayer of the polycation is built. After rinsing in
DI water to get out of residues polyion on the surface, the substrate is immersed in
the negative charge polyelectrolyte solution. The buildup of the PEM was obtained
by repeating in a cyclic step until the desired number of layers was achieved
(Decher, 1992). The layers can be preformed in different ways such as dipping,
spinning (Jiang, 2004), spraying (Schlenoff, 2000), and flow base technique. Even
when the combination of anionic and cationic PEs is the same, the different coating
technique can lead to the difference in material properties (Mertz, 2013). After
deposition of each layer, the rinsing with the washing solution is required to remove
the excess PE chains that are not tightly adsorbed on the surface of substrate
(Dobrynin, 2008) and then dried under air or nitrogen. The experimental parameters
that can affect the roughness, thickness and porosity of multilayers are pH of
solution, ionic strength, polyelectrolyte type and concentration, molecular weight,
salt type and salt concentration ([salt])), solvent quality, and deposition time (Dubas,

1999). The LbL assemble technique procedure is showed in Figure 2.3.
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Figure 2.3 The layer-by-layer (LbL) assemble technique (Decher, 1997).

The LbL has become practical strategy for the fabrication of nanostructured
devices for several fields in sensing, electrochemical, electroresponsive and energy
devices applications because its can control the molecular level of layer such as
charge transport mechanisms or can be induced the formation of LbL films by active
trigger, covalent coupling, to use for supercapacitor, biosensors, or
swelling/shrinking films in drug delivery systems (Crespiho, 2006, Rydzek, 2015).
They are also use for biomedical fields that can preserve the bioactivity of
biomolecules because these films are used in dry state. Additionally, there are the
several advantages of LbL technique including extremely simple and low-cost
manufacturing, environmental friendly, wide range of material that can be used of
materials such as polyions, metals, ceramics, NPs, and biological molecules,

obtainment of homogeneous film, and easy to control the thickness (Gentile, 2015).

2.2.1 Parameters Controlling the Growth of PEM Thin Films
The growth of PEM can be controlled by type of PEs that affected the

total thickness, polymer charge density required for neutralized charge of the
chemical structure, the ratio of cationic and anionic charged PEs during the buildup

of PE pair fabrication, and influence of ionic strength since the total multilayer



thickness can be controlled by adding salt to the polyions solution. Salt plays a
significant role to the multilayer structure not only collapse the pores that crated
inside the PEM but also anneal the surface of PEM by decrease the surface
roughness at high [salt] solution (Ghostine, 2013, Dubas, 2001). The surface
structure of films and PEMs formation significantly dominated by the NaCl
concentration (Ge, 2016, Steitz, 2001). The film thickness increase dramatically with
increasing [salt] due to the strongly screening of charges along the PE chain, which
induces an increasing coiling of chains. The type of salt is influence the growth of
PEM films refers to the Hofmeister series. The solvent of solution medium affects
the interaction between salt counterions and oppositely charged PEs. The thickness
of PEM film was increase when increasing ethanol composition. Because of the poor
solvation effect on the ions, strong PE-ion association and strong coiling chain occur

lead to the increasing in the film thickness (Volodkin, 2014).

2.2.2 Free-Standing PEM Thin Films

The powerful of obtain the ultrathin films with out substrates is
estimated to broaden the field of sensors, separation membranes, micromechanical
devices, and wound dressing (Estillore, 2011). The fabrication of the stand-alone
film, which is called free-standing polyelectrolyte films or self-sustaining polymer
films (Fujie, 2009), trough the LbL self-assembled is a challenging technology.
Because the limitation of the films is not ability to maintain their shape after released
form the substrate because they have a huge aspect ratio in the air (Fujie, 2007).
There are several methods are being to fabricate LbL assembled free-standing films
while can maintain the shape of film after releasing from substrate. The most
frequently used method is using a preliminarily covered sacrificial layer (Ma, 2007).
The sacrificial layer is deposited between the film and its substrate in order to
facilitate removal of the free-standing thin film from the substrate (Baxamusa, 2014).
The fabrication of sacrificial layer was based on the spin coating method that is
appropriate for preparing an ultrathin film directly on a substrate. Then, the LbL film
was built on the sacrificial layer-coated substrate. The dissolution of the sacrificial
layer in a suitable solvent yields a free-standing LbL film within a several minutes

(Hasan, 2009, Fujie, 2009). Cellulose acetate (CA) was selected as the sacrificial



layer polymer because it is dissolved by acetone that do not dissolve the LbL film.
Moreover, CA would not dissolve in the aqueous polyelectrolyte solution (Hasan,

2010).

2.2.3 Potential Applications of Composite PEM Thin Films
The PEM thin films fabricated through LbL method can control

thickness, surface and bulk properties by a build up conditions as well as post-
treatments. Especially, they provide very wide range of applications that can be
innovated by embedded with the variety of added component. The nanocoating LbL
technology provided surface modification that can be maintained the interaction
between the substrate and the environment. The fabrication of PEM thin film
permitting multimaterial fabrication includes proteins and colloids, which can be
used for anticorrosion, antireflective coating, biocompatibilisation, sensors and
biosensors, water filtration (Ng, 2014), enzyme immobilization, separation
membrane, fuel cell, implants, optical waveguides, electroluminescent devices,
microreactors, batteries, supercapacitors, and cancer therap (Ariga, 2014). The
practical advantage of these materials is can be preserved the activity of
biomolecules such as enzymes due to the low temperatures and aqueous environment
(Lynge, 2013). The PEM films can be reinforce with metal or inorganic NPs for
photoelectronics, sensing, magnetism, and catalysis applications. The in-situ
synthesis of metal NPs such as silver (AgNPs) (Limsavarn, 2007, Gong, 2011), gold
(Au) (Li, 2011) in PEMs is significant affected by the functional groups content in
the multilayers. The AgNPs loaded PEM films can be used in sensing applications
(Detsri, 2015), antibacterial and electrical devices (Huang, 2014).

The important advantage of PEMs is they can load with biomolecules
under mild conditions, which is suitable for preserving their bioactivity properties.
The biomolecules can be divided into two groups. First, hydrophilic molecules that
can soluble in water. Previous works suggest that the hydrophilic molecules can
diffuse into PEMs because of their hydrophilicity and the PEM films could be a
promising drug delivery system (Wong, 2010, Jian, 2013). Second, hydrophobic

molecules that cannot soluble in water, so, it is hard to be immobilized onto the



hydrophilic materials. The idea of Cur, as a hydrophobic molecule, loaded into PEM
thin film was reported by Kittitheeranum ef a/. in 2010.

2.3 Polyelectrolyte Complexes (PECs)

The study of polyelectrolyte complexes (PECs) was introduced by Michaels
and co-workers in the 1960s. PECs are solution-precipitated of highly charged PEs
or polysalt structures that show homogeneous, transparent, extremely hard and brittle
when dry but either leathery or rubbery when wet (Michaels, 1965). There are
properties of PECs including insoluble in water and common solvents, infusibility,
amorphous structure, can blend with constituents in a molecular level, almost no salt
or counterions inside the complex, high dielectric constant when wet, highly
permeable to water and electrolytes, permeable to water and electrolytes but resistant
to macrosolutes, and swelling or plastizing by salts water, which is so called
“Saloplastics” (Schlenoff, 2012, Schaaf, 2015). PECs formed by exposing positively
and negatively charge PE solutions together. The strong Coulombic interaction
between oppositely charged electrolytes generated the self-aggregation, which is not
only strong but also very fast due to the PECs formation governed by
thermodynamic and kinetic factors (Dautzenberg, 1997, Thunemann, 2004). There
are PE ion-pairing and entropic releasing of small molecule counterions, with
considered as polyion coupling reaction. The strength of the Pol Pol ion pairs is

directly related to the amount of water released, driven by greater dehydration.
PoleAa_(1 +Pol” C = Pol® Pol; + A+ Co

The primary PECs formation is governed through secondary binding sources such as
Coulombic forces follow by the formation process within intracomplexes to create
the new bonds and the adjustment of the PE chain distortion. Finally, the secondary
PECs were aggregated that mainly hydrophobic interaction (Gubbala, 2012). These
aggregated complexes can be separated out as a concentrated PE phase, so called
“Coacervated”.

However, the reported study of PECs was very low because they are hard to

process in solid-state formation due to their brittleness and infusible when dry. The
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PECs are become an attractive topic after Michael et al. (1961) investigated the way
to process the water insoluble complexes by dissolving the precipitated polysalts
with sodium bromide (NaBr)-acetone-water mixtures. The processing of dense PECs
in several formations was performed by Shamoun et al. in 2012. They successful
prepare the salt-plasticized PECs using a laboratory extruder into fibers, rods, tubes
and tapes shape with homogeneous and low pore volume content (less than 10%).
Although, permanently chemical crosslink PECs are difficult to extrude but
physically crosslinked, that can be broken and reformed, is adequate to allowed the
permanently crosslinked to reform during the process with sufficient temperature and

salt water.

2.3.1 Parameters Controlling the Properties of PECs
2.3.1.1 Effect of Salt and Ionic Strength

PR ek

Souibn

(liguid)

Figure 2.4 Effect of added KBr on the microstructures of PEC (Wang, 2014).

Namely saloplastic is from the main property of PECs that can
soften by salt. Salt weakens the physical crosslink of complex by breaking the ionic
network between oppositely charged monomers, which created the free volume that

allow the PE chains to deformation and reorganization. PECs are plasticized with salt
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water and could be compacted into a tough, transparent, hydrated, macroscopic
complexes using a high centrifugal field. This complex contains porous but actually
fulfill with excess PSS contracts with salt (Porcel, 2009). The charged balances of
PEs are governed by intrinsic and extrinsic compensation, which created from
oppositely charged electrolytes and counterions, respectively. The salt counterion
can controls the physical and mechanical properties of PECs. In 2014, Wang ef al.
built a stoichiometric PEC of PDADMAC and PSS and then dissolved in aqueous
KBr solution. When increasing the [salt], the solid state PECs spanning to coacervate
and finally completely dissolve in solution as illustrated in Figure 2.4. The term of
PEC coacervate can describe as a liquid-like, mobile and reversible structure, which
can change to solid-like depending on their salt content. When adding small amount
of salts, complexes can rearrange and then aggregate into larger insoluble PECs.
Otherwise, when high amount of salt was added, the complexes completely
dissociate and dissolve in salt solution (Gucht, 2011). The [salt] also affects the
properties of complex by induce the water amount into extruded PECs (Ghostine,
2013). The PDADMAC/PSS complexes have 37 — 41 wt % water with the NaCl
concentration in the range of 0.10 — 1.0 M (Shamoun, 2012). Due to the annealing of
PECs in proper [salt] solution, which is high enough to penetrate into the complex
and increased the mobility of PE chains, the complexes show mending and self-
healing properties lead to the recovery of their initial mechanical properties (Reisch,
2014).
2.3.1.2 Effect of Molar Ratio and Order of Mixing

PECs are supposed to be equimolar as negatively equal to
positively charged at equilibrium but it can be difficult to reach because the diffusion
rates of PE chains in complexes is much slower than in solution. The mixing order
during complex formation step also affects their composition. Equimolarity of PECS
can be achieved by increasing the speed of addition, decreasing the PE concentration,
or pouring both PE solutions together during complex formation (Schaaf, 2015). To
achieve the maximum modulus of PEC, it should be stoichiometric with no pores
inside. Nonstoichiometric complexes were dominated by the order of mixing and the
kinetic control in PE association. The molar ratio between the concentration of non-

absorbing species PDADMAC and free PSS provides the stoichiometry factors in the
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PECs. The deviation from 1:1 stoichiometry reduces the crosslink density result in
the decreasing of modulus. It can be confirmed by nuclear magnetic resonance
(NMR) spectroscopy, the nearly stoichiometric PEC was obtained with the lowest
ionic strength solution during the process. The porosity also decreases the modulus
owing to additional PE stain in these pores, creating a nonuniform distribution of
complex (Karibyants, 1997, Shamoun, 2012). It displays the maximum water
stability with an excess PDADMAC film due to more hydrophobicity of PDADMAC
than PSS and could be stated that PDADMAC act as a hydrophobization agent for
PECs (Gai, 2016).
2.3.1.3 Effect of Temperature

The temperature is the major parameter in PEC processing
step. Above the T,, the polymer chains have high mobility and allow them to reptate
out from entanglements during the process lead to decrease in modulus and increase
in mobility (Shamoun, 2012). Temperature can enhance the relaxation and mobility
of PSS chains due to its weakened hydrogen-bonded supramolecular network
through water affects the dynamics of the whole PECs (Yildirim, 2015). The PE
miscibility with water decreases with temperature, which is related to the low critical
solution temperature (LCST) transitions.

2.3.1.4 Effect of Water Content

Water is an important factor for PECs by known to plasticized
the complexes and required for the thermal transition of PECs. Increasing the amount
of water in complexes cause the decreasing in 7,, elastic modulus, and tensile
strength decrease but increasing in percent elongation. The water act as a plasticizer
by creating free volume that allows the chain mobility, disrupting chain interactions,
and softening the complex, which affect the properties of PECs as increasing
temperature. Hydrated PECs are flexibly, rugged and have the modulus about 1 kPa
— 10 MPa, which is similar to many living tissues. For proper condition for extrusion,
PDADMAC/PSS need about 3.7 molecules of water for each ion pair doped with
NaCl (Shamoun, 2012). The strain stored in PECs may be released with salt water or
hot water, which have been considered as shape memory behavior. Likewise, a lack
of salt doping could be compensated by high temperature or the complex remained

fully hydrated (Wang, 2014). The PDADMAC/PSS complex swells about 20% upon
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exposed to water vapor with 60% relative humidity or immersed in water according
to the Flory-Huggins theory, which describes a phase separation in PE network when
increase water contents. This makes the PEC suitable for the used in stimuli
responsive materials (Kohler, 2009). The PDADMAC/PSS complex dehydrated
under defined osmotic stress using poly(ethylene glycol) (PEG) and became
transparent with much stiffer at the lowest osmotic stress due to the decreasing in
water content. The exponential relationship between the elastic modulus and
water/polymer ratio, known as the plasticizing efficiency, is 177 MPa at about 10
water molecules per PDADMAC/PSS ion pair and show strongly decrease with

increasing water contents (Hariri, 2012). Water plasticizing effect of PEC shown in

Figure 2.5.
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Figure 2.5 Water plasticizing effect of PEC (Hariri, 2012).

2.3.1.5 Effect of Processing Method

The processing methods affect the mechanical properties of
PECs, which is related to the composition and porosity within the complex (Hariri,
2012). There are many techniques used to fabricate PECs such as extrusion,
injection, compression, and centrifugation. The properties of PDADMAC/PSS
complex by different process were described in the researches of Lankalapalli et al.
(2009), Hariri et al. (2010) and Shamoun et al. (2012). The PECs fabricated through
solution mixing process has the advantages that it is easy to synthesis and the
precipitated can be collected immediately after formation but the drawback is some
of the PEs and incorporated molecules are lost in supernatant solution during

synthesis. The PECs precipitated at high [salt] by ultracentrifugation were
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nonstoichiometric, high porosity and fully hydrate, which lead to low modulus value
in kPa. In contrast, the PDADMAC/PSS complexes prepared from extrusion at low
amount of salt were stoichiometric, homogeneous, compact and have low water
content, which generate high stiffness within MPa.

2.3.2 Potential Applications of Composite PECs

PECs become much consideration in the past few years due to their
practical applications such as membranes for control permeability, separator
membranes for pervaporation and nanofiltration, battery and fuel cell separator
membranes, dialysis and ultrafiltration membranes, conductive coatings, medical
implants, contact lenses, and sensor applications (Zhao, 2011, Wang, 2014). Many of
potential applications are based on the functional group along PE chains and can be
classified by the interaction between PEC and additive molecules such as counter
ions for ions filtration supporting membranes or ion exchange in analytical
procedures, surfactants for insoluble polyion complex for low energy surface
modification, charged low molar mass molecules for drug complexes, charged
particles for waste water treatment, charged surfaces for displacement
chromatography, additive in cosmetics or detergent (Lankalapalli, 2009) and
supported membranes for separations, cell growth substrates, coatings (Kelly, 2015).

The benefits of PECs in pharmaceutics field are the ability to maintain
the individual properties of both PEs that combined together and can control the site-
specific delivery of drugs by their swelling capability in gastrointestinal fluid or their
pH dependent degradation as well (Siyawamwaya, 2015). The mechanism of drug
release in PEC matrix is governed by the degradation of complex leads to swelling as
free charges and then the drug molecules can release out from the PEC (Fu, 2015).

PEC nanocomposites can be prepared for use as a conductive
membrane. There are use for applications such as thermal switches, EMI shielding,
sensors, and fuel cell. The advantages of these composite films are low density
compare to metals or ceramics, good chemical resistance, easily to form a complex
shape and their barrier properties (Motlagh, 2008). The nano- (NPs) or micro-sized
particles, such as graphite (G) and silver (AgNPs), can be embedded in many
polymer matrixes (Gelves, 2006, Lonjon, 2013), which are interesting for the flexible

electrodes, energy storage applications and electromagnetic shielding (Pothukuchi,
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2004) because of the improvement of the electrical properties due to the high surface
area of the filler particles when homogeneously mixed and uniformly dispersed with

polymer matrix were achieved.

2.4 Curcumin (Cur)

Curcumin (Cur), 1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-2,5-
dione], is a yellow powder extracted form rhizomes of turmeric (Curcuma longa
Linn.) which is a therapeutic compound in medical applications. The remedial
properties of Cur were found to antioxidant property, anti-inflammatory, Alzheimer
disease, anticancer, antimicrobial, and wound healing (Pandey, 2011, Patel, 2009)
The effect of Cur on enhancing cutaneous wound healing depicted a huge number of
infiltrating cells such as fibroblasts, myfibroblasys, macrophage, and neutrophils as
compared to untreated wound (Joe, 2004, Maheshwari, 2006, Sidhu, 1998).
Kittitheeranun recently reported that the Cur dispersed in an 80:20 water:EtOH
solution can be loaded into PDADMAC/PSS film (Kittitheranun, 2010). Cur can
changes color from yellow to red at the first pK, in the pH range of 7.5 — 8.5. When
pH increases, the water solubility of Cur was increased and also when temperature
increases due to the breaking of the intramolecular hydrogen bonding of Cur

(Jagannathan, 2012) The Cur stucture is shown in Figure 2.6.

Figure 2.6 Rhizome of Curcumin longa Linn (left), Cur extract powder (middle)

and chemical structure of Cur (right).

2.4.1 Loading of Cur Based Polyelectrolyte Systems for Drug Delivery

Cur is a natural component of the rhizome of turmeric (Curcuma
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longa), which has been studied for its biological effects ranging from antioxidant,
anti-inflammatory to inhibition of angiogenesis and is also studied for its antitumoral
activity (Lee, 2013, Mahmood, 2015, Lin, 2008). Cur is used in transdermal
applications for dermal treatment to kill bacteria or reducing acne (Shehzad, 2012).
Cur has a poor solubility in water and the f-diketone moiety present in the center of
the molecule induces an intramolecular keto-enol tautomerism, which is responsible
for its solubility in either alkaline solution or non-polar solvent. However, being
nearly insoluble in water limits its bioavailability and transfers from the gastro-
intestinal track to the bloodstream (Hazra, 2014). Although Cur solubility can be
enhanced by the addition of polymers, surfactants or cyclodextrins, its loading and
release from polymeric membranes remains a challenge (Potter, 2014, Carvalho,
2015). In 2010, Kittitheeranun ef al. reported the utilisation of PEM thin films as a
matrix for the loading of Cur. In the field of drug delivery, the LbL technique is used
to coat nanoparticles or modify the surface of biomedical implants. In the case of
transdermal drug delivery, LbL films can be used for the loading and release of
hydrophilic molecules such as dyes and drugs (Wang, 2008, Gentile, 2015, Tang,
2006). Recently, interesting dispersed system based on the microencapsulation of
hydrophilic molecules salts in PEM structured have been reported (Gau, 2017,
Donath, 1998). The ionic character of the PEM allows the diffusion and
immobilization of ionic species. It was demonstrated that hydrophobic Cur could be
loaded in the PEM. The loading was found to be tuned by the solvent quality
(water:ethanol) based on a liquid-solid partitioning mechanism and the release of Cur
was triggered by a rinse step in ethanol, which is not practical to use in transdermal
drug delivery applications (Kittitheeranun, 2010, Saikaew, 2016).

242 pH Solution and Ammonia Vapor Sensing of Cur Based

Polyelectrolyte Systems

The development of colorimetric freshness indicators used in food
packages has received great attention and various technologies have been developed
to this end. Although some systems can be quite sophisticated such as in RFID tag
equipped with chemical sensors or gold nanoparticles used in lab-on-chip solutions,
the devices must be inexpensive, accurate and food safe. Food spoilage can be

monitored through indicators that are mostly based on pH changes and gas emissions
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(Ajaykumar, 2014, Pourreza, 2015, Correa, 2014, Kuswandi, 2012). For example the
decrease in pH observed in sour milk as a result of bacterial activity can be
monitored by colorimetric dyes that have color change in the corresponding pH
range (Kuswandi, 2012). Besides, colorimetric dyes can be monitored the changes in
gas composition due to CO, or ammonia released in spoil meat and fish products
(Kwon, 2012). Among the available sensing molecules, Cur, a natural poly-phenolic
compound found in turmeric, is of great interest. Cur has astonishing properties
ranging from anti-fungi, anti-inflammatory, anticancer and also has the interesting
property to change color from yellow (in acid) to orange red (in base) at pH value
above 8.5 (Prasad, 2014, Sim, 2003). The color change is due to the protonation of
the Cur structure from its keto form (yellow) to the enol form (red). For these
reasons, Cur patches have been proposed as optical sensors for seafood spoilage by
monitoring the color changes upon bacterial proliferation (Goel, 2008). Kuswandi et
al. (2012) have reported a good correlation between Cur color change and the

proliferation of bacteria.

2.5  Mechanical Properties of Polyelectrolyte Multilayers (PEMs) and
Complexes (PECs)

The mechanical properties of PEMs and PECs are dominated by the glass
transition temperature (7,), which is limit the range of operation temperature of
materials and considered for the curing and processing. The mechanical testing of
PEMs, which depends on the chemical of electrolyte and the degree of electrostatic
crosslink, was observed by quartz crystal microbalance, capillary wave techniques,
point-load nanodeflection and nanoindentation using atomic force microscope
(AFM). The elastic modulus of PDADMAC/PSS multilayers soaked in NaCl
solution decrease with increasing [salt] with a value of 17 =2 and 1 = 0.2 MPa at 0
and 1.0 M NaCl, respectively. At low [salt], PEMs have high crosslink density,
which connected by short and stiff segments without many degree of freedom
providing high modulus value while at the present of salt, the crosslinks are broken,
PEMs swell and absorb more water and salt ions (Jaber, 2006). The polymer charge
density also affects the elasticity of PEM films, which exhibited a high elastic
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modulus at high charge density. Moreover, high ionic crosslink density presents high
adhesion values between each layer (Mermut, 2003)

The commonly techniques for determine the 7, of PECs are differential
scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA).
Many researchers have been studied the 7, of polyelectrolyte system and they were
implied that the 7, of hydrated PDADMAC/PSS complex was about 35 — 40°C.
Below the 7, PECs exhibited more rigid while above the T, they were swollen due to
the polyelectrolyte chains movement (Kdhler, 2005). It was reported that the 7, for
dry PDADMAC is 68°C and 180°C for dry PSS but the 7,s were increased to 166
and 211 °C for homopolymer PDADMAC and PSS, respectively, due to the presence
of water content. Figure 2.7(a), Shamoun et al. (2012) showed DSC thermograms for
extruded PDADMAC/PSS complex with no 7, for dry extruded PEC, whether it
contained salt or not. However, they were observed a faint transition at about 30 and

10°C for the PECs soaked in water and 1 M NaCl, respectively.
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Figure 2.7 (a) DSC thermograms of dried samples of Aldrich, A PDADMAC, B
PSS and C extrude PEC after soaked in 1.0 M NaCl and (b) The storage modulus (u),
loss modulus (n) and loss tangent (A) of extruded PECs soaked in A 0.1 M, B 0.5 M
and C 1.0 M NaCl (Shamoun, 2012).

However, the 7, can observe by DSC but they depict more clearly transition
from glassy to rubbery state by using DMTA. For DMTA measurement, the
viscoelastic response of material, either the storage modulus, loss modulus or loss
tangent, is observed as a function of time or temperature. Storage modulus is the
elastic or recoverable energy during polymer deformation and loss modulus is the
viscous or net energy dissipated while loss tangent represents the ratio of loss to
storage modulus. The 7, is located where a significant drop of storage modulus or
the maximum loss tangent or loss modulus is occurred. The DMTA detects the

relaxation of viscoelastic polymer by applying a small oscillating force on the sample
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and measure the strain lags from the stress (Li, 2000). It observes the drop of storage
modulus value from 10° to 10* Pa, which depicts the strong transition in mechanical
properties near room temperature. Time or frequency, temperature, and [salt] in term
of doping are significant factors for the PECs transition, which called
time/temperature/salt (TTS) superposition. Temperature putting more energy into the
PE chains motion in backbone level and can be accelerated by doping with salt. The
TTS plots were fit with the empirical equation 7, = 38 + 2.3 In f — 20[NaCl]**
whereas 38 is a reference temperature. The 7,8 were shift to lower temperature when
increase [salt] or decrease frequency (Shamoun, 2012). The hydrated PECs were
soften with increased temperature and the addition of salts according to the TTS
superposition leading to the 7, shift to lower temperature when materials are more
soften. The moduli of PEC soaked in different [salt] measured by DMTA are show in
Figure 2.7(b). The location of this 7, depends on the concentration of salt doping and
the deformation rate. Hydrated PEC shows the 7, represents by a thermal transition
appears when the complexes are hydrated in water but not in the presence of
alcohols, which supports that water is required for this transition. It can be state that
PDADMAC/PSS are thermoresponsive polymer, which the transition is driven by
the (de)hydration of molecular level in aqueous environments (Yildirim, 2015). At
the transition temperature the polyelectrolyte miscibility with water decrease with
temperature, which similar to a lower critical solution temperature (LCST)-type

transitions during dehydration step (Fu, 2017).
2.6 Cellulose Nanocrystals (CNCs)

Nanoscale cellulose can be divided into nanostructured materials and
nanofibers depend on the natural sources as well as the use of various isolation
processes (Trache, 2017). Their structures and nanomaterial types are shown in
Figure 2.8. Cellulose nanocrystals (CNCs) were isolated from plant-, animal- and
bacteria-based materials. The typical process for the isolation of CNCs is acid
hydrolysis such as sulfuric acid, phosphoric acid, or hydrochloric acid (Espinosa,
2013), which provides the differences in shape, size or properties. This process

provides CNCs with typical diameters of 5-50 nm, lengths of 100-3000 nm and
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elastic moduli about 105-168 GPa depend on the sources. CNCs consist of rigid rod-
like or needle-like particles possess low cost, potentially low toxicity, high-aspect-
ratio, high crystallinity and high specific surface area that can be renewable
reinforced in polymer nanocomposite (Xu, 2013, Lee, 2014). There are many
potential applications of CNCs reinforced polymer matrix including oilfield
applications, membranes for water purification, coatings, packaging applications
(Azeredo, 2016), gas or water barrier (Hubbe, 2017), sensing and biosensing,
opto/electronic devices, textiles, cosmetics (Golmohammadi, 2017), biomedical
fields (Lin, 2014), or can be functionalized for advanced applications such as
controlled delivery systems, emulsion stabilizers, sustainable catalysts and anti-

microbial agents (Tang, 2017).
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Figure 2.8 Cellulose structure and its nanomaterial types (Trache, 2017).



CHAPTER III
CURCUMIN LOADED POLYELECTROLYTE
MULTILAYERS THIN FILMS

To fabricate the polyelectrolyte multilayer (PEM) film, strong
polyelectrolyte (PE) pair: anionic poly(sodium 4-styrene-sulfonate) (PSS) and
cationic poly(diallyldimethyl ammonium chloride) (PDADMAC) were used. These
electrolytes display interesting properties such as pH-dependence, chemical stability
under a wide range of conditions and a fast growth rate under high ionic strength.
PDADMAC and PSS are used in the biomedical field as wound dressings and
artificial skin because of their biocompatibility and used as pH detector application
as food packaging stickers. Each PE was prepared in an aqueous solution containing
1 M NaCl, thereby screening the electrostatic interaction between opposite charge

PEs in order to get a smooth surface film (Villiers, 2011).

3.1 Proposed Research

Our group reported the utilization of polyelectrolyte multilayer (PEM) thin
films as a matrix for the loading of Cur (Kittitheeranun, 2010). The PEM thin films
were fabricated by the well-known layer-by-layer (LbL) self-assembly method
(Richardson et al., 2016), which was introduced in the early 1990s by Decher and
co-workers (Decher, 1992). The growth and structure of these PEM thin films can be
finely tuned by the type of PE and the number of deposited layers (Dubas, 1999,
Dubas, 2001). The LbL approach is a combination of self-assembly and dip-coating
based on attractive Coulombic force between the oppositely charged species from
each electrolytes (Ariga, 2014). The LbL deposition of PEM is a very mature
technology, which has been the subject of numbers of review articles and books. In
the field of drug delivery, the LbL technique is used to coat nanoparticles or modify
the surface of biomedical implants. In the case of transdermal drug delivery, LbL
films can be used for the loading and release of hydrophilic molecules such as dyes
and drugs (Wang, 2008, Gentile, 2015, Tang, 2006). Recently, interesting dispersed

system based on the microencapsulation of hydrophilic molecules salts in PEM
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structured have been reported (Gai, 2017, Donath, 1998). The ionic characters of the
PEM allow the diffusion and immobilization of ionic species. The work presented
here focuses on the immobilization of hydrophobic drugs because it was previously
demonstrated that hydrophobic Cur could be loaded in the PEM. The loading was
found to be tuned by the solvent quality (water:ethanol) (Kittitheeranun, 2010) based
on a liquid-solid partitioning mechanism. Nevertheless in previous work, the release
of Cur was triggered by a rinse step in ethanol, which is not practical to use in

transdermal drug delivery applications.
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Figure 3.1 Schematic representation of Cur loaded into PEM thin films for the study
of temperature controlled loading and release of Cur and the improved pH sensing of

Cur loaded PEMs thin films.

In this work, as seen in Figure 3.1 the effect of other solvents (methanol,
ethanol and isopropanol) was studied as well as the effect of the loading and release
temperature. Using UV—Vis spectroscopy it was demonstrated that when Cur was
loaded at 5°C in the PEM film, it could spontaneously be released at body
temperature (37°C). Interestingly, a wide variety of active compounds can be loaded

in the PEM films either directly during the deposition process or post assembly.
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These include organic (Kong, 2011), inorganic (Podsiadlo, 2009) or metallic
nanoparticles (Zhang, 2010) as well as proteins or drugs that can be loaded in the
PEM films which then act as a host matrix (Kittiheeranun, 2010). Anionic or cationic
species are easier to immobilize in the film by taking advantage of the electrostatic
interactions with the matrix. However hydrophobic drugs or essential oils are more
challenging to incorporate due to the lack of interactions. Nevertheless, we recently
reported the loading of Cur in PEM thin films by tuning the solvent quality with
different water:ethanol ratios. Cur molecules are thermodynamically driven from the
poor solvent into the PEM matrix resulting in the formation of a yellow colored film.
Because Cur is known to present a color change at pH above 8.5, it could be
potentially used as an optical sensor for ammonia in meat packages to detect spoiled

food.

3.2 Experimental

3.2.1 Chemicals and Materials
Poly(diallydimethylammonium chloride) (PDADMAC, medium
molecular weight, 20 wt.% in water, typical Mw = 200,000-350,000), Poly(sodium
4-styrene-sulfonate) (PSS, typical Mw = 70,000), and 1,7-bis-(4-hydroxy-3-

methoxyphenyl)-1,6-heptadiene-2,5-dione (Curcumin, Cur) were purchased from
Sigma-Aldrich. Sodium chloride (NaCl), A.R. grade, phosphate buffer, methanol,
ethanol, and isopropanol were purchased from Labscan Asia Co., Ltd. All chemicals
and solvents were used as received without any further purification. Double distilled
water was used in all experiments.

3.2.2 Temperature Controlled Loading and Release of Cur in PEMs Thin

Films

Chemically clean glass slides were dipped in 10 mM PDADMAC or
PSS solutions with 1 M NaCl until 13 layers were deposited. After each PE solution
steps the film was rinsed with DI for 1 min before the next PE solution. The Cur
powder was dissolved in ethanol with the concentration of 0.01% w/v (100 PPM).
Cur was loaded by immersing the film into a dilute solution of Cur dispersed in

solvents having different ratio of water:methanol, water:ethanol or water:isopropanol
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at a fixed temperature. The ratio of water and organic solvent in each mixture was
varied from 60:40, 70:30, 80:20, 90:10 and 95:5. The total amount of Cur in the
PEM film was characterized with a UV-Vis spectrophotometer (Specord S600,
analytikJenna).

3.2.3 Improved pH Sensing of Cur Loaded PEMs Thin Films

Before coating the substrates with PEM films, the glass slides were
cleaned in piranha solution (70% H>S04/30% H,0,) followed by a 20 min dip in a
60°C solution of 30% ammonia/30% H,O,/water (1:1:5) and rinsed in DI. The
dipping method has been described in numbers of papers (Goel ef al., 2008) and
could be summarized as follow. The clean slides were coated by 2 min dipping into a
10 mM PE solution of PDADMAC or PSS layers with 1 M NacCl, followed by 3
rinses of 1 min each in DI. The loading of Cur in PEM thin films has also been
previously described (Iler, 1966). The coated slides were dipped for 2 h into a 0.1
%w/v Cur solution having 90:10 %v/v of water:ethanol as solvent. To investigate the
pH sensing of Cur loaded PEM films, phosphate buffers (10 mM) adjusted to pH 6-
10 (pH 6, 7, 8, 8.5, 9, 9.5 and 10) were used to induce the color change of the Cur
loaded films as a function of pH. UV—Vis spectrophotometer (Avantes, AvaSpec-

2048) was used to record the spectra of the solutions and coated thin films.
3.3 Results and Discussion

This chapter is divided into two parts. Begin with the study of temperature
controlled loading and release of Cur in PEMs thin films for drug delivery
applications and follow by improved pH sensing of Cur loaded PEMs thin films for

potential use as a chemical sensor.

3.3.1 Fabrication and Characterization of PEM Thin Films

The parameters controlling the growth of PEM thin films were
studied. The PDADMAC/PSS multilayers were prepared as Figure 3.2 with a
concentration of each polymer equal to 10 mM containing 1 M NaCl and the dipping

time is 1 min.
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Figure 3.2 Procedure of PDADMAC/PSS fabrication on pre-treated glass slide.

The PEM fabricated by increasing the layers of 10 mM
PDADMAC/PSS containing 1 M NaCl on quartz slide. The deposition time of each
layer was 1 min and then rinsed with water for 1 min. The growth of PEM thin films
was characterized by UV-Vis spectroscopy. As seen in Figure 3.3, the absorbance at
230 nm increase with increasing number of even layers, that are PSS on top,
represents the increase of sulfonate (-SO4”) peak in the absorbance. Figure 3.3(b)
depicts the thickness of PEM film on silicon wafer after pre-treatment by piranha and
hot ammonia solution measured by ellipsometry at an angle of incidence 60° (Delta:
174-178 and Psi: ~23 for bare silicon wafer) and air-dried every 4 layers. The
thickness was found to increase with increasing number of layers in a linear
relationship after 8 layers and observed that the average thickness of a single bilayer
is 19.71 nm, which similar to the previous studied by Dubas in 1999 (~20 nm per
layer pair with 1 M NacCl).
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Figure 3.4 Plot of contact angle measurement of PDADMAC/PSS on glass slide

with increasing the number of layers.

In Figure 3.4, the contact angle of PEM thin film can be seen to
decrease with increasing deposited layers due to the film becoming more
hydrophilic. The results confirm that the PEMs provide a more hydrophilic surface
which can be used as a matrix for loaded with water-soluble or hydrophilic
molecules achieved directly on the surface of substrate.

3.3.2 Temperature Controlled Loading and Release of Cur in PEMs Thin

Films

The temperature triggered loading and release of hydrophobic model
drug Cur from PEM thin films was demonstrated. Thin films built from the LbL
deposition of PDADMAC and PSS were dipped in Cur and studied as patches that
could be used in temperature controlled drug delivery applications. Three different
solvents (methanol, ethanol and isopropanol) were mixed with different fractions of

water (from 60:40% to 95:5% aqueous:organic solvent) and fixed amount of Cur
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(100 ppm). The effect of other solvents was studied as well as the effect of the
loading and release temperature using UV-Vis spectroscopy. Using this method a
new type of transdermal patch for the release of hydrophobic drugs from PEM
membrane would be possible. The procedure of PEM thin films loaded with Cur by

various temperatures and solvent compositions shown in Figure 3.5

Glass slide PDADMAC Water PSS Water

LL - UL - T

Loading of curcumin

. . . . into PEM by various
Pﬁottrg‘:mg':‘ti :y Fabricate PEM film by LbL technique temperature & solvent

Figure 3.5 Fabrication of PEM thin films loaded with Cur at different temperature

and solvent compositions.

3.3.2.1 Solvent Driven Loading of Cur

The PE pair chosen in this study was the commonly used
PDADMAC and PSS because these PEs are both fully ionized in a wide range of pH
(pH 1 to pH 14). The quantitative study of Cur loading as a function of water:solvent
ratio for the three organic solvents (methanol, ethanol and isopropanol) was observed
by UV—Vis spectroscopy at 440 nm, which corresponds to the maximum absorbance
wavelength (Amax) of Cur as Beer’s law equation:

Absorbance at 440 nm = elc

where ¢ is the extinction coefficient value for Cur presented in databases
(Kittitheeranun, 2010), / is the thickness of PEM film and c is the amount of Cur in
PEM film.
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loaded into a 13-layer PDADMAC/PSS films as a function of the water:solvent

mixture at room temperature (25°C).

In Figure 3.6 is plotted the UV—Vis spectra and absorbance at
440 nm of the 13-layer PEM thin films soaked for 2 h in the three different solvents
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mixtures (methanol:water, ethanol:water and isopropanol:water) with various water
content. Each curve corresponds to the variation of the water:solvent fraction from
60:40% to 95:5% and the X-axis representing the water fraction. The prepared 13
layers PEM films without Cur were used as blank in all spectroscopy measurements
and automatically subtracted from all spectra. The absorption spectrum of Cur in
PEM film was observed at Amax 440 nm, which is the result of the n-n* electronic
transition of the conjugated segment in Cur (Priyadarsini, 2009). The absorption
intensity of the film can be seen to increase for all three solvent systems when the
water content was increased from 60 to 90%. The absorbance was also highest for
the more polar solvent, methanol, followed by ethanol and isopropanol, which have a
dielectric constant of 33, 24 and 18, respectively, and 80 for water. This partitioning
of the Cur from the solvent into the solid PEM is partly due to the increase in
solvation energy of Cur in the more polar solvent making the PEM membrane appear
a more hydrophobic media making the diffusion of Cur a thermodynamically driven
process. The solubility of Cur is the lowest in water, but increase in methanol,
ethanol and isopropanol to more than 10 mg/ml (Anjomshoa et al., 2016). The
loading of Cur with the water:methanol and water:ethanol solvent mixture can be
seen to decrease above 90% water because Cur started to precipitate out of the
solutions. It did not appear to decrease in the isopropanol mixture due to a better
solubility.
3.3.2.2 Effect of Loading and Release Temperature

The effect of the temperature on the loading of Cur in PEM
thin films was investigated at 5, 15, 25 and 50°C and solvent compositions as shown
in Figure 3.7. Regarding the loading behavior, it can be seen that the amount of Cur
diffusing in the PEM decreased with increasing temperature for all solvent systems.
The partitioning phenomenon is the most efficient at loading Cur at 5°C while it is
the lowest at 50°C. The mechanism by which Cur loading is lowest at 50°C can be
explained by both thermodynamic and structural considerations. From a
thermodynamic point of view, the increase in temperature does not change the
dielectric interaction with the solvent, nevertheless, it is clear that the partitioning
process is spontaneous and leads to a decrease in energy of the molecules through an

exothermic reaction (Jagannathan, 2012). The amount of heat released by the system
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is proportional to the decrease in solvation energy of Cur when considering the two
Cur/solvent and Cur/PEM environments. Therefore by taking Lechatelier principle
into consideration, the increase in solvent temperature will slow down the
exothermic adsorption process. On a structural point of view, previous work has been
published by Mohwald and Sukhorukov regarding the study of the glass transition
temperature (7,) of PEM systems. Several publications suggested that the 7, of PEM
was located at room temperature in the range of 25 to 30°C (Kdhler, 2005). Below
the 7, temperature the PEM is expected to be more rigid and hydrophobic while
above T, a more swollen and solvent-like structure is expected. It is though that a
more solvent like structure would not promote liquid-solid partitioning thus

explaining the decrease in absorbance at higher temperature.
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Figure 3.7 The absorbance at 440 nm of Cur PEM films as a function of loading
temperature and water:solvent fraction for (a) methanol (b) ethanol and (c)

isopropanol.
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isopropanol.

Although, the using of the water:methanol as a loading solvent
exhibits the highest amount of Cur loaded into the film but methanol is toxic for
humans, therefore, we prefer using water:ethanol as a loading solvent to prepare the

Cur loaded PEM. The temperature plays an important role for the behaviour of Cur
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in ethanol because of the high solvent polarity. The loading of Cur in the 90%
volume fraction of water in ethanol at low temperature present the highest
absorbance as show in Figure 3.8. The loading was found to saturated in each
condition after 3 h and the kinetic of the loading depict a sharp growth at low
temperature. When the temperature of loading solvent was increased, the absorbance
intensity of Cur in PEM film was decreased because the Cur solubility was enhanced
in each solvent. High solvent temperature can cause the breakdown of the
intramolecular H-bonding in Cur molecules which depict the polar property and then
formed intermolecular bonding with solvent resulting in the dispersion of Cur in the
loading solvent (Barik, 2013). It can be seen that the amount of Cur loaded in the

PEM thin film can be enhanced by loading at low temperature.
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Figure 3.8 Kinetic property and absorbance spectra with images of Cur-loaded PEM
thin films using 90:10 water:ethanol after 3 h.
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3.3.2.3 Effect of Cur Loading on the Thickness of PEM Thin Films
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Figure 3.9 (a) AFM images and (b) the thickness and the absorbance as a function
of loading time of 13-layer PEM film on glass slide before A and after B loading.

Atomic force microscopy (AFM) in contact mode was used to
measure the thickness of PEM film by making a scratch on the film with a sharp
needle and measuring the step height. The alternative 13-layer PEM film was
fabricated by 10 mM PDADMAC and PSS through LbL technique on glass slide and
then loading with Cur using 90:10 water:ethanol at room temperature. The AFM
images of film before and after loaded with Cur into PEM are shown in Figure
3.9(a). The thickness of film was increased from 90 nm to 155.67 nm after loading

with Cur for 30 min and remain constant after that as Figure 3.9(b). It is apparent
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from that the PEM film was swelled with the solvent and then Cur diffused into the
bulk of the PEM film through the mixing zone immidieately after immersing the film
in Cur solution, which can confirm by the yellow color appear on the film after
loading. Likewise, the UV-Vis absorbance spectra of Cur loading were shown
linearly increased as a function of time while the thickness is constant.

3.3.2.4 Temperature controlled release of Cur from PEM Thin Films
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Figure 3.10 Absorbance of Cur loading into PEM in 5% w/v Cur in 90:10

water:ethanol solvent.

In order to elucidate the possible effect of the glass transition effect, the loading of
Cur in a 90:10% water:ethanol mixture was studied as function of temperature. From
the final data plotted in Figure 3.10, it is clear that an increase in temperature leads to
a decrease in Cur loading in the PEM. Cur mobility can be taken into consideration
since at high temperature the vibrational energy of the molecules increase leading to
an increase in conformation vibration, which tends to decrease the solvent interface
penalty and increase the solubility of hydrophobic molecules at high temperatures.

But interestingly, it can also be observed a Tg like curve with a sharp decrease in
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adsorption around the previously reported Tg (25 — 30°C). It can be hypothesized
that as stated above, the crossing of the Tg lead to a swelling of the membrane as

suggested in literature for PEM having a cationic top layers.

0.5 7 1
5°C 2 5°C

1N
»

5°C > 25°C T

(=4
w
L

5°C > 37°C |

Absorbance at 440 nm

5°C > 55°C |

60 80 100 120 140 160 180
Releasing time (min)

Figure 3.11 Absorbance of Cur releasing from PEM to water at various

temperatures.

Because the loading of Cur appears to be temperature
dependent, it was hypothesized that the release might also be thermo-activated. To
test this hypothesis, PEM films were loaded with Cur from solvent mixture of
90:10% water:ethanol and soaked in water solution of various temperatures (5, 25,
37 and 55°C). It can be seen from the results in Figure 3.11 that the release of Cur
from the PEM patch depends strongly on the temperature of solution. When the film
was exposed to a 5°C solution, the absorbance of the film remain constant for more
than 3 h. Cur cannot be released from the film because it corresponds to the
thermodynamic equilibrium of the system from the loading condition. On the other
hand, when the patch is exposed to a higher temperature (25, 37 and 55°C), Cur is

released as a result of increased diffusion kinetic with temperature. Interestingly it
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can be seen that in the case of the 37°C release solution which correspond to the
body temperature, Cur can be release spontaneously. Within 1 h, 60% of the Cur
dose can be release, which is interesting for transdermal drug delivery triggered by

temperature.
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Figure 3.12 (a) Absorbance spectra, (b) photographic images under UV light and (c)
schematic representation of Cur released on 7%w/v agar with different loading and
release temperature, A loaded at 5°C and released at 25°C, B loaded at 25°C and
released at 25°C, C and D loaded at 5 and 25°C then released at 5°C.

For testing a practical application of Cur loaded in PEM thin
films as a transdermal patch, the loading and release of Cur from the films tuning by
temperature were observed by UV-Vis spectrophotometer in reflection mode. The

films fabricated from LbL approach of 10 mM PDADMAC/PSS were loaded with
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0.1%w/v Cur using 90:10 water:ethanol as a solvent at 5°C and 25°C. Then, the film
was attached to 7%w/v agar, represented an artificial skin, and the yellow color
appeared on agar after 3 h indicated that the Cur can release from PEM onto the skin
at room temperature (25°C). The absorbance spectra of Cur after released on the
artificial skin are shown in Figure 3.12(a). The strong absorbance at Amax about 430-
450 nm represent the amount of Cur released on the skin. It was confirmed from
absorbance spectrum A that the Cur film loaded at low temperature (5°C) can release
a high amount of Cur at room temperature (25°C) and was depicted the strongest
yellow color under UV light (Figure 3.12(b)A). Nevertheless, the release of Cur at
5°C is very low and cannot observe with neglect eyes (C and D), which relates to the
thermodynamic equilibrium of the system between the loading and release condition

(Figure 3.12(c))
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Figure 3.13 The quantitation of Cur released from PEM film on agar as a function

of releasing time.

The kinetic release of Cur on the artificial skin was studied by

using the PEM film loaded with Cur at 5°C in 90:10 water:ethanol solvent, which



40

achieves the highest amount of Cur loaded in the film, to release on agar at 25°C.
The absorbance of Cur on agar was measured by UV-Vis spectrophotometer in
reflection mode as a function of time (Figure 3.13). The results show that the
releasing property of Cur could be enhanced by applied on the skin for a longer time
and it can be used as a facial mask that did not causes the skin irritation after
application for 6 h (Nawanopparatsakul, 2005). Conclusively, the results denoted
that the Cur loaded in thin films based on PEM can be used as a patch for skin
healing with non-toxic and can be applied on any substrate materials. Since the
purpose of this work is to utilize the PEM film loaded with Cur for a transdermal
patch, it is important to quantify the amount of Cur released out from the film.
Although, the extinction coefficient (¢) value for Cur is presented in databases, it
depends on the solvent and surrounding matrix. In 2010, Kittitheeranun et al. have
reported the ¢ of Cur diffused in PDADMAC/PSS multilayer film (gpen), Which is
calculated from the absorbance measurement of Cur loaded into the film according to
Beer’s law. The final ¢, value of Cur in PEM with a thickness in nanoscale range
(157 nm) is 64,000 M'cm™. The absorbance of Cur film loaded at 5°C converted
into the amount of Cur release on the artificial skin depict maximum Cur dose of
0.020 pg/cm®. Moreover, the loading of Cur with the amount of 0.201 pg/cm” can be
released to the half of original value, 54% releasing, after 6 h. It can also be seen that
there is a rising of Cur dose released when loading Cur at low temperature.
Nevertheless, the temperature is not the major determinant in the release of Cur on
the surface of artificial skin. The PEM films could be a good potential matrix for
loading with a hydrophobic molecule for drug delivery systems, which can control
the loading and release of those molecules by adjusting the loading solvent

composition and especially altering the temperature.
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3.3.2.5 Improvement the Loading and Release of Cur by increasing
thickness of PEM Thin Films
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Figure 3.14 The absorbance of Cur loaded PEM when attached on agar as a

function of time and a required number of PEM layer.

The films were prepared from 0.1 M PDADMAC and PSS
with the different number of layers and then loading with 0.1% w/v Cur in 90:10
water:ethanol at 5°C overnight for accomplishing the maximum amount of Cur
loaded into PEM films. The films were attached on agar as the artificial skin to study
the releasing of Cur at 37°C and measured the kinetic property of the releasing of
Cur by UV-Vis spectroscopy. Figure 3.14 presented that Cur are diffused out from
the film to the skin owing to the increasing of releasing time and trend to saturate
after 12 h using 11 and 21-layer of PEM while the 31, 41 and 51-layer have still
decreased in absorbance indicated that Cur is continuously releasing to 24 h.

Although, the loading of Cur can be enhanced by increase the
number of deposited layers, which is infers that Cur diffuses in the bulk of the films

depict in increasing of absorbance and the strong yellow color of the films as shown
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in Figure 3.15, but the releasing of Cur on agar surface is occur only at the outer

layer of PEM film.
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Figure 3.15 The absorbance of Cur loaded PEM when increased the deposition
layer of PDADMAC/PSS.

3.3.3 Improved pH Sensing of Cur Loaded PEMs Thin Films

The effect of the top layer electrostatic charge on the Cur sensing
properties was investigated. The fabrication of Cur loaded PEM film for pH solution
testing shown in Figure 3.16. Preliminary work suggested that the cationic or anionic
top layers could affect the pH at which the color change occurs and therefore allow
better detection of amine compounds. It was hypothesized that the charge of the top
layer PEs, PDADMAC or PSS, would modify the pH response of Cur. These results
suggest that the films with PDADMAC on top and loaded with Cur could provide
early detection of the decaying seafood and could be of interest in the development
of food sensors. PEM thin films were loaded with Cur and tested for their pH sensing

properties.
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Figure 3.16 Schematic representation of Cur loaded PEM thin film.

The films were fabricated using the LbL deposition of PDADMAC
and PSS as shown in Figure 3.17. Cur, a natural essential oil used in food, has the
property to change color from yellow (in acid) to orange-red when exposed to pH
values above 8. UV-Vis spectroscopy was used to monitor the loading of Cur in the
thin films as a function of the number of layers and pH. The effect of the charge of
the top layer on the sensing properties was studied and this film could be of interest

in the development of food sensors or pH indicator.

Glass slide PDADMAC Water Water
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Pre-treatment b . .
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Loading with Cur in Testing with
90:10 water:EtOH pH solution

Figure 3.17 Fabrication of Cur loaded PEM thin films for pH solution testing.

Using the LbL technique, nano-thin films can be prepared with
tunable bulk and surface properties. This suggests that the physico-chemical, optical
and electrical properties of the film can be adjusted both surface and the bulk of film.
In previous work, we have described a method to induce the loading of hydrophobic

Cur in PEM thin films by tuning the solvent (water:ethanol) composition. It was
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demonstrated that the Cur dose loaded in the PEM thin films could be increased with
the film thickness suggesting that the drug diffused inside the film (Figure 3.15). The
loading time was of about 2 h and the optimum solvent composition was 90:10 %v/v
water:ethanol. In the previously published work, only even numbers of layers were
used for the film growth (10, 20, 30 and 40 layers) and all the films appeared yellow.
In this work odd and even numbers of layers were used and the effect of the top layer
electrostatic charge was investigated.

PEM thin films composed of increasing number of layers from 1 to 17
were dipped in 0.1% Cur solution composed of water:ethanol 90:10 %v/v. The
loading of Cur as function of the number of layers was studied using UV-VIS
spectroscopy. As expected, it can be seen in Figure 3.18(a) that the final absorbance
at 440 nm increased with the number of deposited layers due to increased Cur
loading with the film. The absorbance at 540 nm plotted in Figure 3.18(b) can be
seen to increase for odd layers and decrease for even layers. This rather surprising
observation is correlated with the color of the film that appeared either yellow or
orange depending on the type of PEs on top of film as seen on the sample picture.
When using an even number of layers, which anionic PSS on top, the films appeared
yellow while with cationic PDADMAC on top the film appeared orange. The orange
and the yellow films have the same peak at 440 nm but in the case of the
PDADMAC on top an extra peak at 540 which gives the orange color to the films.
The change in color of the Cur films with cationic PDADMAC on top is due to the
formation of a complex between cationic PDADMAC and anionic Cur inducing a
lowering of the energy gap between the n-n* transition. This bathochromic (red) shift
is observed when Cur is dispersed in more polar solvent or in case of the formation

of a metal complex.
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Figure 3.19 Cur (0.1 %w/v) mixed with various solutions.

To confirm that the color of Cur was a result of the interaction with

the charge of the cationic PEs, a small amount of Cur was mixed with PDADMAC

or PSS solutions in separated beakers. As seen on the Figure 3.19, a turbid orange

solution is obtained when Cur is mixed with PDADMAC in contrast with the yellow

solution obtained when mixed with PSS. This confirms that PDADMAC interact

with Cur through electrostatic interaction and induce the color change of the film.
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Figure 3.20 Radius of Cur particles in different solution observed by DLS

measurement.
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Table 3.1 DLS measurement of 1 mg/ml Cur in different solution

Cur in solution Radius (nm) % Intensity % Mass
ethanol 0.701 0.6 99.4
90:10 water:ethanol 166.536 62.3 80.7
PDADMAC in 90:10 water:ethanol 3318.010 85.6 98.6
165.961 87.0 48.1
PSS in 90:10 water:ethanol
1844.790 13.0 51.9

To study the behavior of Cur in surrounding solvents, dynamic light
scattering (DLS) was used to measure the particle size of Cur in different solutions
(Figure 3.20 and Table 3.1). Cur powder with the concentration of 0.1 %w/v was
dissolved in ethanol, 90:10 water:ethanol, PDADMAC in 90:10 water:ethanol and
PSS in 90:10 water:ethanol then sonicated for 30 min before characterized. It can be
seen from Figure 3.19 that the solution of Cur in ethanol is clear but in the presence
of water (90:10 water:ethanol) solution become turbid because the solubility of Cur
was reduced which can confirm by the increase in particle size due to the aggregation
of Cur. There was observed the aggregation of Cur in PSS solution due to the
possible m-m interactions between the Cur and PSS aromatic structures
(Kittitheeranun, 2010). Additionally, the negatively charged Cur was more stabilized
by positively charged PDADMAC by electrostatic interaction resulting in the larger

particles size.
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Figure 3.21 Keto-enol tautomerization of Cur.
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Cur has a characteristic pH dependent spectral absorbance in the
visible range and has been used in many applications for its pH sensing of volatile
amine compound. As mentioned before, Cur change color from yellow to orange-red
above pH 8 as the structure change of diketo to keto — enol form (Figure 3.21). Cur
shift toward to diketo form in equilibrium state and when added to an alkaline
solution, the shift of a hydrogen atom triggers the Cur change to keto — enol form.
Based on our LbL films assembly, two kinds of films can be prepared with either
PDADMAC or PSS as a top layer and produce films with different initial color as
seen on the picture in Figure 3.22. The work reported hereafter is an investigation of
the effect of the top layer on the colorimetric sensing of Cur. It was speculated that
since the films had different initial colors, they might also have different response to
increasing pH and therefore different sensing properties. More specifically, since the
films with PDADMAC on top are already slightly orange, the color change could
occur at lower pH and provide better volatile amine detection.

In Figure 3.22(a)-(b) show the UV-Vis spectra of PEM thin films
composed of either 11 (PDADMAC on top) or 12 layers (PSS on top) loaded with
Cur immersed in different pH. The pH was varied from 6 to 10 to simulate an
increase in basicity due to the presence of volatile amine compound in spoiled food.
As expected, the films with PDADMAC on top displayed an increase in absorbance
at 540 nm, which corresponds to increasing orange color compared to the initial
films. On the other hand, the spectra of the films with PSS on top can be seen to
remain yellow until pH 9 and slightly orange at pH 10. The sensing properties of the
film can be quantified by plotting the changes in absorbance at 540 nm as a function
of pH. From the plot in Figure 3.22(c), it can be seen that when PSS is the top layer,
this color shift happens for pH values above 9 whereas it starts occurring at pH 7
when PDADMALC is the top layer. The lowering of the apparent pKa of the Cur is
due to the polarization of the carbonyl groups by cationic PDADMAC making the
Cur more acidic. This decrease in pKa of acid groups such as carboxylic or
phosphate upon complexation with a cationic species is commonly observed in other
systems such as protein or DNA. Upon complexation the weak acids appear more
acidic with a lower pKa (Rmaile, 2002). Due to its lower pKa, Cur complexed with

PDADMAC is an interesting candidate to design optical sensors to be used in food
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packaging stickers to evaluate food freshness because the lower pKa can provide an

early detection of the rising concentration in volatile amines.
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Figure 3.22 The UV spectra of Cur loaded on PEM with PDADMAC on top (a) and
PSS on top (a) film dipped at different phosphate buffer pH. The absorbance at 540
nm of Cur loaded PEM film with different polymer on top of layers (c).



50

(a) (b)

Figure 3.23 Cur loaded 13-layer PEM exposed in air (a) and ammonia vapor (b).

As shown in Figure 3.23, the yellow film of Cur loaded 13-layer
PDADMAC/PSS multilayer film appears reddish brown when exposed in strong
ammonia vapor and it can be reversible when soaked the film in acid solution. The
presence of volatile amine compound releasing from spoiled food is a further

interesting study for PEM loaded Cur films as pH detector.

3.4 Conclusion

In the first part, the solvent loading and temperature release of Cur has been
investigated. It was demonstrated that the loading of Cur is strongly dependent on the
solvent composition and the loading temperature with water:ethanol being a good
solvent mixture. It was found that at the lower temperature lead to an increase in the
total amount of Cur that could be loaded and in particulate, at 5°C the loading was
maximum. Interestingly, the Cur could be released by simply exposing the film to
warm water. These results are of interest for the development of temperature
triggered drug delivery patch. A second part, PEM thin films with either PDADMAC
or PSS as top layers were loaded with Cur to produce films for pH sensors. The
sensing properties of the Cur loaded PEM thin films could be tuned due to
electrostatic interactions between Cur and cationic PDADMAC. The PDADMAC on
top films had a color change occurring at pH 7 but only at pH 9 when PSS was on
top. The interactions induce a color change of the film at lower pH, which is critical

for the early detection of the volatile amine compound in the spoiled food package.
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CHAPTER 1V
CURCUMIN BLENDED NONSTOICHIOMETRIC
POLYELECTROLYTE COMPLEX MEMBRANES
FOR THE OPTICAL AMMONIA VAPOR SENSOR

As discussed in Chapter 3, nano-scale polyelectrolyte multilayers (PEMs)
thin films loaded with curcumin (Cur) with either poly(diallyldimethylammonium
chloride) (PDADMAC) or poly(sodium 4-styrene sulfonate) (PSS) on top provide
different color change ability with different pH solution. The concept of an excess
PDADMAC or PSS of micro-scale compressed polyelectrolyte complex (PEC) films
blended with Cur was studied for the detection of pH solution and ammonia (NHs)

vapor as shown in Figure 4.1.
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Figure 4.1 The concept of Cur loaded PEM film with different polymer charge on

top and Cur blended PEC membrane with various polymer ratio.
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4.1 Proposed Research

In previous works we have studied the loading and release of Cur on
synthetic polyelectrolyte nano-scale films, which known as PEMs through the layer-
by-layer (LbL) self-assembly technique, of cationic PDADMAC and anionic PSS
(Kittitheeranun, 2010, Shin, 2014, Saikaew, 2018). It was found that Cur can be
loaded into the bulk of film using 90:10% water:ethanol and we hypothesized that
the increase in film thickness could be enhanced the sensing properties. Importantly,
these PEM films providing an improvement of sensitivity of sensor when
PDADMAC on top (Saikaew, 2016) were motivated an idea of preparing
nonstoichiometric Cur-polyelectrolyte micro-scale films with excess PDADMAC
composition. Although it is known that the response of NHj3 gas detector is sensitive
to water vapor content of the environment, this work focused on the NH3 detection of
the different moisture-containing films when exposed to a certain amount of NHj
vapor under constant RH at ambient temperature. The salt concentration and polymer
mixing ratio are the important factors to control the properties of PECs composed of
PDADMAC and PSS. The difference in charge density can cause swollen structures
(Dautzenberg, 1997, Dautzenberg, 2002). The salt type and content also affect both
the degree of hydration and the moisture content of PECs (Schlenoff, 2008).
Therefore, the effect of NaCl concentration ([NaCl]) used during complexation-
induced the moisture content of compressed stoi- and nonstoichiometric Cur-PEC
films on the sensitivity of NH; vapor detection was monitored by UV-Vis
spectrophotometer. Moreover, the influence of nonstoichiometric PEC with different
polycation:polyanion compositions and various salt types on the color change ability
was investigated. These Cur-PEC films could be studied for potential used in sensor

application and food packaging technology.

4.2 Experimental

4.2.1 Chemicals and Materials

Poly(diallyldimethylammonium chloride) (PDADMAC, medium
molecular weight, 20 wt.% in water, typical M,, = 200,000-350,000), Poly(sodium 4-
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styrene sulfonate) (PSS, typical M, = 70,000), 1,7-bis-(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-2,5-dione (curcumin, Cur), lithium chloride (LiCl),
potassium carbonate (K,COs), sodium chloride (NaCl), potassium chloride (KCl)
and calcium chloride (CaCl,) were purchased from Sigma-Aldrich. Potassium acetate
(CH3COOK) and potassium sulfate (K,SO4) were obtained from Alfa Aesar. Ethanol
was purchased from Labscan asia and ammonia (NH3) solution (25% for analysis)
was from Merck. All solutions were prepared in double distilled (DI) water.

4.2.2 Fabrication of Cur-PEC Membranes

The Cur powder was dissolved in ethanol with a concentration of
0.1% w/v (1000 ppm). The volume of Cur in ethanol dispersed in the final mixture
was calculated to 90:10% of water:ethanol (Cur solution). 5 %v/v of Cur solution
was then mixed with an aqueous solution of PSS containing NaCl. PECs were
prepared by solution mixing of Cur-PSS and 0.1 M PDADMAC solution with stirred
for 30 min and adjusted an ionic strength by varying NaCl concentrations ([NaCl]).
Blob complexes were compacted into dense precipitates by centrifugation at 8,000
rpm for 20 min. Cur-PEC films were fabricated using a Labtech press (model LP200)
at 60°C under a pressure of 2,000 psi for 30 min with an aluminum spacer to control
the thickness of about 100 um.

4.2.3 Characterizations of Cur-PEC Membranes

All experiments were performed under room temperature (20°C) with
50% relative humidity (RH) and the results are reports from three independent tests.
The NHj3 vapor for the sensing experiments was prepared from the dilution of a 25%
NH; solution to the 40 ml of final concentrations ranging from 5, 10, 15, 25 to 50
ppm in glass petri dishes (80 ml) and left until NH3 vapor was equilibrated for 30
min. PDADMAC/PSS films with various [NaCl] during complexation: 0, 0.5, 1 and
1.5 M were cut in a rectangular shape of dimension 1x1 cm and then exposed to NHj3
vapors inside the petri dish containing 40 ml of various NH; concentration ([NH;])
solutions. The color change was observed with a UV-Vis spectrophotometer (Red
Tide USB650, OceanOptics). The influence of moisture content of PEC films
prepared with 1.5 M NaCl was obtained by storing the films in humidity-control
chamber (100 ml) containing 20 ml of saturated salt solutions: LiCl, CH;COOK,
K,COs, NaCl ,and K;,SO4 provide an equilibrium RH of 11, 23, 43, 75 and 97%,
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respectively, at 20°C for 7 days before testing (Greenspan, 1977). The saturated salt
solutions were used to create a certain RH in an ambiance container. After the
moisture content of the films was saturated, they were tested for NHj3 vapor
sensitivity with a 15 ppm NHj solution. The PEC films with different polymer ratio
of PDADMAC:PSS containing 1.5 M NacCl stored in 97% RH chamber were studied
as stoichiometric (50/50) and nonstoichiometric (67/33 and 33/67 of mol%
PDADMAC/PSS) ratio. To determine the moisture content, the dry films of
dimension 2x2 cm were dried at 60°C for 48 h and then stored at a certain RH. The
moisture content was calculated from their weights of the dried (/) and the moisted
(W) films by this equation:

Wm - Wd
Wy

Moisture content (%) = x 100 (1)

The infrared spectra of stoi- and nonstoichiometric PEC and Cur-PEC films were
characterized by Fourier Transform Infrared (FTIR) spectroscopy in Attenuated
Total Reflectance (ATR) mode using Thermo Scientific Nicolet iS5 with iD7
detector from 4,000 to 600 cm™.

4.2.4 Sensing Properties of Cur-PEC film for spoiled shrimp

In order to investigate the potential used of Cur-PEC film for optical
sensor application, the nonstoichiometric 2:1 PDADMAC/PSS film, stored in 97%
RH chamber for 7 days before testing, was attached inside the petri dish contained 54
g of shrimp (bought from Tesco Lotus) and left at ambient temperature. After 2 days,
the color change of film was measured by UV-Vis spectroscopy and the color
parameters were observed from portable colorimeter, where L is lightness, a is
redness-greenness and b is yellowness-blueness. Furthermore, the effect of salt types
during fabrication, KCI, NaCl and CaCl, on the sensing ability of these

nonstoichiometric Cur-PEC film was studied.
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4.3 Results and Discussion

4.3.1 Hydrophilic Dyes Absorption on the Salt-Free Stoi- and

Nonstoichiometric PEC Membranes

\'/'-\'?\e._
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Nonstoichiometric Stoichi . Nonstoichiometric
Excess PDADMAC  Stoichiometric Excess PSS
[P+]> [P-] [P+1=1P [P+] < [P-]
PSS
+ NaCl
PDADMAC
+ NaCl
stirred @ drled
30 min %GBHE{“r%?ﬁ ambient
20 min temperature
Complexation Compressed PEC film

Figure 4.2 The fabrication of compressed stoi- and nonstoichiometric PEC

membrane of PDADMAC/PSS.

The PEC membranes were facricated by solution-mixing of aqueous
PDADMAC and PSS using 1.5 M NaCl as a plasticizer followed by centrifugation
and compression molding into about 100 micron sheets as shown in Figure 4.2. The
PECs were prepared using various PDADMAC[P+]:PSS[P-] molar ratio ranging
from [2:1], [1:1] and [1:2] as PEC67/33, PEC50/50 and PEC33/67, respectively,
which represent mol% ratio of PDADMAC/PSS.
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Figure 4.3 UV-Vis spectrum (a) and absorbance (b) of mixed dye solution of MO
and MB after dye absorption for 150 min of salt-free PEC(1.5) with various mol% of
PDADMAC/PSS.
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In order to study the absorption ability of salt-free PEC films, the
films with various polymer molar ratio prepared at 1.5 M NaCl were soaked in DI
water for 24 h to remove any salt content. The films were cut with the dimension of
20x20 mm and then soaked in mixed dye solution of cationic 3,7-
bis(dimethylamino)-phenothiazin-5-ium chloride (methylene blue, MB) and anionic
sodium 4-{[4-(dimethylamino)phenyl]diazeny } benzene-1-sulfonate (methyl orange,
MO) dyes. To compare the change in the peak intensity at Am.x of both dyes, the
concentation of dye was chosen here as 10 and 20 ppm for MB and MO,
respectively, to obtain the intensity about 0.7. UV-Vis spectra of dye solutions before
testing in Figure 4.3(a) dipict twe characteristic peaks at 465 and 665 nm, which
represent the amount of MO and MB dye, respectively. After dye absorption for 150
min, the intensity peak at 465 nm of anion MO decreases with increasing cation
PDADMAC content of the film while the intensity at 665 nm of cation MB drops
with increasing anion PSS content (Figure 4.3(b)). It is evident that the film can
absorb oppositely charged dye with an excess polymer content in the film.

The kinetic absorption of salt-free PEC films with mixed dye in
Figure 4.4 suggest that the fully absorption ability of the films was achieved in both
excess PDADMAC and PSS films with oppositely charged dyes within 8 h. This
advantage of tuning the excess charge on PDADMAC/PSS films can be used for
molecules absorption or removal (Shiratori, 2001). Interestingly, the stoichiometric
PECS50/50 seem to displays an excess PDADMAC character that can absorb anionic
MO dye with nearly 100% after 8 h and provides homogeneous yellow film (Figure
4.5). It is speculated that PDADMAC prefers to rearrange out to the surface of the
film, during the complexation and the rinsing step, because of their hydrophilic

nature.
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Figure 4.4 Kinetic properties of mixed dye absorption of salt-free PEC film various
polymer molar ratio, (a) MO and (b) MB absorption (A is absorbance at 465 and 665

nm, respectively, and Ay is absorbance of initial mixed dye).
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Figure 4.5 Photographic images and dye absorption of salt-free PEC film with

various polymer molar ratio after 8 h.

4.3.2 Fabrication of Salt-Free Cur-PEC Films

Unlike thermoplastic polymers, PECs insoluble in water and hardly
softened by heat lead to their limitation during processing. It is well known that the
plasticizing effect of salt-water is a key for electrolyte complexes fabrication. The
Cur-PEC precipitates were prepared under various ionic strength adjusted by NaCl in
aqueous PDADMAC and PSS solutions. The fabrication of the Cur-PEC films was
shown in Figure 4.6 and described in the Experimental Section. The samples
prepared from electrolyte solution containing NaCl “X” M are indicated as PEC(X).
After dried under room temperature, the smooth, flexible and transparent yellow
Cur-PEC films were performed. The films were all tested for NH; vapor sensitivity

under ambient condition.



63

P%@AC
PSS
~ \—
CNC Naci
Cur
90:10% PSS 4 vy
water:EtOH 1.5 M Nacl
PDADMAcCI +
1.5 M Nacl S Cur-PDADMAC S 3
stirred = stirred centrifuged
/L;P 30 min 8,000 rpm
20 min
Compressed
Complexation 6':(')°C

40 ml of NH, solution/
80 ml of petri dish

gﬁgmgg
pee f eec G pec
ﬁ Qe g > .t

7 days
temperature
Cur-PEC film prepared humidity-control Ammonia vapor
at 1.5 M NaCl chaynber testing P
Figure 4.6 Schematic illustrates the fabrication of compressed Cur-

PDADMAC/PSS film for NH; vapor sensing.

4.3.3 pH Solution Sensing of Salt-Free Cur-PEC Films

Cur-PEC film prepared with stoichiometric 1:1 ratio under 1.5 M
NaCl were soaked in DI water overnight to eliminate the effect of salt releasing into
solution. The films were immersed in various pH solutions ranging from 6 to 11 and
monitored by UV-Vis spectroscopy. It was found from Figure 4.7(a) that the
intensity peak at 470 nm, which correspond to the yellow apperance of Cur-PEC
film, decrease with immersion time when the film was soaked in high pH solution
(pH 11). In the same time, the peak at 535 nm was appeared due to the color change
to orange-red. The absorbance at 535 nm of the films immersed in solution pH 6 - 11
was saturated within an hour and the peak intensity increase with increasing pH of

solution (Figure 4.7(b)).
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Figure 4.7 (a) UV-Vis spectrum of stoichiometric PDADMAC:PSS of salt-free Cur-
PEC(1.5) films immersed to solution pH 11 and (b) absorbance at 535 nm and the

color change of the films immersed to various pH solutions as a function of time.
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Figure 4.8 Absorbance at 535 nm and the color change of the salt-free stoi- and

nonstoichiometric Cur-PEC(1.5) films immersed to various pH solutions after 1 h.

In previous work, PEM films loaded with Cur illustrate pH sensor
property by changing from yellow to reddish brown when exposed to different pH
solutions. The charged of electrolytes plays an important role to control the pH
sensing properties. As expected from Figure 4.8, the stoichiometric (1:1) and non-
stoichiometric (2:1, 1.5:1, 1:1.5 and 1:2) PDADMAC:PSS films depict different
color change ability from yellow to orange-red when soaking in different pH of
phosphate buffer solutions. PDADMAC-rich films depict the highest pH sensing
character while excess PSS (PEC33/67) films do not show the color change property.
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Figure 4.9 The reversible color change of the salt-free stoi- and nonstoichiometric

Cur-PEC(1.5) films immersed to pH 11 and pH 2.34 solutions.

Moreover, these films can maintain their yellow or red color under
ambient temperature and the red film can turn back to yellow again by soaking in an
acidic solution. The second and third cycles of the reversible color change of Cur-
PEC film in Figure 4.9 reveal that these films can be reused many times as they
provide the ability to monitor pH change of solution.

To confirm that Cur can react with PDADMAC lead to the strong
color change ability, Cur solution was mixed with PDADMAC or PSS in 90:10
%water:EtOH at different pH. We observed from Figure 4.10 that yellow solution of
Cur turn to orange-red at pH 11 in both PDADMAC and PSS solutions but the
intensity at 535 nm of Cur in PDADMAC is higher than in PSS solution, which is
due to the electrostatic interaction of the carbonyl groups of Cur with cationic
PDADMAC and then the pKa of Cur was decreased. Moreover, it can be seen that
Cur mixed with PSS in all range of pH show strongly yellow, which confirmed by
the fading of the intensity of peak at 535 nm, owing to the z-7 interactions between

the Cur and PSS aromatic structures (Kittitheeranun, 2010).
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Figure 4.10 Absorbance at 470 and 535 nm represent the yellow and orange-red

color of Cur solution dissolved in different polymer and pH solution.

4.3.4 The Effect of [NaCl] used during Complexation on the Moisture

Content and the NH; Vapor Sensing of Cur-PEC Films

The change in color of Cur-PEC films from yellow to orange-red after
exposed to NHi; vapor was observed by UV-Vis spectroscopy at the maximum
absorbance wavelength (Amax) of about 535 - 540 nm, which corresponds to the
orange-red appearance. Figure 4.11 is plotted the UV-Vis absorbance at Amax of
stoichiometric 50/50 mol% of PDADMAC/PSS films prepared at different [NaCl]
during processing: 0, 0.5, 1 and 1.5 M. After exposed the films to NH; vapor
releasing from various concentration of NHj solution ([NHj3]): 0, 5, 10, 15, 25 and 50
ppm for an hour, the high salt film depicts high color change. It could be
hypothesized that Cur-PEC film with high salt content will absorb more water in the

atmosphere, so, the moisture content of the film was tested at different RHs.
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Figure 4.11 Absorbance at Amax of Cur-PEC films exposed to vapor of various

[NH;] as a function of [NaCl] during processing.
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Figure 4.12 The moisture content of PEC films as a function of % RH at various

[NaCl] during processing.
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The relation between moisture content and RH is shown in Figure
4.12. The weight increase with respect to the dry state, which shows in %moisture
content, describes the sorption isotherm or water activity of films. The water
adsorption of PEC films is increasing with both humidity and [NaCl] increase. High
[NaCl] used during mixing causes the increase in salt-trapped inside the films, which
shows more hydrophilicity lead to more moisture absorption. The highest difference
in moisture uptake was observed from PEC(1.5) of 0 - 70% with the range of 0 -
97% RH and the saturated adsorption was obtained after 7 days, so, 1.5 M NaCl was
used to fabricate the Cur-PEC films in all afterward experiments.

To cross-check for the moisture content of PEC films could be
affected the NHj; sensitivity, the Cur-PEC(1.5) films were stored in various RHs: 0,
23, 75 and 97 % for 7 days and then exposed to the vapor of NHj solution with a
concentration of 15 ppm. As can be seen in Figure 4.13(a), the bathochromic red
shift was observed when the films adsorb more NH; vapor due to their complexation.

The high moisture content provides high NHj gas dissolve in the water
phase of the films as an equation: H,O + NHs = NH4 + OH as a result of the
moisture content of film increases with % RH of storage chamber (Figure 4.13(b)).
The result facilitates the alkaline (basic) environment govern the phenolic structure
of Cur from diketo (yellow) to keto-enol (red) form, which is an obvious color
change from yellow to red as illustrated by Figure 4.14. In the same time, the high
moisture content in the film under high RH generated more NH;" + OH’ result in the
RH accelerated the color change (Ma et al., 2017). It also appeared that even 0% RH
film (dried at 60°C for 48 h) displays the visible color change, which indicated that
these films could be utilized in a wide range of RH (0 — 97%) under ambient

temperature with as many as 2.5-times in difference.
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Figure 4.13 (a) UV-Vis spectrum of moisted Cur-PEC(1.5) film and (b) kinetic
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Figure 4.14 Schematic representation of the color change of moisted Cur-PEC films

when exposed to NHj; vapor.

4.3.5 Enhanced the NH; Vapor Sensing of Cur-PEC Films Based on

Nonstoichiometric Ratio

Previous investigation on Cur loaded with either PDADMAC or PSS

on top of PEM nano-scale films provide different inspection when immersed in
various pH aqueous phases (Saikaew, 2016). It was assumed that nonstoichiometric
PEC with PDADMAC- or PSS-rich embedded Cur may establish the different color
change behavior. The PEC films were defined as PECX/(100 — X), where X is mol%
fraction of PDADMAC and (100 — X) is mol% fraction of PSS in the initial complex.
It can be seen from Figure 4.15 that the absorbance at Ana.x Was saturated after an
hour and the nonstoichiometric PEC with PDADMAC-rich (PEC67/33) provides the
highest color change in NHj vapor sensing according to PEM loaded Cur films with

PDADMAC used on top, which provides better pH aqueous sensitivity.
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Figure 4.15 Response time of moisted Cur-PEC(1.5) films fabricated from stoi- and
nonstoichiometric PDADMAC/PSS exposed to vapor of 15 ppm [NH3].

The moisture content of Cur-PEC films at 97% RH in Figure 4.16
indicates the highest moisture uptake of PEC67/33 film, which consistent to the
strongest color change with NH; vapor. The moisture significantly increases with the
amount of PDADMAC composition because of their hydrophilic nature. This
behavior may be described as in the nonstoichimetric film the NaCl counterions are
required to balance the excess polyelectrolytes result in salt doping, as ion-
compensated extrinsic sites, in PEC structure (Fu, 2017) and leads to an increase in
NaCl content of the films. The unexpected results were observed when the moisture
content value of PEC50/50 and PEC33/67 films are quite similar whereas an excess
PSS film depicts significant low NHj sensing compare to stoichiometric film. It can
be stated that not only the moisture content of the film controlling the NHj3 sensitivity
but also the electrostatic interaction between anionic Cur and cationic PDADMAC

lead to the lowering of the pKa of Cur and the enhancing of the sensing ability.
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Figure 4.16 The moisture content of the Cur-PEC films as a function of RHs.

The changes in the intensity of characteristic peaks were observed
from ATR-FTIR and labeled to the compositions of the film (Figure 4.17). The peaks
at 1005 and 1033 are attributed to the S=O symmetric stretching vibration of the
sulfonate (SO;") group and the peak at 1170 cm™ is designated to the SOj
asymmetric stretching while the peak at 1120 cm™ is aromatic C-H in-plane bending,
which confirms the increasing of PSS of excess PEC film. The Cur-PEC films
provide the low intensity of characteristic peaks of PSS, which can attribute to the z-
7 interaction between the Cur and PSS aromatic structures. In the same way, the peak
at 1466 and 1630 cm™ derived from the amine (NH;") group and N-H asymmetric
deformation of PDADMAC, respectively (Bragaru, 2013) were found to decrease
with the presence of Cur in the film because of the electrostatic force between
PDADMAC and Cur. Since the amount of Cur content is very low compared to
PDADMAC/PSS matrix, the characteristic peaks of C=C and C=O vibration at 1626
and 2928 cm™ assigned to the presence of Cur (Ma, 2017) were not observed. A
broad peak at 3390 — 3410 cm™, corresponding to the O-H stretching vibration of

water, decrease as a result of the increasing hydrophobic Cur molecules.
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Additionally, it was found that the O-H vibration peak shifted to 3392, 3396 and
3397 cm™ denoting a hydrogen bonding interaction between Cur with increasing the

amount of PDADMAC content in the films (Liu, 2016).
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Figure 4.17 The ATR-FTIR spectra of PEC and Cur-PEC films with different

polymer ratio.
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Figure 4.18 The reversible color change cycling of nonstoichiometric PEC films

when exposed to NH; vapor and air condition.

In order to investigate that whether the color change of Cur-PEC film
was reversible, the nonstoichiometric PEC67/33 and PEC33/67 films were stored in
97% RH chamber and then exposed to NH;3 vapor (15 ppm of NHj3 solution). As seen
in Figure 4.18, the absorbance at Amax Was saturated within an hour after exposed to
NH; vapor and then the red color return back to yellow again after left under ambient
condition within 100 — 120 min. This indicates that the sensing ability of Cur-PEC
films was reversible. Although the PSS-rich film depicts faster reversible change
than PDADMAC-rich film, the lower amount of NH3 vapor dissolved in the water
phase of the PSS matrix leads to the lower sensitivity. Moreover, the color change of
Cur-PEC films when exposed to NH3 vapor is faster than the reversible change due
to the evaporation of NHj. This behavior of these Cur-films could broaden their
potential uses, especially in sensing applications.

4.3.6 Cur-PEC Film for Optical Detection of the Spoiled Shrimp

The spoilage of fresh food products is related to microorganisms. The
microorganisms degradation mainly generate total volatile basic nitrogen (TVBN)

including volatile amines, dimethylammonium, trimethylamine, etc, which may
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increase the pH value of the media environment. From this viewpoint, the sensing
property for the spoilage of seafood products was investigated to verify that these
Cur-PEC films could be used to detect NH3 vapor created from the spoiled shrimp
(Figure 4.19(a)). The color of the moisted film was changed from yellow to orange-
red after stored for 2 days. As seen in Figure 4.19(b)-(c), the color difference
observed from UV-Vis spectroscopy at Amax Was found to increase in the film after
testing as well as the a value of the color parameters from colorimeter, which
represents the reddish of film, was increased. The enhanced of NHj3 vapor detection
ability on asymmetric excess PDADMAC composition of Cur-PEC films can be
used for optical sensing application to estimate the spoilage of food with convenient

way under ambient conditions.
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Figure 4.19 Sensing properties for the spoiled shrimp of Cur-PEC film with excess
PDADMAC composition. The visible color change of film (a) was observed from (b)
UV-Vis spectroscopy and (c) colorimeter (the table shows the color parameters of

film).
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4.3.7 Cur-PEC Film Prepared with Different Types of Salt
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Figure 4.20 Response time of moisted Cur-PEC(1.5) films of PEC67/33 at different
types of salt used during fabrication exposed to vapor of 15 ppm [NHs].

In accordance with previous findings, PEC films of PDADMAC and
PSS can be fabricated in the presence of different types of salt during mixing and
may affect the color change ability of the Cur-PEC film. The yellow Cur-PEC films
prepared under KCI, NaCl and CaCl, with the concentration of 1.5 M were stored in
97% RH chamber and then exposed to NHs vapor (15 ppm of NH; solution). These
films depict different color change ability as seen in as shown in Figure 4.20. The
moisted Cur-PEC film with CaCl, displays not only the highest intensity of
absorbance at Amax, Which correspond to the highest moisture uptake of the film after
stored at 97% RH for a week (Figure 4.21), but also the fastest visible color change
to orange-red within 30 min. This evidence is due to the hygroscopicity of salts
contained in the film. Comparison between the RH provided from these salts, KCI,
NaCl and CaCl, are about 85, 75 and 9% RH (Greenspan, 1977), respectively,
meaning that CaCl, acts as desiccant salt and can absorb more moisture from the

surrounding environment (Kallenbergar, 2018). Future work should therefore include
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the study of Cur-PEC film prepared with CaCl, for detection of lower NH; vapor
concentration released from the spoilage of food and the scale-up of film fabrication

for revealing the gas leak from the automotive and industrial factory.

140

Moisture Content (%)
5 8 8 8 B

N
o

o

KCl NaCl caCl,
Types of salt used during fabrication

Figure 4.21 The moisture content of Cur-PEC(1.5) films of PEC67/33 with different
types of salt at 97% RH.

4.4 Conclusion

The influence of moisture content and polymer ratio on the NH; vapor
sensitivity based on Cur-PEC films with various PDADMAC:PSS composition was
studied. A visual color change of the films from yellow to reddish-orange can be
obtained under low concentration of NH; vapor at sufficient moisture content and
can be accelerated the color change ability by increasing the moisture content in the
films. The type of salt contained in the final films provide different color change
ability due to the moisture content also. A potential used for these Cur-PEC could be
motivating for the development of sensor applications and food packaging industries.
Furthermore, the tuning of the positive or negative ratio of PEC-based materials is an
interesting strategy for further study towards other specific applications that the

requirement of charge possibly was concerned.
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CHAPTER V
INFLUENCE OF THE SALT CONCENTRATION
DURING PROCESSING ON THE PROPERTIES OF
SALT-FREE POLYELECTROLYTE COMPLEX MEMBRANES

It was illustrated in the previous chapter that charged electrolytes can be
used as a nanostructured coating, polyelectrolyte multilayers (PEMs), loaded with
biomolecules to use be as a sensor or in the medical field. Although, the PEMs
produces very thin, smooth and homogenous coating films their limitation is they are
so thin and can not be held, so, they can only be used as coating. To accelerate the
assembly of electrolyte films into thicker films, polyelectrolyte complexes (PECs)
have become interesting materials. The same electrolytes can be mixed together
under optimized condition by tuning the ionic strength to form PECs. They can be
fabricated in a variety of shapes and also loaded with additive fillers. As mention in
Chapter 4 stoi- and nonstoichiometric PEC films with different polymer [P+]:[P-]
ratio provided different properties that required for many specific applications, this
work focusses on the other parameters controlling the properties of PEC films. The
thermomechanical properties and characteristics of PECs made from
poly(diallyldimethylammonium chloride) (PDADMAC) and poly(sodium 4-styrene
sulfonate) (PSS) as a function of NaCl concentration ([NaCl]) during processing are

investigated.

5.1 Proposed Research

While several studies have investigated the influence of salt annealing after
PEC formation (Fu, 2017), the study presented here was focused on examining the
effect of salt addition as a processing aid during mixing and formation of the
polymer complex. Smooth and transparent PEC films can be produced by mixing
aqueous NaCl-containing solutions of cationic PDADMAC and anionic PSS, shaping
the materials formed via compression molding into thin films, and extracting the
NaCl by a rinse step. Varying the [NaCl] during processing and hydrating the

materials after salt extraction, it was shown that the 7, of the hydrated salt-free PEC
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films increases with the [NaCl] used during the mixing step. This trend appears to
reflect improved mixing during the polymer complex formation and an increased
entanglement density in the final materials. Processing the PEC films in the presence
of salt also had an interesting effect on their shape memory characteristics. PEC
films prepared under high-salt conditions were shown to maintain a programmed
temporary shape better than materials prepared with low salt concentration, while
recovery was possible within a short period of time when then immersed in hot

water.

5.2 Experimental

5.2.1 Chemicals and Materials
Poly(diallyldimethylammonium chloride) (PDADMAC, medium

molecular weight, 20 wt.% in water, weight-average molecular weight, M,,, =
200,000-350,000 g/mol), poly(sodium 4-styrene sulfonate) (PSS, M, = 70,000
g/mol), and sodium chloride (NaCl) were purchased from Sigma-Aldrich. Double
distilled (DI) water was used throughout.
5.2.2 Fabrication of Polyelectrolyte Complex (PEC) Films
PEC films were prepared as follows. PDADMAC and PSS were

individually dissolved in water at a concentration of 0.1 M (16.12 g/L. for
PDADMAC and 20.62 g/L for PSS) by stirring with a magnetic stir bar and adding
NaCl to the solutions after the polymers were completely dissolved. The NaCl
concentration in the two solutions ([NaCl]) was adjusted in a range of 0 — 1.5 M.
Aliquots of the solutions (30 mL of each solution) were combined, stirred for 30 min,
and the solid complexes that had formed were compacted into dense precipitates by
centrifugation at 8,000 rpm for 20 min. The solids were separated from the
supernatant solution and, without further drying, compressed in a Carver press at
40°C under a pressure of 2,000 psi for 30 min using spacers to control the thickness
to 100 um. The samples were dried at ambient temperature overnight. To prepare the
salt-free films, the films were immersed in 100 mL of water for 24 h and the water

was changed every 8 h.
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5.2.3 Characterization of PEC Films

Solution container

Figure 5.1 Photographic images of tension (a) and submersion (b) clamps for

dynamic mechanical analysis (DMA).

All the results quoted are averages of three independent experiments.
The thermal stability and salt content of the PEC films were measured by
thermogravimetric analysis (TGA) on ca. 3 mg of dry salt-containing as well as salt-
free samples with a Mettler-Toledo STAR® system under inert N, atmosphere in the
temperature range of 25 to 600°C and applying a heating rate of 10°C/min.
Differential scanning calorimetry (DSC) measurements with heating and cooling
cycles from 0 to 250°C were performed using a heating/cooling rate of 10°C/min.
The mechanical behavior of the PEC films was characterized by dynamic mechanical
analysis (DMA) using a TA Instruments Model Q800. A tension clamp and a heating
rate of 5°C/min were employed for measurements of dry, salt-containing films. A
submersion clamp and a heating rate of 0.5°C/min with samples immersed in water
were used for measurements of hydrated, salt-free films (Figure 5.1) and in this case,
the temperature range was limited to 5 — 55°C. The DMA tests were conducted in
multi-frequency strain mode using a temperature ramp, a frequency of 1 Hz, and a
strain amplitude of 15 um. The experiments were conducted with PDADMAC/PSS
film samples of dimension 6x15 mm and samples were studied as a function of
[NaCl] during mixing: 0, 0.5, 1 and 1.5 M. Stress-strain measurements were
conducted on the hydrated, salt-free films on the same instrument at room

temperature with a strain rate of 20%/min. The tensile moduli were calculated from
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the initial slopes of the linear regions, i.e., in the strain range of 0 — 5%. To measure
the water uptake, the dry salt-free films with dimension of 20 x 20 mm (dried for 48
h at 60°C) were soaked in water for 24 h, and the water uptake was calculated from
the weights of the dry (W) and the hydrated (7)) samples by:

'Wd

Degree of swelling (%) = x 100 (5.1)

5.2.4 Shape Memory Behavior of PEC films

50°C DI water Moving part
Sample
Fixed part
Permanent shape _ Temporary shape Permanent shape
T> T T< Tg > Tg .
Stretched in Cooled in Recovered in
50°C water cold water 50°C water
L, L, L, L,

Figure 5.2 Photographic image of the manual stretching device (model) and

schematic procedure for shape memory experiment.

In order to monitor the water-induced shape memory effect (SME) of
the PEC films, 6 mm wide strips of an initial length of 2 cm (Lj) were immersed in
water maintained at 50°C, stretched to a length of L; = 4 cm (i.e. to a strain S = (L;-

Lo)/Lo= 100%) in a manual stretching device (model) as shown in Figure 5.2. With
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the strain applied, the samples were placed in cold water and held at this stage for 5
min, before they were allowed to dry under ambient conditions. After removing the
force, the temporary shape (L) was determined. Finally, the shape recovery was
triggered by placing the samples into water heated at 50°C and the recovered length
L; was measured. The shape fixity (Ry) and shape recovery (R,) were calculated using

eqs. 5.2 and 5.3:

L,— L
% Shape fixity (R;) = 7—~ x 100 (5.2)
1~ Lo
o _Ly— L
% Shape recovery (R,) = T % 100 (5.3)
1~ Lo

5.3 Results and Discussion

5.3.1 Fabrication of Salt-Free PEC Films

A variety of salts, including NaCl, have been used to screen
electrostatic interactions between cationic and anionic polymers and soften PECs,
thereby making them processable by extrusion or compression molding. Unlike
several previous studies, in which the influence of salt water on the thermal transition
(Ty) of the PEC was investigated, the materials reported here did not contain any salt
during testing, but NaCl was merely used during processing and subsequently
removed. This approach was explored based on the hypothesis that it would (i) allow
adequate processing, (ii) support the formation of chains entanglements, and (iii)
possibly allow tailoring of the thermomechanical properties of the salt-free PEC

films.
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Figure 5.3 PECs formation of PDADMAC and PSS prepared at various [NaCl].

The influence of salt on the PEC formations is displayed in Figure 5.3.
The stoichiometric 1:1 ratio of PDADMAC and PSS with a concentration of 0.1 M
prepared at no salt condition produces white colloidal particles. At low ionic
strength, PECs spontaneously aggregate to form solid-like morphologies due to
macroscopic flocculation (Dautzenberg, 1997). When the [NaCl] increase to 2 - 3 M,
PECs dissociate to an elastic liquid, namely coacervate, which are liquid-like,
mobile, and reversible structure (Biesheuvel, 2004). Eventually when [NaCl] above 4
M, the PECs dissolve in salt water and both PDADMAC and PSS exist as free
polyelectrolytes in solution. The NaCl during complexation dominates the
conformation of complex driven by salt screening effect, induces the aggregation of
complex and creates repulsion force between the electrolyte pair follow by breaking
the chain interaction. As mentioned in the introduction, PECs are brittle and infusible
when dry therefore the fabrication of complex at adequate NaCl is the important key

for the processing step.
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(b)

Figure 5.4 (a) PEC(0.25) after annealing for 24 h in different [NaCl] solutions for
24 h and (b) PEC coacervate soaked in 3 M NaCl and became solid in water.

The complexes of PDADMAC/PSS prepared under 0.25 M NaCl
were packed into petri dish as a compact solid and then cut into 4 pieces. After
annealing each PEC in different [NaCl] solutions for 24 h (Figure 5.4(a)), non-
annealing PEC maintains a rubber property, which is tough and hard to deform the
shape. When [NaCl] increases, PECs become softer and start to swell. Finally, the
PEC dissolved in a high concentration of annealing salt and reform to a gel governed
by the salt screening effect, which breaks the electrostatic crosslink between PE ion
pairs. As illustrated by Figure 5.4(b) the PEC soaked in 3 M NaCl, a yellow and
transparent gel, can change to the turbid white complex after soaking in DI water for
a min and this behavior could be reversible. Likewise, extended the immersion time
to 1 h, the PEC became a rubber material because NaCl was got out from the
complex lead to increases the interaction force between two opposite charge
polymers. It can be concluded that salt plays a role in screening charge and reduces

the viscosity of complex.
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Figure 5.5 Schematic representation of the fabrication process used to create
PDADMAC/PSS based PEC films and PEC films with different [NaCl] during

complexation.

The PEC films were prepared as schematically shown in Figure 5.5
and detailed in the Experimental Section. PDADMAC and PSS were individually
dissolved in water containing NaCl in a concentration of 0 — 1.5 M. The solutions
were combined and stirred, and the solid complexes that had formed were compacted
into dense precipitates by centrifugation. In preliminary work, the complexes were
compressed at high temperature (80 - 100°C) and obtained the films trapping bubble
inside as seen in Figure 5.6. It is due to the temperature accelerates the evaporation
of water inside the materials and the lack of relaxation time for chain rearrangement.
Then, the materials were compressed at 40°C into films of a thickness of 100 um and
dried under ambient conditions. At this point, the NaCl used during mixing of the
PEs was still trapped in the film, which were transparent, smooth, and of
homogeneous appearance. The NaCl was subsequently removed by soaking the PEC

films in deionized (DI) water. After thorough drying, smooth salt-free PEC films
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were obtained, which are referred to as PEC(X), where “X” denotes the [NaCl] in the

original solution from which the material was processed.

40 - 60°C

Figure 5.6 The PEC films when compression molding at different temperature.
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Figure 5.7 TGA thermogram of dry, PEC(0) and PEC(1.5) films before and after
rinsed with water for 24 h and then dried at 60°C for 48 h (heating rate 10°C/min).
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The removal of NaCl was confirmed by TGA of the PEC film
prepared with 1.5 M NaCl, PEC(1.5), before and after the salt extraction. It can be
seen from the thermograms (Figure 5.7) that the remaining weight of the sample
without rinse is 30%, while the water-soaked film degrades without leaving any
residue, confirming the complete removal of NaCl upon extraction with DI water.

5.3.2 Effect of [NaCl] during Processing on the T, of Hydrated PEC Films
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Figure 5.8 DSC thermogram (second heating scan with rate 10°C/min, exotherm

up) of dry, salt-containing PDADMAC/PSS films.

In an initial step, the thermal and mechanical properties of the dry
PEC films were investigated using differential scanning calorimetry (DSC) and
dynamic mechanical analysis (DMA). As reported by other groups, no glass
transition could be observed in either the DSC scans (Figure 5.8) or the DMA
measurements (Figure 5.9), due to the lack of chain mobility of the dry PECs
prepared from all salt conditions. Because the 7, transition of PECs is largely
thermal-independence, it is difficult to observe by calorimetry (Shamoun, 2012). The
DMA measurements were particularly difficult to perform, as the dry PEC films
were very brittle and could hardly be held in position with the clamp. It is in fact
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somewhat expected that the dehydrated PECs would become very rigid and brittle,

which makes them impractical for high temperature applications.
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Figure 5.9 Storage modulus at room temperature with heating rate 5°C/min using

tension clamp of dry, salt-containing PDADMAC/PSS films.

The thermomechanical behavior of fully hydrated PDADMAC/PSS
films, which had been equilibrated by immersion in DI water, was studied using
DMA of samples submersed in water. Figure 5.10 show the shear storage modulus
E’ and tan(d) as a function of temperature and the [NaCl] used during processing.
The traces are characteristic of glassy polymers with a glass transition (as established
by the maximum of the tan(d) curves) of around 25 — 40°C, a glassy regime with an
E’ of a few hundred MPa at lower temperature, and a rubbery regime characterized
by an £’ of around 1 MPa above T, (Table 5.1). It is interesting to note that both, the
T, and also E’ in the glassy state, increase seemingly linearly with the [NaCl] used
during processing (Figure 5.11). Since all samples were salt-free during the testing,
the shift in 7, cannot be attributed to the persence of NaCl (and related plasticizing
effects). Thus, the data suggest that the polymer complex is characterized by either a

more tightly bound network or a higher degree of chain entanglements. Indeed, at
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low [NaCl], the PEC is expected to rapidly form and stabilize by the formation of ion
pairs without the possibility of much chain motion and therefore few entanglements
(Jaber, 2006). On the other hand, at high [NaCl] the electrostatic charge screening
imparted by the salt addition reduces the ionic interaction strength, enables more
extensive chain movements, and leads to an intricated mixing of the polymer chain
and an inducement of the PEC aggregation (Zhang, 2015), which tend to increase the

modulus and 7, of the polymer complex.
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Figure 5.10 DMA traces of hydrated PDADMAC/PSS PEC films measured in

water. (a) Storage modulus £’ and (b) normalized tan(J).
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Figure 5.11 E’ at 5°C extracted from the graphs shown in (a) and glass transition

temperature (7) established from the maxima of the tan(J) peaks shown in (b) as a

function of [NaCl] used during processing.

Table 5.1 The storage modulus of PEC films in the dry, salt-containing (rate

5°C/min, tension clamp) and hydrated, salt-free (rate 0.5°C/min, submersion clamp)

state
Storage Modulus (MPa)
[NaCl] T, (°C)
Dry, salt-containing films Hydrated, salt-free films
M) (hydrated)
At 25°C At 37°C At 5°C At 25°C At 37°C
0 1823 + 118 1912 £ 36 127 £23 29+1 0.8+0 24.3
0.5 1842 + 133 2002 + 76 199+ 11 6.6+1 09+0 26.3
1 2034 + 60 2226 + 32 220+ 26 35+£5 20+1 35.6
1.5 2384+ 73 2541+ 111 | 272+20 63+9 42+2 39.6
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Figure 5.12 Equilibrium water uptake and moisture content of salt containing and
salt-free PDADMAC/PSS films at 25°C as a function of [NaCl] used during

processing.

It has been reported in a number of papers that water hydrating the
polyionic structure in PECs can act as a plasticizer and that, consequently, the 7,
usually decreases as the degree of hydration increases (Hariri, 2012, Sadman, 2017).
Therefore the water uptake of the salt-free films prepared here was measured in order
to elucidate to what extent the [NaCl] used during processing influences the water
content of the samples and how it latter impacts the 7,. The PEC films were thus
immersed for 24 h in water, in order to achieve equilibrium swelling. As seen in
Figure 5.12, the water uptake of salt-free film soaked in DI water decreases from ca.

400 to 150% as [NaCl] used during processing is increased. This result is a
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somewhat unexpected, since the films are salt-free, and as they have the same
composition, one might think that the water uptake should be nearly constant.
However the fact that 7, (Figure 5.11) increases with decreasing water content, and
therefore decreasing extent of plasticization (Figure 5.12) is consistent, and suggests
that the water uptake is not only governed by the mere chemical composition of the
PECs, but also conformation changes that occur during mixing the components under
different salt concentrations. With salt containing films soaking in the same [NaCl]
solution that used to fabricate the films, the uptake of PEC(0.5) — PEC(1.5) is less
than 100% due to the equilibrium concentration of [NaCl] inside and outside the
films. To measure the moisture content of salt containing and salt-free films, the
films were stored in a humidity-control chamber (100 ml) at 20°C for 21 days before
testing. These chamber contain 20 ml of saturated salt solutions: LiCl, CH;COOK,
K,COs, NaCl, and K,SOj4 to provide an equilibrium relative humidity (RH) of 11, 23,
43, 75 and 97%, respectively, It was found that the moisture uptake of salt containing
film increase with both increasing [NaCl] during mixing and %RH, which is
consistent to the hygroscopic salt absorb water from the surrounding atmosphere.
The salt-free film also shows the increasing in moisture uptake with increasing %RH
but the influence of [NaCl] during complexation do not dominate. This might be due
to the less changed in moisture content that cannot detect with gravimetric analysis.

The mechanical behavior of hydrated salt-free PEC films was further
investigated by way of tensile testing at room temperature. The stress-strain curves
shown in Figure 5.13(a) show strikingly that the mechanical properties are
significantly impacted by the processing conditions. In accordance with the DMA
data, the Young’s modulus increased considerably with the [NaCl] employed during
processing from 3.0 = 0.4 MPa for the salt-free solutions to 40 + 3 MPa for samples
processed with [NaCl] = 1.5 M. At the same time, the maximum stress rose from 3.0
+ 1.0 MPa to 10 + 0.9 MPa, while the elongation at break was reduced from 138 + 13
to 65 £ 15%. Despite the significant reduction of the strain at break, the films
maintained a considerable toughness from 1.3 + 0.03 to 3.9 + 0.6 MJ/m’ (Figure
5.13(b)).
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used during processing.
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Results discussed here and in previous publication (Jaber, 2006)
suggest that there is a strong interplay between the [NaCl] used during the

complexation and temperature. These two parameters having a strong effect on the



99

T, and mechanical properties of the PEC. The complexes compose of “extrinsic”
pairs of Na'/CI" counterions-polymer and “intrinsic” sites of polyanion-polycation.
Without salt, (Figure 5.14(a)), polymer chains behave as stiffly extended chains and
create primary PEC during mixing. In compression step, these polymer pairs are
rapidly packed without chain motion and then more “mismatch” extrinsic pairs were
trapped in the polymer network after rinsing. In the latter case in Figure 5.14(b), the
electrolyte chains prepared under 1.5 M NaCl exhibit as a flexible coiled structure.
The primary PEC becomes more complicated sturcture, as secondary complex,
govern by hydrophobic aggregation. At high salt concentration, the extrinsic
compensation from added NaCl is the key to lowering the friction and the activation
energy barrier lead to simplify the chain rearrangement and promote entanglement
points (Liu ef al., 2017). After compression and rinsing step, these extrinsic sites
convert to intrinsic polyanion-polycation pairs due to more chain rearrangement from
salt softening effect (Shamoun, 2012). These phenomena provide free volume in an
ionic network by electrostatic charge screening, enhance chain mobility, modify
chain interaction and improve mixing during complexation. Both films provide
different 7, because of the amount of intrinsic and extrinsic charge compensation
coexist in the PEC (Das, 2017, Markarian, 2012), so, it can be stated that the
mechanical properties of PEC films can be enhanced by preparing at high salt
content due to the reduction of the ratio between extrinsic/intrinsic sites and the
entanglement between polymer chains.
5.3.3 Effect of Polymer Molar Ratio on the Thermomechanical Properties of
Salt-Free PEC Films
To investigate that the nonstoichiometric excess PDADMAC or PSS

composition may affect the thermomechanical behavior of the PEC films, the £’ of
hydrated salt-free films were measured by DMA with submersion clamp. As seen in
Figure 5.15, a glassy plateau with some hundred MPa of E’ at low temperature
suddenly drops to a few MPa of the rubbery regime when crossing a glass transition
temperature (7,) around room temperature (25 — 40°C). Interestingly, the shear £’ as
a function of temperature (Table 5.2) were found to increase with decreasing mol%

of PDADMAC and the modulus of excess PSS film (PEC 33/67) remain nearly
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hundred MPa while the £’ of excess PDADMAC film (PEC67/33) decrease to only

6.2 £ 1.5 MPa at room temperature.
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Figure 5.15 Storage modulus E’ (rate 0.5°C/min, submersion clamp) with
photographic images of PEC(1.5) films with different molar ratio after soaked in DI

water overnight.

Table 5.2 The storage modulus of hydrated salt-free PEC at different molar ratio

Mol% fraction Storage Modulus (MPa)
PDADMAC/PSS At 5°C At 25°C At 37°C
67/33 110.8 £ 17.2 62+1.5 1.0+04
50/50 3142 £ 15.8 574+ 14.1 3.6+0.9
33/67 439.1 +£40.7 943+19.3 6.0+04

The excess PDADMAC films reveal lower £’ values due to the higher
extrinsic charge compensation from counterion-balance and their hydrophilic nature,

which confirm by the greater swelling behavior of PEC films with higher mol%
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fraction of PDADMAC after soaking in water overnight (Figure 5.16). There are
parameters controlling the £’ of PEC films including the water absorption, films
swelling caused by the breaking of ion pair cross-links and also extrinsic charged
sites, which create the osmotic pressure within nonstoichiometric complexes leading

to the swelling (Hariri, 2012).
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Figure 5.16 Water uptake at room temperature of PDADMAC/PSS films with

various molar ratio of polymer.

It is evident that the DMA results obtained here are in good agreement with
the stress-strain curve of hydrated PEC films from tensile testing at room
temperature as in Figure 5.17(a). The decreasing of PDADMAC content significantly
increases the maximum stress from 0.5 = 0.4 MPa to 8.8 £ 1.1 MPa while the
elongation at break decrease from 226.3 + 43.6 % to 93.8 £ 6.7 %. Figure 5.17(b)
illustrates Young’s modulus (the initial slope of stress/strain) and toughness (area
under the stress-strain curve) of hydrate PEC films. It was found that the modulus
decrease with increasing PDADMAC fraction consistent with the reduction of
crosslink density (Shamoun, 2012). However, the maximum toughness was observed

with stoichiometric 1:1 film of about 5.5 MJ/m’, which depicts good mechanical
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properties higher than poly(methylmethacrylate) used for tendons replacement of
about 2 MJ/m’ (Gorga, 2004). This is probably due to the higher “matching”
polyanion-polycation pairs compare to “mismatch” species within nonstoichiometric

PECs (Gai, 2016).
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Figure 5.17 (a) Stress-strain curves (strain rate of 20%/min) and (b) Young’s
modulus and toughness of hydrated PEC(1.5) films with various the molar ratio of

PDADMAC/PSS.
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Figure 5.18 Ionic conductivities of hydrated PEC films prepared at different molar

ratio of polymer after soaked in DI water.

The frequency dependent properties of hydrated salt-free PEC film
(dimension of 1.7x1.7 cm) were studied by impedance spectroscopy. The ion

conductivity (o) was calculated according to eq. (5.4):

L
The ion conductivity (o) (S/cm) = A 5.4)

where L is the thickness of the film in cm, R is the resistance measured from the
impedance spectroscopy using LCR meter (Agilent E4980A) with 1mV and 4 is a
cross-sectional area between electrodes and membrane (2.89 cm?). Surprisingly, it
can be observed from Figure 5.18 that at a given frequency the ¢ values of the film
increase with increasing the amount of PDADMAC in the film, which is in contrast
to the results from previous studies that the PSS-rich complexes provided high
conductivity because the mobility of the positively charged Na' counterions in
excess PSS is higher than CI ions in excess PDADMAC complexes (Imre, 2008, De,
2011). This might be speculated that the increase of the c in PDADMAC-rich sample
due to the lowering of crosslink density gain from temporary water screening
Coulombic interaction between polycation - polyanion pair, which could accelerate
the ion mobility. As known that the conductivity of PEC film increase with relative

humidity (Michaels, 1965), this increasing ¢ of PDADMAC-rich film is consistent
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with water uptake result obtained in Figure 5.16 that the PDADMAC-rich film had
higher water content.

5.3.4 Shape Memory Effect of PEC Membranes

a
100 Cooling ( )

cold water
T< Tg

Figure 5.19 (a) Strain as a function of step during shape memory programming and
release of compressed PDADMAC/PSS films and (b) a series of photographs
illustrating the shape recovery of twisted PEC(1.5) film in 50°C water.

The use of PECs as water-activated shape memory materials has been
proposed and demonstrated by Schlenoff et al. who programmed and released a
temporary shape in extruded PDADMAC/PSS fibers by placing them in hot water
(Wang, 2014). Figures 5.10 - 5.11 show that the materials studied here display the
features necessary for shape memory, i.e., elastic behavior above T, which is
necessary to recover the original (permanent) shape (Wang, 2016, Ledlein, 2002,

Erkecoglu, 2016), and a glass transition around a convenient temperature that can
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serve to fix a temporary shape. The shape memory behavior of films made from
PEC(1.5) and PEC(0) is illustrated in Figure 5.19(a). Films having an original shape
that was characterized by an original length Ly= 2 cm were placed in 50°C water,
and thus heated to a temperature T>7,. The heated hydrated samples were stretched
to a length L; = 4 cm and cooled while the strain S = (L;-L¢)/Lo remained fixed at
100% by placing them in cold water, i.e., at T<7,. When the stress was subsequently
removed and the films were allowed to dry under ambient conditions, samples
contracted slightly to the temporary shape (L;). It was found that the PEC(1.5) film
had an appreciable shape retention of Ry = 80% while PEC(0) had an R, = of 58%.
One can speculate that this difference is mainly related to the different 7s of the
PECs and the fact that fixing was done at ambient temperature, where PEC(1.5) is
already glassy, whereas PEC(0) still displays a significant chain mobility. When re-
immersed in 50°C water (T>T7}), both films contracted within 5 s. In both cases, the
recovered length (L;) was slightly longer than the original length, with PEC(1.5)
showing a higher recovery rate (R, = 72 + 6%) than PEC(0) (52 + 2%). We speculate
that the incomplete recovery is due to some reorganization of the ionic cross-links
during deformation. The data acquired in the 1 heating, 1*' cooling, and 2™ heating
cycle of a submersion DMA experiment (Figure 5.20) can be nicely correlated to the
shape memory behavior of the PEC films. When heating through 7, at about 30 —
40°C, the PEC(1.5) film can be stretched, as the film softens at this temperature.
Upon cooling, the sample passes the glass transition at the same temperature, which
leads to fixing by hardening of the film. The 2" heating cycle confirmes the ability

to recover when E’ is again decreased as the sample passes through 7.
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Figure 5.20 Storage modulus of PEC(1.5) film soaked in water measured during
three cycles in which the temperature was increase to 55°C, decreased to 5°C, and
increased again to 55°C (heating rate 0.5°C/min) as a function of time (a) and

temperature (b).

In Figure 5.19(b), the deformation of a PEC(1.5) film into a spiral
shape is shown as another example of the shape memory potential of the PEC
membranes. After stretching in hot water, the film was rolled around a metal rod and
dried at ambient to program a temporary spiral shape. This film returns

autonomously to its original shape when immersed in 50°C water within 5 s and
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displays a 10-times faster recovery speed than when hydrated at room temperature
(within a minute). In the first case (recovery in 50°C water) the dry PEC film is
rapidly heated above T, of the water-swelled material (and the effect is largely
diffusion limited), while in the latter case (recovery in room temperature water) the
recovery occurs at a temperature where even after water take-up the glass transition
has not fully been passed. The PEC films studied here are most useful when fully
hydrated and the improved mechanical properties and higher cross-link density
should render them useful for potential applications in medical devices where shape
recovery is triggered by external humidity or body fluids (Lange, 2004), electrical
devices such as flexible electrodes used in contact with aqueous electrolyte solutions,

and also separating membranes for wastewater treatment.

5.4 Conclusion

The effect of added salt during the complex formation of PECs has been
studied. The 7, of hydrated PEC was observed near room temperature and found to
shift towards higher temperature when the [NaCl] during the mixing step was
increased. At the same time, the materials became stronger and stiffer, while the
elongation at break was reduced. Taken together, the data suggest that the polymer
complex has either a more tightly bound network or a higher degree of chain
entanglements. This is consistent with the expectation that at low [NaCl], the PEC is
expected to rapidly form and stabilize by the formation of ion pairs without the
possibility of much chain motion and therefore few entanglements. On the other
hand at high [NaCl], the electrostatic charge screening imparted by the salt addition
reduces the ionic interaction strength, enables extensive chain movements, and leads
to an intricated mixing of the polymer chain and faster PEC aggregation. The PEC
films also display interesting shape memory behavior, which certainly need to be
further explored although a main limitation is the fact that the PEC needs to be in a
moist environment. Further work with composite PEC could be interesting to further

extend the 7, range as well as the shape memory behavior.
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CHAPTER VI
IMPROVING THE MECHANICAL PROPERTIES OF
COMPOSITE POLYELECTROLYTE MULTILAYER THIN FILMS
AND COMPLEX MEMBRANES BY REINFORCEMENT WITH
CELLULOSE NANOCRYTALS

The possible utilization of polyelectrolyte systems both polyelectrolyte
multilayers (PEMs) and polyelectrolyte complex (PEC) films was investigated
toward the fabrication of composite films. As already discussed in previous chapters,
these films were fabricated at nearly room temperature that suitable for preserving
the activity of additive molecules. These hydrophilic and hydrophobic compounds
can be loaded into PEMs or blended with PECs both during the fabrication and after
the films were formed. However, to improve the mechanical properties of these
polyelectrolyte membranes for specific purposed, such as drug delivery applications,
bio or chemical sensors, fuel cell membrane or electrode for energy storage devices,
need to be investigated. Numbers of polymer are commonly used as composite to
improve their mechanical properties. In this chapter cellulose nanocrystals (CNCs)
were deposited into layer-by-layer (LbL) PEM thin films or used as fillers in PEC

membranes.

6.1 Proposed Research

As previous results, the hydrated PEC films prepared at high salt display not
only stronger but also less swelling compared to these films fabricated at low salt
concentration. Although these PEC films can be used in a wide range of pH and
temperature, the hydrated films are swelled in hot water, which could limit the
utilization of the films. Solving this weakness is an important objective and this
study here aims to enhance their mechanical properties by reinforcement with cotton
CNCs. The CNCs were synthesized from sulfuric acid hydrolysis of filter papers,
which provides sulfate ester groups on the surface of cellulose nanoparticles. CNCs
decompose below the melting transition of many polymers that make them not

suitable for direct melt blending with polymer matrixes but our systems are
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performed at room temperature, fabrication of PDADMAC/PSS films by solution
mixing method and compression molding at 40°C (Figure 6.1(a)), can prevent the
degradation of CNCs during the processing step.

The reinforced PEC membrane contributes to the study of improving the
mechanical properties of free-standing based on PEM films using LbL deposition of
cationic PDADMAC and anionic CNC. Before the multilayer film was fabricated on
a sacrificial layer, which is later dissolved to release the multilayer film from the
substrate making it free-standing. In this work, cellulose acetate (CA) was chosen as
the sacrificial layer. CA is non-soluble in water but bears a negative-charge when
immersed in neutral water because of the partial hydrolysis of the ester group
(Ogawa et al., 2007) and then PDADMAC/PSS primer layer was deposited on CA
followed by PDADMAC/CNC layers as seen in Figure 6.1(b).

CNC-PDADMAC/PSS CNC-PEC
complex membrane

(b) PDADMAC

—_———————
CNC - _ =
PDADMAC/PSS\ + ¥+ + + + released

Sacrificial Iayer§ i_ .|__ .|_. :. :. 1 > / /T\ IT\ Ir /

SUbStrate\ /—
LbL self- Free-standing
assembled film CNC-PEM film

Figure 6.1 Schematic representation of CNC reinforced (a) PEC membrane and (b)
free-standing PEM thin film.
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6.2 Experimental

6.2.1 Chemicals and Materials
Poly(diallyldimethylammonium chloride) (PDADMAC, medium
molecular weight, 20 wt.% in water, My, = 200,000-350,000), Poly(sodium 4-styrene
sulfonate) (PSS, My, = 70,000), cellulose acetate (CA), sodium chloride (NaCl), and

sulfuric acid were purchased from Sigma-Aldrich. Double distilled (DI) water was
used for the aqueous phase.

6.2.2 Synthesis of Cotton CNCs

CNCs were isolated from Whatman No.1 filter paper by sulfuric acid
hydrolysis. The 5.2 g of filter paper was cut and soaked in 250 ml DI water
overnight. Then, vigorously blended with a kitchen blender to obtain pulp-like slurry
and transferred to a beaker which cooled in an ice bath. The 140 ml of sulfuric acid
was slowly dropped into the reaction that was kept below 30°C. After that the beaker
was placed in 50°C oil bath and stirred for 3.5 h. The slightly yellow mixture was
cooled in an ice bath to room temperature. Then the CNCs were separated from the
liquid by centrifugation at 3500 rpm for 20 min and washed with DI water. This
procedure was repeated until the supernatant was colorless and neutral. The CNC
dispersion was dialyzed against DI water for 7 days, to remove any remaining salts,
and the water being changed every day. The dispersion was frozen in liquid nitrogen
and left it in the freezer at -20°C overnight. Finally, the CNC were lyophilized in a
VirTis BenchTop 2K XL lyophilizer with a condenser temperature of -78°C for 3
days. The dry CNCs as white fluffy powder are achieved.

6.2.3 Improving the Mechanical Properties of PEC Membranes by

Reinforcement with CNCs
6.2.3.1 Fabrication of CNC-PEC Films by Compression Molding

CNC-PEC were prepared by solution mixing of equimolar
PDADMAC and PSS with a concentration of 0.1 M by stirring for 30 min and
adjusted an ionic strength with vary NaCl concentration ([NaCl]). The 10 mg/ml of
CNC was sonicated with DI water in a Badelin Sonorex Technik RL 70 UH
ultrasound bath for 2 h at room temperature before adding to electrolyte solution.

Blob complexes were compacted into dense precipitates by centrifugation at 8,000
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rpm for 20 min and then compressed into a film by a Carver® press at 40°C under
pressure of 2000 psi for 30 min using spacers to control the thickness of 100 um.
6.2.3.2 Characterizations of the CNC-PEC Films

To climinate NaCl effect, the PEC and CNC-PEC films were
immersed in water for 2 days before the measurements. Mechanical behaviors of
films were characterized by dynamic mechanical analysis (DMA) using a TA
Instruments Model Q800 with submersion (rate 0.5°C/min) clamp at varied
temperatures over the range 5 - 55°C. CNC-PEC films were investigated in term of
preparation methods and CNC content: 5, 7.5, 10, 15 and 20 %w/w. Samples were
cut in rectangular shapes of dimension 6 mm x 15 mm. The measurements were
showed in multi-frequency strain mode using a temperature ramp, frequency sweep
of 1 Hz, and a strain amplitude of 15 um. The glass transition temperature (7,) was
determined at the glass-rubber transition, from the midpoint of the specific heat
increment. While the thermal stability of films were characterized by
thermogravimetric analysis (TGA). The temperature regime of 25 to 600°C with a
heating rate of 10°C/min was used to analyze the dry samples. To determine the
water uptake, the films were dried and soaked in water for 24 h, their dried and
hydrated weights were calculated for %water uptake by:

Wy- Wy
Wy

6.2.4 Improving the Mechanical Properties of Free-Standing PEM Thin

Water uptake (%) =

x 100 (1)

Films by Reinforcement with CNCs
6.2.4.1 Preparation of Free-standing CNC-PEM Films
The PDADMAC and PSS solutions were prepared at a

concentration of 10 mM with DI water, adjusted an ionic strength by 1 M NaCl. The
7%w/v CA was dissolved in acetone to fabricate a sacrificial layer. Glass slides cut
to a size of 1.9 x 2.5 cm, were pre-treated with fresh piranha solution (3:1 v/v of 70%
H,SO4 and 30% H,0,) for 1 hr and then rinsing with DI water. CA solution was
dropped onto the pre-treated glass slides and then the substrated was rotated at 3000
rpm for 30 s. the CA-coated glass slide was immersed in PDADMAC solution for 30
mins and then fabricated the multilayer film by a LbL diped-coating with alternative
polyelectrolyte solutions of PDADMAC and PSS with deposition time 1 min. Then
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the film was rinsed with DI water for 1 min before immersing the film into the next
solution and drying in air. For CNC-PEM films, the CA-treated glass slide was
coated with a primer 5-layer PDADMAC/PSS. Then replaced the PSS solution with
10% CNC dissolved in DI water and used LbL to deposite the PDADMAC/CNC
film. When the desired number of layers was achieved, the sacrificial layer was
dissolved in acetone. The PEM slowly released from the edges of the glass slide
withing a few minutes of immersion in acetone.
6.2.4.2 Characterization of the Freestanding CNC-PEM Films

The films with the desired number of PEM layers and CA-
coated on glass slide were characterized by infrared spectroscopy (IR) in Attenuated
Total Reflectancy (ATR) mode (Digilab FTS 7000). The thickness of the PEM films
on pre-trated silicon wafer were measured by null-ellipsometer in polarizer-
compensator-sample-analyzer mode (Multiskop, Optrel Berlin). The surface
morphology of the free-standing films on mica substrate were observed by Atomic

Force Microscopy (AFM) in Tapping mode (Park Systems).

6.3 Results and Discussion

6.3.1 Improving the Mechanical Properties of Composite PEC Membranes

by Reinforcement with CNCs
6.3.1.1 Fabrication of Salt-Free CNC-PEC Films

The mechanical properties of PEC films, which were prepared
by solution mixing of cationic PDADMAC and anionic PSS followed by
centrifugation and compression of dense precipitates, can be enhanced by adding
NaCl during processing. Although, these transparent and flexible films could be used
in contact with aqoues solutions at a wide range of operating conditions, the hydrated
films swelled in hot water, which could limit the usage of the films. To improve their
mechanical properties, PEC films were reinforced with cotton CNCs. The fabrication
of salt-free CNC-PEC membrane illustrates in Figure 6.2 and described in the
Experimental Section. The order of mixing of CNCs in different electrolyte solutions

and the amount of CNC content were studied in term of £’ modulus and 7 transition
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temperature. The slightly opaque and flexible membranes with a thickness in micron

size were obtained after compression molding.

1. Synthesis of cotton CNCs by H,SO, hydrolysis » .7 \'
0s0, !
Hydrolyze
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2. Fabrication of cCNCs reinforced PDADMAC/PSS membranes H,SO, Hydrolysis
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Figure 6.2 The fabrication of CNC-PDADMAC/PSS films prepared using a

compression molding.

6.3.1.2 Effect of the Order of Mixing on the Storage Modulus of

hydrated CNC-PEC Films
In this case, it cannot observe the 7, for dry CNC-PEC films
from DMA because the films crack upon heating. So, the £’ was measured with
hydrated instead of dry films. The films were soaked in water overnight, in order to
eliminate the effect of salt trapped inside the films, before characterization by DMA
with submersion clamp. An important factor dominated the properties of films is the
order of mixing and the presence of NaCl in solution as in Figure 6.3 and Table 6.1.
The 10% CNC was stabilized by PDADMAC or PSS solution and then mixed with
another oppositely charged electrolyte. The highest £’ value was obtained from
anionic CNC stabilized with cationic PDADMAC first and then mixed with PSS. In
contrast, CNCs first mixed with the same changed PSS provides low £’ value due to

the competition between CNCs and PSS to form a complex with PDADMAC.
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Additionally, the excess CNCs and free chain PSS trapped inside the polymer matrix
allow to release out upon heating (Hariri, 2010), leads to increase osmotic pressure
according to the Van’t Hoff equation so that film swelling occurs (K&hler, 2005).
Low E’ value was observed when mixed CNCs with electrolyte solution containing
NaCl because electrostatic repulsion between each particle was reduced by salt
screening effect, which lead to the aggregation of CNCs (Qi, 2015). Using this
method to prepare CNC-PEC complex by stabilized CNC with PDADMAC and then
mixed with PSS containing 1.5 M NaCl (noted that overall final concentration of
NaCl during complexation is 0.75M), the reinforcement of PEC film by CNC would
be feasible.

Table 6.1 The storage modulus of CNC-PEC films at different the order of mixing

PDADMAC PSS Storage Modulus (MPa)
Solution Solution At 5°C At 25°C At 37°C
A CNC - 313.8+11.0 45.6 £ 10.1 8.0+0.9
B CNC NaCl 479.0£7.6 135.8+2.9 187+1.9
C | CNC+NaCl NaCl 306.2+7.9 248+ 1.2 42+0.8
D NaCl CNC 2266 £12.2 174+ 14 4.1+£0.0
E NaCl CNC+NaCl 1529+9.5 13.8+2.2 41+03

*when CNC = 10%CNC and NaCl = 1.5 M NaCl in each solution
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Figure 6.3 E’ of hydrated PDADMAC/PSS films reinforced with 10% CNC at
different conditions and the order of mixing (Rate 0.5°C/min), (A) CNC-
PDADMAC mixed with PSS, (B) CNC-PDADMAC mixed with PSS-NaCl, (C)
CNC-PDADMAC-NaCl mixed with PSS-NaCl, (D) PDADMAC-NaCl mixed with
CNC-PSS, and (E) PDADMAC-NaCl mixed with CNC-PSS-NaCl ([NaCl] in each
solution is 1.5 M).

6.3.1.3 Effect of the CNC Content on the Mechanical Properties of

Hydrated PEC Films
The CNC contents also affect the mechanical properties of
hydrated PDADMAC/PSS films as seen in Figure 6.4 and Table 6.2 that 7, occurs at
23.78, 29.11, 29.73, 40.53, 38.2 and 37.57°C for the films with 0, 5, 7.5, 10, 15 and
20%CNC, respectively. A significant shift of 7, to a higher temperature when adding
CNCs may be understood to the result from the interaction of CNC fillers with PEC

matrix. There are adequate of hydrogen atoms of CNCs that create the three-
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dimensional hydrogen bonding with PDADMAC/PSS matrix and the strong network
reinforcement was produced (Zhu, 2012). Increasing the CNC content up to 10%, the
completely physical crosslink was created passing through a percolation point, which
illustrates by the constant in 7, value at about 40°C. At this optimum point, the
decrease in polymer chains mobility causes a slower rearagement as a result of £’
value at high temperature is higher than that of neat PEC film without CNCs
(Kohler, 2005). After that the slight decrease in modulus and 7, were observed due
to the aggregation of CNC and air-filled gaps at high reinforcement level (Hubbe,

2017) (Figure 6.5).

Table 6.2 The storage modulus of CNC-PEC films at different CNC content

Storage Modulus (MPa)
%CNC T, (°C)
At 5°C At 25°C At 37°C
0 230+ 1 4.0+0 1.1+0 23.6
5 216 £ 15 20+£3 32+1 29.1
7.5 232 +29 28+7 3.8+1 29.7
10 460 + 25 126 £ 17 16 £2 40.5
15 429+ 171 98 + 36 14+5 38.2
20 420 + 47 114+ 14 19+£2 37.6
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Figure 6.4 DMA measurement of hydrated PDADMAC/PSS films reinforced with
different CNCs content. (a) Storage modulus £’ and (b) normalized tan(d) (rate
0.5°C/min).



120

600 25

500 A

400 A

300 1

200 1

100 A

Storage Modulus at 5°C (MPa)

(edN) D..¢€ 3e sninpoy abeioyg

40 A1 ¢

Percolation on
25 1

20

5 10 15 20
CNC Content (%)

Figure 6.5 E’at 5°C from the graphs shown in Figure 6.4(a) and 7, extracted from
the maxima of the tan(d) peaks shown in Figure 6.4(b) for the hydrated
PDADMAC/PSS films as a function of CNCs content.

As seen in Figure 6.6, the water uptake of the film starts to
decrease when adding CNC from 406 + 12 % of pure PEC to 350 + 39 % of
5%CNC-PEC and suddenly drop to 228 + 38 % when passing through the
percolation point at 10%CNC. The water content continuously decreases to 141 + 19

% when the amount of CNC is 20 %. This evidence confirmed that the hydrophobic
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CNC could be reinforced into PDADMAC/PSS matrix, which prevents both water

adsorption and swelling effect lead to the increase in 7, values.
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Figure 6.6 Water uptake for the hydrated PDADMAC/PSS films reinforcing with
different CNCs content.

For practical use of CNC-PEC films, the thermal stability of
the films was investigated. The films were dried in an oven at 60°C for 2 days before
analysis with TGA. Thermogram in Figure 6.7 shows the significant weight loss
occurred above 350°C for PEC films and decrease to 300°C when the CNC content
increase to 20% due to the lower degradation temperature of CNCs. Comparing to
the thermogram of CNCs powder (hydrolyzed from sulfuric acid of cotton) observed
by Camarero-Espinosa (2015), CNCs start to degrade at about 200°C. The residual
weight of PEC film at above 450°C is about 5% and CNC content in the film are
about 20, 22 and 24 wt% for 5, 10 and 20% CNC-PEC film, respectively. Even
though the CNC-PEC film start to degrade at lower temperature compare to the film
without CNC and thermal degradation decrease with increasing the CNC content,
these films utilize at the temperature below the degradation temperature of films, so,

this limitation does not concern (Shamoun, 2012).
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Figure 6.7 TGA thermogram of salt-free CNC-PEC films after soaked in water
overnight (Dried at 60°C for 2 days) with heating rate 10°C/min.

A summary of Tgs determined of PEC films for high salt
concentrations during complexation (from Chapter 5) and CNC reinforcement are
shown in Figure 6.8. The £’ of PEC film can be enhanced by both added salt and
CNCs, which can confirm by the increasing of 7, near room temperature (24.3°C) of
PEC(0) to 39.6 and 40.5°C of PEC(1.5) and 10%CNC-PEC film, respectively. It can
be seen at 37°C that CNC-PEC film provides higher in £’ modulus of 16 + 2 MPa
than that of neat PEC film (4.2 + 2 MPa). In term of increasing [NaCl] during
mixing, it can enhance the £’ by increase chain mobility and entanglement lead to
the conversion of extrinsic to intrinsic polymer pairs. However, the film prepared at
high salt provides low £’ at high temperature due to the relaxation of chains. Adding
CNC into PEC film not only obstruct the chains movement but also create hydrogen

bonding network of CNCs and electrostatic interaction with PDADMAC/PSS matrix.



123

In CNC-PEC films, high crystallinity CNCs can reinforce the PEC film at all range
of accessible temperatures by both effects of dehydration and mechanical

reinforcement.

—=— 10%CNC-PEC
—— PEC(1.5)
—o— PEC(0)

Storage Modulus (MPa)

Temperature (°C) OH OH

Figure 6.8 Thermal transitions of hydrated films of PDADMAC/PSS and CNC-
PDADMAC/PSS from DMA with submersion clamp (Rate 0.5°C/min).

6.3.2 Improving the Mechanical Properties of LbL Assembled Free-
Standing PEM Thin Films by Reinforcement with CNCs

The aim of this work is to investigate the LbL self-assembled free-
standing films prepared from the PDADMAC and PSS multilayers as a matrix
reinforcement with CNCs. The free-standing film was characterized by Fourier
transform infrared (FTIR) spectroscopy while the films thickness was measured by
ellipsometry. Morphology of film was investigated by atomic force microscopy

(AFM).
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6.3.2.1 Fabrication of Free-standing PEM films
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Figure 6.9 Procedure for fabrication of PDADMAC/PSS (a) and PDADMAC/CNC

(b) free-standing nanofilm.

The LbL PEM were built on glass slides pre-treated with fresh
piranha solution (3:1 v/v of 70% H,SO4and 30%H,0,) for 1 hr (Warning! Piranha
solution is a strong oxidizer and should be carefully when handled), it can remove
organic impurities from substrates and make glass slides completely hydrophilic
(Jian, 2013). This is followed by rinsing with DI water and finally drying with air.
The precudure for fabricating the free-standing PEM film is schematically shown in
Figure 6.9(a). First of all, the multilayer film with 10 mM PDADMAC/PSS was

assembled LbL on a pre-treated glass slide, on which acetone-soluble CA was spin-
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casted. Specifically, the CA-coated glass slide was immersed in PDADMAC solution
for 30 mins. This is to ensure that PDADMAC saturates the surface before doing the
LbL assembly. Then it was immersed in PSS solution for 1 min to build-up the
second negative layer. The excess positive charge on PSS layer surface plays a role
to induce the next PDADMAC layer. Then, remove the excess polyelectrolyte on
surface of film by rinse with DI water for 1 min before immersing the film into the
next solution and finally, dry in air. When the desired number of layers was
achieved, the sacrificial layer was dissolved in acetone. The PEM gradually
separated from the edges of the substrate withing a few minutes of immersion in
acetone.
6.3.2.2 Characterizations of Free-standing PEM films

The infrared spectra were acquired by using Digilab FTS 7000
equipped with HgCdTe detector from 4000 to 600 cm’ in Attenuated Total
Reflectancy (ATR) mode. The nominal spectral resolution is 4 cm’. The ATR-IR
spectroscopy was used to study by the changes in the intensity of characteristic peaks
of PDADMAC/PSS multilayer deposited on the CA-modified glass slides by
comparing between the characteristic peaks among the CA, PDADMAC, PSS and
the PDADMAC/PSS film incresing the layers.

The ATR-IR spectra of the increasing number of layers of
PEM on CA is shown in Figure 6.10 Spectrum for 7%w/v CA as a sacrificial layer
spin-casted on glass slide, identifed characteristic peak for acetate group of CA at
1738 em™ from C-O stretching vibration and its absorbance is going to drop with
increasing number of layers of PEM. Also, intensity at 1430 cm™, which is attributed
to the CH3 asymmetric deformation, decreases because fo the increasing number of
PEM layers from 5 to 20-bilayer. Likewise, the absorbance at 1220 cm™ assigned to
C-C-O acetate stretching decrease in the distance between the top of the PEM and
the CA sacrificial layer (Maculi, 2006). The new peak around 1010 cm™ ,which is
first observed when reach the 10-bilayer, is attributed to the S=O symmetric
stretching vibration of the sulfonate (SOj3") group. In the same way, the peak at 1125
cm’', which is designated to the SO;” asymmetric stretching vibration and aromatic
C-H in-plane bending, increases (Li, 2006). This confirms the increasing amount of

PSS on the PEM. The amine (NH4") group symmetric deformation peak (1650 cm™)
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derived from the PDADMAC were absent in form of NR; Cl". Moreover, a small
broad peak increases with increasing the deposite layer at around 2885 cm™ related
to NH," asymmetric deformation (Bragaru, 2012). The increasing absorbance of of
the characteristic peaks of PDADMAC and PSS proves the growth of the PEM films
as a function of the number of layers. Furthermore, a broad peak at 3390 - 3450 em™,
corresponding to the O-H stretching vibration of water, is observed and is result of
the increasing hydrophilicity of the PEM film. Table 6.3 summarizes the ATR-IR
spectra result, identified the characterized peak of PDADMAC/PSS film on glass
slide spun with CA.

7%wl/v CA on glass slide

e R e N

5-bilayer

P e .

10-bilayer
e — M.

Absorbance (a.u.)

15-bilayer
_h_,._/\f‘/\ I\

20-bilayer

V.

s

T T T T

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-)

Figure 6.10 ATR-IR spectra 10 mM PDADMAC/PSS with 1M NaCl on CA-
modified glass slide.
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Table 6.3 Peak assignments for PDADMAC/PSS multilayer on the CA-coated glass

slide

Identification peaks of CA

Wavenumber (cm™)

Indication results

1738 C-O stretching
1430 CH; asymmetric deformation
1220 C-C-O acetate stretching

Identification peaks of PDADMAC/PSS multilayer

Wavenumber (cm™)

Indication results

1010 SO;5" symmetric stretching
1125 SO;5" asymmetric stretching
1650 NH," symmetric deformation

The growth of the PEM free-standing film was studied by
measuring the absorbance of characteristic peaks at the number of layers increases
(Figure 6.11). The absorbance at 1738 cm™ (characteristic peak for CA) decreases by
as much as three times when PDADMAC and PSS were deposited on it.
Additionally, the peak at 1125 cm™ (corresponding to the SO5” asymmetric stretching
of PSS) (Wang, 2009) and the peak at 1650 cm™ (corresponding to the NH,"
asymmetric deformation peak of PDADMAC) were found to slightly increase with
the number of layers. The changes in the absorbance of the PEM characteristic peaks
when the number of deposited bilyers is increased means that the films become

thicker as a function of the number of PDADMAC/PSS bilayers.
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Figure 6.11 The absorbance for CA (1738 cm™), PSS (1125 cm™) and PDADMAC
(1650 cm™) as a function of the number of PEM layers.

To measure the thickness of the PEM film, a parallel
experiment was done on pre-treated silicon wafer. The PEM film was fabricated on a
silicon wafer pre-treated with piranha solution followed by immersion in a hot
ammonia solution. The thickness of the LbL film fabricated on the silicon wafer was
measured by using a null-ellipsometer operating in polarizer-compensator-sample-
analyzer (Multiskop, Optrel Berlin) mode. As a light source, a He-Ne laser (A =
632.8 nm) was used, and the angle of incidence was set to 60 degree. A multilayer
flat film model was used to calculate the thicknesses of the layered film from the
experimentally measured ellipsometric angles, A and ¥, assuming refractive indices
of n = 1.5 for the polymer film. The thicknesses of the PEM as a function of the
number of bilayers are shown in Figure 6.12(a). Odd layers represent PDADMAC
layer, while even layers represent PSS layer. The measured thicknesses were 12.34,
45.87, 92.64 and 157.64 nm for 2, 4, 6, and 8 bilayers of PDADMAC and PSS,
respectively. As expected, the thickness of the PEM film increases with increasing

linearly after 4 PDADMAC/PSS bilayers, signifying that the thickness increases by
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approximately 9.85 nm per layer. The values thickness of film calculated from
ellipsometry measurement are 197.06, 295.58 and 394.11 nm for 10, 15 and 20
bilayers film, respectively. The average thickness of a single bilayer film was found
to be 19.71 nm. The result was in agreement to the thickness of films for a 10 mM
PDADMAC/PSS film with 1 M NaCl measure by ellipsometry by Dubas et al.
(1999).
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Figure 6.12 (a) The thickness of free-standing films with various number of bilayers
measured from ellipsometry, AFM images of (b) 10-bilayer (c) 15-bilayer (d) 20-

bilayer free-standing film on mica substrate.

To verify the thickness of free-standing film, the film was
fabricated on the glass slide pre-coated with CA by the same condition as used as in
ellipsometry analysis. Then, the film was released from the glass slide by immersing
it in acetone. The released film was transferred to mica substrate. A floating film was
put on a mica substrate for AFM. AFM used to study the surface morphology and
roughness of free-standing PDADMAC/PSS film. All AFM images were recorded
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using Park AFM system in Tapping Mode (Park Systems) with 45x45 pm scanner
and scan rate 0.5 Hz. The AFM topographic images indicate the surface morphology
of free-standing film after the deposition of 10, 15 and 20 PDADMAC/PSS bilayers
after releasing in acetone are depict in Figure 6.12(b)-(d), respectively. It was found
that the surface of free-standing film was rough and not as flat as the mica surface.
The root mean square (rms) roughness of the films was measured to be 189, 346 and
1325 nm for 10, 15, and 20 bilayers. The surface analysis of film showed a
significant difference in the film thickness as a function of number of bilayer. With
increasing the number of assembly layer, 10, 15, and 20 bilayers, thickness values of
each film are 285, 664 and 746 nm, respectively. The increment for PDADMAC/PSS
from 10 to 20 bilayers is almost 4 times higher. This demonstrates the importance
role of the number of bilayer on the free-standing film thickness. Additionally, to
compare the thickness of PDADMAC/PSS multilayer film between different
characterization methods, it shows in Table 6.4. The thicknesses of free-standing
film were found to double higher than the thickness of film calculated from
ellipsometry technique, because the films floating in acetone lead to twisting the

shape and not good attach with mica surface.

Table 6.4 Root mean square (rms) roughness and the thickness of PDADMAC/PSS

multilayer film measure from AFM analysis and ellipsometry calculation

Number of Thickness (nm) Rms roughness
bilayer from ellipsometry from AFM (nm) from AFM
10 197.06 285.0 189.0
15 295.58 664.0 346.0
20 394.11 746.0 1325.0

A 20-bilayer free-standing PDADMAC/PSS film was
observed in a little bit opaque than a few layer film (Figure 6.13). The film was
released from substrate by slowly drop of acetone onto the film. In order to transfer
this film, which floats in acetone, without twisting the shape, we chose a PDMS as a

flexible substrate to scoop the film in acetone.
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Figure 6.13 Photographic images for a 20-bilayer of free-standing PDADMAC/PSS

film on glass slide (1.9x2.5 cm) (a) and film released from substrate in acetone (b).

6.2.2.3 Free-standing PEM films reinforcement with CNCs

However, the free-standing PDADMAC/PSS film is hard to
manipulate and remove out from the solution. To improve the mechanical properties
of these films, the anionic CNCs were used to replace with PSS and fabricate the
LbL films. 5-layer PDADMAC/PSS primer was coated on the CA-treated glass slide
and then LbL with PDADMAC/CNC containing 1 M NaCl. The free-standing film
was released from the substrate by soaking in acetone. As seen in Figure 6.14 when
increase the multilayers of PDADMAC/CNC film, the films display more opaque
confirming the growth of PDADMAC/CNC film on the substrate.
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Figure 6.14 CA-coated on glass slide, LbL of 5-layer PDADMAC/PSS primer and
PDADMAC/CNC film with increasing the number of layer from 5 to 30.

Figure 6.15 depicts the releasing of 20-layer PDADMAC/CNC
film in acetone. The film was completely released out from a substrate within 10
min. The CNC film is easier to manipulate with half of the number of layers used to
fabricate the neat PDADMAC/PSS films. The free-standing film reinforcement with
CNCs is a potential way to improve the mechanical properties of film that can be
applied to many applications.

PEM thin film fabricated from PDADMAC and PSS
polyelectrolytes were used as a matrix for incorporating CUR to create a
nanoadhesive patch. It can be conclude that the free-standing film based
biocompatible PEM films can used as a patch for biomedical applications. The CUR
patch is self-adhesive film with high flexibility and strong adhesion on the skin. The
advantages of having a very thin patch are transparent which can see through the
patch and can stick on the wound with any shape. Additionally, the PDADMAC/PSS
free-standing films will have further study for in vitro applications such as tissue

engineering, surgical application, and biosensing.
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0 min

5-layer PDADMAC/PSS +  40-layer
20-layer CNC/PDADMAC  PDADMAC/PSS

Figure 6.15 Free-standing film of 20-layer CNC/PDADMAC with 1 M NaCl after
soaked in acetone. The film is easy to manipulate compare to 40-layer

PDADMAC/PSS free-standing film.
6.5 Conclusion

The advantages of preparing composite polyelectrolytes by solution-mixing
method and LbL deposition are required low temperature that prevent the
degradation of CNCs or preserve the activity of additive molecules, short-time
processing and can performed under aqueous solution. The CNCs provided more
hydrophobicity that prevents the plasticizing effect from water absorption and creates
strong hydrogen bonding inside the bulk film lead to not only a rise of the 7, up to
40°C but also improvement of E’ at high temperature. It can be suggested that to
prevent the aggregation of CNCs, which lead to the decrease in £’ values, the system
should perform without or low salt content and the amount of CNC ought to be at the
percolation point. For PEM system, a new strategy to provide an improvement of the
mechanical properties in free-standing nano-multilayer films has been presented. The

PDADMAC/CNC floating film fabricated from LbL self-assembly provides more
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ability to handle than a neat PDADMAC/PSS film. There are many potential
applications of these composite PEMs and PECs blended with CNCs could then be
applied for the drug delivery, sensors, fuel cell membrane or electrode for energy

storage devices.
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CHAPTER VII
CONCLUSION AND RECOMMENDATIONS

Throughout these chapters, it has been demonstrated that the assembly of
two characteristic polyelectrolytes that are PDADMAC and PSS into either
multilayer thin films (PEM) or complex membranes (PEC) is a versatile method to
produce active films over a wide range of thicknesses and functionalities. The layer-
by-layer (LbL) approach to fabricate nano-scale coatings is a mature process which
can produce films with tunable properties but requires a solid support and can only
be used as coating. In order to obtain stand-alone membrane, an increase in thickness
from nano- to micro-scale films is necessary and can be achieved through PEC
precipitates using the solution-mixing approach followed by compression molding.
One of the main interest of using these PEC is their tunable stoichiometry which can
infer either a cationic or anionic character to the membrane. Most of the work
presented in these chapter related to the thermo-mechanical behaviors and sensing of
these films which are sensitive to solvent, temperature, salt content during
fabrication, and polymer molar ratio of cationic[P+]:anionic[P]. Another interesting
feature of these polyelectrolyte membranes is their fabrication and processing
simplicity making the process transferable to the industry since it is fairly
inexpensive and based on non-toxic chemical soluble in water.

Based on the electrostatic nature of the PEM or PEC, it is well known that
hydrophilic molecules can easily be embedded in the films, yet in Chapter 3 it was
shown that even hydrophobic molecules such as curcumin (Cur) could also be
incorporated. Between Chapter 3 and 4 an interesting parallel has been done between
the tunable PEM top layer charges with the tunable PEC overall charge. Excess
cationic or anionic character can be attributed to either the PEM or the PEC leading
to the interesting applications of Cur in pH and ammonia sensors to be used in the
food industry.

A big part of this work (Chapter 5) has been devoted to the understanding of
the effect of salt on the thermo-mechanical both the glass transition temperature (7)
and storage modulus (E£’) properties of these films. The salt was found to improve

the £’ and T, of PEC films leading to the improvement of the shape memory effect.
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The fact that PEM or PEC can be doped with molecules or nanoparticles can be used
to modify or improve the properties of the pristine material. Lastly in Chaper 6,
cotton cellulose nanocrystals (CNCs) isolated from sulfuric hydrolysis were used as
reinforcing agent in each PDADMAC/PSS matrix. The unexpected shape memory,
the modulus as well as the 7, shift in salt-free film has open a new way of fabricating
PEC films that can produce films with tunable ion conductivity (c) and are being

developed in Fuel cells and in Super Capacitors.
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