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ABSTRACT

Layer-by-layer deposition has provided a framework in which coatings with a
variety of functionality can be deposited from aqueous solutions in ambient conditions.
Despite the many advantages of layer-by-layer assembly, the process requires many
processing steps to deposit films of adequate thickness. The work in this dissertation
focuses on using polyelectrolyte complex suspensions to deposit similar functional films
more quickly and easily.

Impressive flame retardancy on cotton fabric was achieved by depositing
polyethylenimine/poly(sodium phosphate) nanocoatings on cotton in a sol-gel process. By
raising the pH of the suspension of the two oppositely-charged polyelectrolytes to 9.0, a
stable complex was formed. After depositing these polymers onto cotton by wet-pickup,
a simple treatment in acidic buffer yielded a durable, conformal film on the cotton fibers.
The coating rendered the fabric self-extinguishing during vertical flame testing, as well as
reduced the peak heat release rate by 88% during pyrolysis combustion flow calorimetry.

A polyelectrolyte complex coating consisting of poly(allyl amine) and
poly(sodium phosphate) was deposited on polyester-cotton fabric. Not only did this
nanocoating render the fabric self-extinguishing during vertical flame testing, with only
18 wt% coating, it outperformed a layer-by-layer assembled film of the same weight. This
coating also showed impressive wash durability, maintaining flame retardancy after five

home launderings and eight hours in boiling water.
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A polyelectrolyte complex coacervate was rod coated onto PET to provide
excellent oxygen barrier. After treating the coating in humidity and subsequent 150 °C
thermal cross-linking, the film consisting of polyethylenimine and polyacrylic acid

reduced the oxygen transmission of 127 um PET by a factor of 120.
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CHAPTER I

INTRODUCTION

1.1 Background

Layer-by-layer (LbL) assembly has attracted considerable attention as a highly
versatile method to fabricate thin films on two-dimensional and three-dimensional
substrates, as well as particles. The process typically builds films in ambient conditions
using the electrostatic interactions between oppositely-charged polyelectrolytes.[!! The
film is assembled using a “bottom-up” approach as each charged layer adsorbs onto a
substrate as it is alternately immersed into aqueous polyelectrolyte solutions (or
dispersions). These assemblies can be built from polymers,?! nanoparticles,** or
biomolecules!’!% to deposit thin films without altering the desired properties of the bulk
material.[?! This technique is attractive for its ambient processing from aqueous solutions,
providing a low-cost and environmentally friendly alternative to other coating processes,
such as chemical vapor deposition and solution casting. LbL assembly has been used to

apply multilayered films with desirable properties such as drug release,!!"1*/ chemical

17-21 22,23 24-31]

sensing,!”1*1®) antimicrobial,!'”?!! flame retardancy!**** and oxygen barrier.!

Over the past ten years fabrics made of synthetic fibers, such as polyester, have
emerged as the largest component of the textile industry and continue to increase in
demand.®?! Polyester-cotton (PECO) blends are used to combine comfort and

breathability (of cotton) with strength and durability (of polyester).’3] The high

flammability of these textiles, however, pose a significant danger. More than 4300 serious



burn injuries associated with clothing occur annually in the United States.**! The hazard
associated with PECO-based apparel is further worsened by polyester’s tendency to melt,
clinging to the wearer’s body and causing severe burning.[*> Reducing fabric flammability
is a challenge due to the combination of melting polyester and non-melting cotton fibers
that tend to produce a scaffolding effect, resulting in greater flammability than that of the
individual components.*>) Approaches developed to reduce PECO flammability include

36-39] Using

the use of organohalogen additives and flame retardant (FR) back-coatings.!
additives at the fiber spinning stage often result in weaker fibers as well as difficulties in
spinning.[***!l Furthermore, halogen-based additives have been linked to biological
persistence and toxicity.[*>*! Although halogen-containing flame retardants have been
effective in reducing fire-related deaths and property damage, concerns over their potential
threat to the environment and human health have prompted efforts in finding safer

alternatives.[***8] LbL assembly has proven to be an effective method to impart non-

halogenated FR coatings on polyurethane foam,!*!#449-58] ag well as other flammable

21,70,71 59,65,72]

materials such as cotton,**%°) nylon,| I'and polyester fabric.!

Thin films for gas barrier are highly desirable for applications such as protection
of flexible electronics, pressurized systems, and food packaging.[”>7# Multilayered films,
fabricated using LbL deposition have shown extraordinarily low oxygen transmission and
are of high interest due to their robustness, tailorability and ease of fabrication.?”! Despite
all the benefits and impressive properties of these multilayered nanocoatings, the long

deposition times and high number of processing steps are an impediment to industrial

viability. This dissertation presents an exciting framework in which polyelectrolyte



complexes of oppositely charged polyions can be deposited as functional thin films with
properties competitive to LbL-deposited thin films. In most cases, only three or four

processing steps are needed to achieve good flame retardant or gas barrier behavior.

1.2 Outline of Dissertation

Chapter II provides an overview of the layer-by-layer process and efforts toward
reducing the number of processing steps and speeding up deposition time. The gas barrier
and flame retardant applications are highlighted and polyelectrolyte complexation is
introduced as an alternative to LbL deposition.

Chapter III investigates the deposition of polyelectrolyte complexes onto cotton
fabric for flame retardancy. The pH-dependent stability of these complexes in water and
the pH-dependent solidification of the complex onto cotton fibers is investigated.
Composition of the films as well as their effective flame retardancy are assessed.

Chapter IV expands the investigation of flame retardant polyelectrolyte complexes
by comparing the poly(allyl amine) and poly(sodium phosphate) system directly with a
layer-by-layer deposited coating. These coatings are compared with regard to composition
and overall flame retardancy and the wash durability of the polyelectrolyte coating is
presented.

Chapter V explores the use of polyelectrolyte complexes as gas barrier thin films.
A coacervate suspension of tailored viscosity is prepared with polyethylenimine and
polyacrylic acid which are kept stabilized by high sodium chloride concentration. The
suspension was rod-coated onto a substrate and treated with citric acid to generate an

effective oxygen barrier thin film on PET. This study demonstrates a rapid, scalable



process for depositing similar gas barrier layer-by-layer films in line with current
continuous coating technology.

Chapter VI presents conclusions and proposes topics for future research. This
dissertation provides several examples where polyelectrolyte complexes can be deposited

to achieve functional thin films.



CHAPTER II

LITERATURE REVIEW

2.1 Functional Layer-by-Layer Coatings

Layer-by-layer assembly was first described in 1966 when ller fabricated films
using alternating immersions into suspensions of positively and negatively-charged
colloidal particles.”> The film thickness grew in proportion to the number of layers
deposited and the resulting coating could not be rinsed off with water. The exploration of
this technology was revived more recently, after Decher and coworkers assembled
negatively and positively-charged polymers from water.’! They demonstrated that
discrete thicknesses of films could be targeted by varying the number of positive-negative
dip cycles used, each cycle of which is referred to as a bilayer (BL). LbL has since been

6,28-31,49,77,78]

used to deposit films using clay particles,! metal  oxides,”!

biomolecules,®*!28 dendrimers, %2 quantum dots,®3! and carbonaceous materials.[?>3%
8] Various films have been assembled by layer-by-layer and have demonstrated a variety
of properties including optical,®*#"#! biomedical,!''*”) and electrical.[®3+°1] This
deposition process has attracted significant attention for its use of ambient processing,
water-based suspensions and ease of tunability. A key advantage also lies in the versatility
LbL assembly provides, as it can be applied to a variety of surfaces, including substrates
with both 2-D and 3-D structures.

In most studies, LbL systems rely on electrostatic self-assembly. Negative

moieties of the polyanion bind to the positive moieties of the polycation through



coulombic attraction. After every deposition layer, charge reversal occurs at the film
surface that allows for another oppositely-charged layer to be deposited.[”?! Strong
polyelectrolytes maintain their degree of ionization but the charge density of weak
polyelectrolytes is greatly dependent on solution pH, as their functional groups can be in

the basic or acidic form. In addition to pH, LbL assembly can be affected by ionic

92,93 [94] [95 [96,97]

strength,”>%! polyelectrolyte concentration,'®* temperature,'®> and deposition time.

Although, electrostatic forces are the prevailing interaction, LbL assembly has been

98] [99]

facilitated by other intermolecular forces such as hydrogen-bonding, ! charge-transfer,

100,101 102]

biological,! I'and covalent bonding.!

Most LbL systems reported in literature rely on immersive deposition in solutions
or suspensions of charged polyelectrolytes, as shown in Figure 2.1a.l'! The substrate is
submerged in an aqueous solution from anywhere between one second to several minutes.
Often there is a rinsing step in between depositions to remove excess material, is
sometimes followed by a drying step. Other studies have explored alternate deposition
methods to improve film properties and make this multilayer process more industrially
viable. Spray-assisted LbL assembly, where films are assembled by the deposition of
aerosolized suspensions, has proven to be faster than similar dip processing, and aligns
well with current industrial processes. 7193191 Rubner and coworkers demonstrated both
dipping and spraying could assemble highly reflective Bragg stack films, but the time
required to deposit one bilayer using spraying was 90 s, while it was 36 min for dipping

107

assembly.['%] A gas barrier film assembled by dipping LbL assembly was improved by



Xiang and coworkers by adapting the process to spray-coating, achieving a barrier film of

[108]

S =8 SR =R
LS

sufficient thickness with fewer bilayers.

)

3

j

+

b & |l
A" +-

Figure 2.1. Schematic of the LbL deposition process using the (a) dipping and (b) spraying
methods.!!! A substrate is treated with a positively charged polyelectrolyte solution (1),
rinsed (2) then treated with a negatively charged solution (3). The substrate is finally rinsed
(4) and the process is repeated until the desired number of bilayers are deposited.'!)
Reprinted with permission from Decher, G.; Schlenoff, J. B. Multilayer Thin Films:
Sequential Assembly of Nanocomposite Materials; 2nd ed.; Wiley-VCH: Weinheim,
Germany 2012.

Spin-assisted layer-by-layer, or spin assembly, rapidly spins a substrate during
fluid deposition. Spin assembly is much faster than immersive techniques, reducing the
time of each layer deposition (including drying and rinsing steps) to 30 seconds or less.
This technique also produces more homogeneous films by exploiting centrifugal, air shear,
and viscous forces to remove weakly adsorbed material and dry the film.[!%] The

multilayers are substantially more organized, producing more stratified layers than



immersive processes. This has been especially useful in producing optical films with

109110 Unlike immersive and spray processes, spin

transparency and homogeneous color.!
assembly is not a continuous process, limiting its industrial viability.

Process improvements to layer-by-layer assembly has reduced the processing time
considerably. By the addition of salt or buffer, layers have been deposited with greater
thickness.!!!!"1!2] Altering the immersion time can also achieve thicker coatings with fewer
bilayers.””] Despite these improvements, multilayer deposition fundamentally requires a

high number of processing steps relative to established coating processes, which presents

a major challenge to commercial viability.

2.1.1 Flame Retardant Nanocoatings on Fabric

In the United States, more than 4300 serious burn injuries associated with clothing
occur annually.?* While cellulosic materials such as cotton remain the most prevalent
material in clothing, only a minority of it is rendered flame retardant. Cotton-synthetic
blends have emerged as the greatest component of the textile industry and continue to
increase in demand.®?! One such blend, polyester-cotton (PECO) is desirable as it
combines comfort and breathability (of cotton) with strength and durability (of
polyester).*3] The hazard associated with clothing containing synthetic fibers is worsened
as the fibers tend to melt, clinging to the wearer’s body and cause severe burning.'*!
Reducing the flammability of these fiber blends is a challenge due to the combination of
melting synthetic and non-melting cotton fibers that tend to produce a scaffolding effect,

resulting in greater flammability than that of the individual components. !



Approaches developed to reduce synthetic fiber flammability include the use of
organohalogen additives and flame retardant (FR) back-coatings.[*$") Using additives at
the fiber spinning stage often result in weaker fibers as well as difficulties in spinning, and
cannot be used for non-melting natural fibers such as ramie and cotton.***!! Furthermore,
halogen additives have been linked to biological persistence and toxicity.[*>*! These
concerns have prompted the development of non-halogenated coatings for cotton and
cotton-blends. Phosphorus in particular has been proven to be a very effective FR agent
for cellulose-based fabrics. Phosphorus compounds are used in the more commercially
prevalent flame retardant coatings for cotton: Proban CC and Pyrovatex CP. These flame
retardants use the synergy of nitrogen and phosphorus to produce a highly efficient char-
forming effect on cotton when subjected to flame. Organophosphorus compounds degrade
to form phosphoric acid during burning, which phosphorylates the C(6) and C(4) hydroxyl
moieties of the glucose monomers of cellulose, as shown in Figure 2.2.138113.114] Thjg
prevents the pyrolysis of the fabric to levoglucosan that fuels flame spread. Instead, the
cellulose can undergo alternative degradation pathways and allow for its dehydration and
cross-linking to form aliphatic char. This char helps to protect underlying material from

the heat of the flame as well as locks in flammable volatiles from the fire.[3%!13]
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Figure 2.2. Degradation of cellulose catalyzed by phosphoric acid.[''* Reprinted with
permission from Kandola, B. K.; Horrocks, A. R. Complex char formation in flame-
retarded fibre-intumescent combinations: Thermal analytical studies. Polym. Degrad.
Stab. 1996, 54, 289.

Although providing highly effective protection of cotton and ramie, Proban CC
requires complex processing in an ammonia chamber and Pyrovatex CP produces harmful
formaldehyde as a byproduct. LbL assembly in aqueous suspensions may provide an
environmentally benign alternative in which flame retardant coatings can be applied to
fabric. The first demonstration of flame retardant multilayer nanocoatings on fabric made

116] Since then,

use of polyethylenimine and clay to promote the charring of cotton fabric.!
a variety of phosphorus-based layer-by-layer approaches have been used on textiles. Li
and co-workers deposited poly(sodium phosphate) with poly(allylamine) to produce a film
on cotton fabric that extinguished fire during vertical flame testing (VFT).[''”) A film

composed of renewable polyelectrolytes, phytic acid and chitosan, extinguished flame on

cotton during VFT as well as reduced the total heat release of the fabric by 76% during



microcombustion calorimetry.!®* These two coating systems were elegant flame retardant
treatments for cellulosic textiles, and most subsequent studies involving phosphorus
coatings have been quite similar, often showing no further improvement in flame
retardancy. A recent review by Malucelli lists off dozens of studies whose only novelty is
the simple replacement of the polycation or polyanion.!''¥! Although there is a
considerable amount of effort focused on reducing the number of processing steps for
these FR recipes,’>!191LI1 agembling coatings one layer at a time remains a

considerable hurdle toward commercialization.

2.1.2 Gas Barrier of Layer-by-Layer Thin Films
Polymers are a common material for food packaging due to their low-cost,

[120] Their impermeability to oxygen and

flexibility, and thermal and chemical stability.
water increases the shelf-life and freshness of their contents. This impermeability is also
highly desirable for polymers used for pressurized system and flexible electronics. The
moisture and oxygen transmission rate requirements for these applications are shown in
Figure 2.3.1"?!) The most prevalent high barrier for food packaging is metallized plastic,
prepared by physical vapor deposition, a highly scalable roll-to-roll process that has been

s.122] Metal deposition is done in high vacuum as a metal

widely used since the 1970’
target is heated to vaporize. As the vaporized metal atoms assemble on the substrate, a
gas-impermeable film is formed. Although this technology is mature, it is non-recyclable,
non-microwavable and opaque. Thin oxide films provide gas barrier, while being
microwavable and often transparent, but they have a tendency to crack when flexed and

require high vacuum processing.!'?!
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Figure 2.3. Barrier requirements for different technologies.!'?!! Reprinted with permission
from Charton, C.; Schiller, N.; Fahland, M.; Holldnder, A.; Wedel, A.; Noller, K.,
Development of high barrier films on flexible polymer substrates. Thin Solid Films 2006,
502, 99.

The first LbL film for oxygen barrier was fabricated by Kotov and coworkers in
1998, when 50 bilayers of polydiallyldimethylammonium chloride (PDDA) and
montmorillonite clay (MMT) were deposited on PET. The oxygen transmission rate was
reduced from 80 to 10 cm?®/(m?-day-atm). Grunlan and colleagues later fabricated similar
LbL films consisting of polycations and MMT on PET with orders of magnitude
improvement in oxygen barrier.’%4124-127] I one study, a polyethylene (PEI)/MMT film
of only 20 bilayers reduced the oxygen transmission rate of PET to 0.078
cm?/(m?-day-atm).®¥ By precisely tuning the spacing between clay layers, Grunlan et al.
reduced the oxygen transmission rate of PET to a level undetectable by commercial testing

equipment (< 0.005 cm?/(m?-day-atm)).[’”® Polymer-clay coatings constructed by LbL

12



assembly have especially high clay-loading (>50 wt%) but maintain fairly good
transparency due to their highly aligned “nanobrick wall” structure. The barrier of these
coatings rely on oxygen molecules taking a “tortuous path” around the impermeable clay
platelets as they move through the barrier coating. The tortuous path model was first
described by Nielsen in 1967, modelling a gas molecule as diffusing through a polymer
matrix perpendicular to the normal direction of the film, passing through areas between

impermeable particles, shown schematically in Figure 2.4.[!%8]

A -_‘ L— W

Diffusion direction \ Tortuosity

Figure 2.4. Schematic of the Nielsen model of gas diffusion through a nanocomposite.!
Reprinted with permission from Nielsen, L. E., Models for the permeability of filled
polymer systems. J. Macromol. Sci. A 1967, 1, 929.

128]

All-polymer LbL films have also demonstrated excellent gas barrier. Yang and
cowokers prepared a film consisting of PEI and polyacrylic acid (PAA) that reduced the
oxygen transmission rate of PET to < 0.005 cm?/(m?-day-atm) with only 8 bilayers.[*¥
These films also have excellent Ho/CO» selectivity (190:1) and reasonable flux, making

them an excellent option for gas separation.!'?°! Due to the strong electrostatic interactions
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of the polyelectrolytes, the free volume of polyelectrolyte multilayers tend to be lower
than that of typical polymers, giving them very low gas permeability. The relationship

between permeability and free volume can be described by Equation 2.1:
B
P=Aexp (_F) @2.1)

where A and B are constants depending on the permeant molecule and f is the fractional
free volume described by the fraction of the polymer matrix unoccupied by polymer

chains.

2.2 Polyelectrolyte Complexes

Polyanions and polycations can associate in water to form polyelectrolyte
complexes (PECs) that provide an alternative to LbL assembly in fabricating functional
thin films.["*” Just like the interactions governing LbL assembly, PECs arise from the
Columbic attraction of oppositely-charged polymer chains and is driven by a positive
change in entropy. As the polyions associate, small counterions (associated with
polymers) are liberated into solution, as shown in Figure 2.5.13!) PEC formation is
typically endothermic, as the polymers must undergo conformational changes to associate
with each other, resulting in steric energy contributions not present in their association of
small counterions. PECs can also be formed from the association of polyelectrolytes with

charged particles, such as colloidal silica.
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Figure 2.5. A polycation and polyanion associate to form a polyelectrolyte complex.

The stability of a polyelectrolyte complex in water arises from its structure. Water-
soluble PECs are often formed when oppositely charged polyions are weakly associated.
Loosely-associated polyelectrolytes sometimes form less stable morphologies and become
complex coacervates.['3%!33] The solution mixture phase-separates into polymer-rich and
polymer-poor phases. This coacervate is often transient, as the polymer rich phase
collapses over time to exclude solvent and becomes a single aggregate.!'*? Colloidal stable
PECs are formed when aggregation of strongly associated polyelectrolytes halts at a
colloidal level (radii of 10-100 nm), and usually occur in fairly dilute solutions.!'**! An
electrical charge on the particles prevents further aggregation due to electrostatic
repulsion. Flocculation occurs when strongly associated polyelectrolytes form larger
networks, resulting in macroscopic sedimentation,[!31:133:135-137]

The stability of PECs in solution is very relevant to their application as flocculants.
The speed of flocculation, as well as particle cohesion and size, is important in paper-

132,137-139

making.! I Polyelectrolytes can also be used in wastewater treatment in order to

remove unwanted suspended particles.!'*”! These complexes have also proven to be

140-142

effective in membrane applications (pervaporation and nanofiltration).! I'In this case,

15



PECs are designed to be highly hydrophilic, but at the same time insoluble in the medium
they come in contact with. Controlling the characteristics of PECs is of great interest to
researchers in the field of drug delivery. PECs can solubilize and protect drugs from hostile

143-148

environments as well as respond to environmental stimuli.! I When the complex

undergoes a change in ionic strength and pH, the structure to selectively release its
contents. 14814

The controlled self-assembly of polyelectrolyte complexes is a valuable scientific
and engineering topic. These complexes are built in aqueous and ambient conditions and
can be applied to a range of applications. PECs are insoluble in organic solvents, have no
glass transitions, and have tunable surface charge.l'*!! Many of the inter-polymer
interactions that take place in PECs are similar to those in polyelectrolyte multilayers. !>"

PECs can be used in the fabrication of thin polymer films using far fewer processing steps

than LbL assembly by controlling the interaction of the oppositely charged components.

2.2.1 Controlling Polyelectrolyte Complex Formation

Solution conditions such as pH, ionic strength, and composition greatly affect the
complexation behavior of PECs. Intrinsic properties of the polyelectrolytes, such as
molecular weight and degree of substitution, can also provide a handle for controlling
polymer interactions. One way to alter PEC structure and stability is by changing the ratio
of the two component polyelectrolytes. Many PEC experiments consist of the titration of
a solution of a polyion with an oppositely charged polyelectrolyte and observing the
characteristics of the resulting complexes.!'3!! Typically, complexes become larger and

less stable as the polyelectrolytes reach a 1:1 monomer stoichiometry. This relationship
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between colloidal stability and mixing ratio is observed in numerous studies.[!3>134136] A5
the overall electrical charge of the complexes decrease, there is less electrostatic repulsion
between them and aggregation, followed by flocculation, occurs. Aggregation is prevented
by an excess binding of the major component. Dautzenberg and coworkers studied this

effect as shown in Figure 2.6.[13

I In suspensions of various ionic strength, the radius of
gyration (Ry) as well as the molecular weight (M,,) of PECs increases dramatically as the

molar ratio of cationic polydiallyldimethylammonium chloride (PDDA) and anionic

sodium poly(styrene sulfonate) [PSS] approaches 1.0.
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Figure 2.6. Particle mass (My) and size (Rg) of PSS/PDDA complexes as a function of
molar ratio at varying ionic strengths: pure water (circles), I =1 x 102 M (squares), [ = 1
x 10" M (triangles).['3¢] Reprinted with permission from Dautzenberg, H., Polyelectrolyte
complex formation in highly aggregating systems. 1. effect of salt: Polyelectrolyte
complex formation in the presence of NaCl. Macromolecules 1997, 9297, 7810.

Ionic strength has a large influence on the formation and stability of polyelectrolyte

complexes and is often the chief variable in studies. The addition of salt to a PEC-
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containing solution often causes aggregation until coacervation and flocculation
occurs.!*!) When the concentration of salt is much higher, PECs can be stabilized

[133] Figure 7 illustrates this behavior by measuring the concentration of polycationic

again.
poly(N-ethyl-4-vinylpyridinium) bromide (QPVP) in solution as a function of sodium
chloride concentration as the polycation complexes with poly(methyl acrylate) [PMA].[!52!
In region I, the QPVP/PMA complex is solubilized in aqueous solution. As the
concentration of salt and ionic strength increases in region II, the polyelectrolytes
aggregate and phase separation is observed. The author claims this transition is reversible,
but it is difficult to understand how ascertaining this would be possible. Increasing ionic
strength is simple with the addition of salt, but the study does not present a procedure to
decrease solution ionic strength, while also maintaining polyelectrolyte concentration. The
aggregation likely occurs due to the salt ions screening the charged sphere of the

complexes, reducing the Coloumbic PEC-PEC repulsion. The complexes coalesce and

precipitate as larger particles.!'3!!

18



1.0 * L%
08}
o
Z 06
o
04} |
1 *n S| om
0.2
* *
0.0
LOpe & o oW
, 08t VL '
2" ||\ -
E 06} ‘
5] . | /
04} A\ ° t'
02l o T |
ot/
0.0 * e at

1 L L
0.0 0.1 0.2 03 0.4 0.5 0.6
NaCl, M

Figure 2.7. Fraction of QPVP and QPVPS, remaining in supernatants of QPVP/PMAA
mixtures for PMAA with different molecular weights [350K (top panel); 7K (circles),
25K (rhombuses), 72K (squares), and 150K (triangles) (bottom panel)] as a function of
salt concentration.!>?) Reprinted with permission from Izumrudov, V.; Kharlampieva, E.;
Sukhishvili, S. A., Salt-Induced multilayer growth: correlation with phase separation in
solution. Macromolecules 2004, 37, 8400.

At higher ionic strength (region III in Figure 2.7), the polyelectrolytes are
solubilized. Sukhisvili et al. observed the polyelectrolytes being completely soluble in
solution, however, another study shows coacervation as an intermediate step to a stable
solution.[133150.153] Wang et al. observed PEC undergoing a transition from solid
aggregates to complex coacervates all the way to dissociated polyelectrolytes.!!33! This
return to solubility is due to the screening individual polymer chain charges by high salt
concentration,[!31:133:152]

The charge density of associating polyelectrolytes often influences structure and
stability of the resulting PECs. Dautzenberg et al. investigated how polycations of varying

154

charge affect the formation of PECs when paired with PSS.[!* The results were
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interesting, as PDDA-acetamide copolymers of greater charge density formed PECs of
greater colloidal stability in pure water. The addition of salt affected PECs containing
highly charged polycations much less than it did for PECs containing lightly-charged
polycations. When 0.05 M sodium chloride was added, PECs containing lightly-charged
polycations were consumed and the polyelectrolytes dissociated. This is due to the high
mismatch in charges between the polyion pairs, making the highly charged PECs sensitive
to changes in ionic strength.

Vanerek et al. investigated the PECs formed by cationic-functionalized

[132] The experiment

polyacrylamide (cPAM) of various degrees of quaternary substitution.
showed that the charge density of the polycation had no observable effect on the relative
proportion of PECs forming complex coacervates versus stable colloidal particles. Non-
ionic PAM was unable to form a coacervate complex with sulfonated kraft lignin, which
suggests electrostatic attraction is necessary for the formation of PECs. The charge density
of the polycationic cPAM had a substantial influence on the stoichiometry of the PECs
formed. Unsurprisingly, a higher charge density on cPAM results in a higher sulfonate
kraft lignin composition in the insoluble PECs. The degree of ionization’s effect on PEC
stability seems to be an issue of debate. Vanerek’s study suggests that it has no effect on
PEC stability,'3?! in contrast to Dautzenberg’s study.['** It is likely that degree of
ionization does affect the colloidal stability of PECs. Vanerek’s study did not evaluate
whether this non-effect persists in varying ionic strengths (like Dautzenberg did). The

Vanerek study also uses sulfonate kraft lignin which are large molecules, but are not

strictly polymers.
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Changing the pH of the polyelectrolyte solutions greatly affects the degree of
ionization of weak polyelectrolytes. This parameter is more manageable than changing the
intrinsic character of the polyelectrolyte being used. Cundall et al. showed the
stoichiometry of polyions could be altered with changes in solution pH.["!! The
polycation/polyanion stoichiometric ratio could be increased by higher pH corresponding
to a deionization of a cationic polybase or ionization of a polyacid. Changes in pH can
also influence the zeta potential of PEC particles, as shown in Figure 2.8. In this study,
low pH allows the chitosan to be highly charged, forming positively-charged PECs with
pectin. As the pH approaches 6, this net charge is lowered and the particles cannot
maintain mutual electrostatic repulsion and flocculation occurs. At much higher pH, pectin
is highly charged and chitosan is almost entirely neutral. The authors speculate the zeta

potentials > pH 8 may be from unassociated pectin rather than PECs.['>!
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Figure 2.8. Zeta potential of PECs of chitosan/pectin as a function of solution pH.[!*"]
Reprinted with permission from Birch, N. P.; Schiffman, J. D., Characterization of self-
assembled polyelectrolyte complex nanoparticles formed from chitosan and pectin.
Langmuir 2014, 30, 3441.
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The influence of pH on PEC size plays an important role in responsive drug

[156-158] PECs for oral delivery must be robust and maintain structure in a

delivery systems.
wide range of pH, as well as maintain stability in the human body until it reaches the site
of interest. Lin et al. demonstrated the utility of pH-dependent swelling of PEC gel
microspheres composed of chitosan, dextran sulfate and sodium tripolyphosphate (all
biologically-compatible ingredients).l!”l These complexes were used to encapsulate
ibuprofen. The rate of ibruprofen release was greatly affected by solution pH. Using UV
spectrophotometry, the researchers determined that the release rate increases with higher
pH in the range pH 1.4 to 9. Most importantly, the drug release is very slow at pH 1.4, an
acidity corresponding to the acidity of the stomach, and much faster at more neutral pH
6.8, corresponding to the acidity of the small intestine (where the drug could be absorbed).
Adjusting for the relative time durations when the drug would likely reside in the organs,
only 7% of ibuprofen is released after 3 hours in simulated gastric fluid and 94% of the
ibuprofen is released after 6 hours in simulated intestinal fluid. The pH-responsive release
was due to the ability of the PECs to swell in size at higher pH as the degree of ionization
of the contained chitosan is reduced.

The formation of PECs can also be influenced by switching the order of addition
of the polycations and polyanion. Dautzenberg measured PECs of greater density when
PDDA was added to PSS rather than the other way around (a difference of 0.2 g/mL at
any given mixing ratio).[*®! Particle size and stoichiometry of PECs can also be altered by

the order of addition.!!3>!3% Ball et al. investigated the change in zeta potential of PECs

over time after mixing, as shown in Figure 2.9.['**! The zeta potential of PEC particles
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change after a long polycation (poly(allylamine hydrochloride) [PAH]) and anionic
oligomer (poly(sodium phosphate) [PSP]) are mixed. The particles are positively charged
when the solutions are initially mixed. As time goes on, the charges neutralize,
approaching a slightly negative zeta potential. When the starting solution is PSP, the
particles grow faster and neutralize from a more negative zeta potential. The particles
approach equilibrium from a more positive zeta potential when the starting solution is

PAH.
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Figure 2.9. Zeta potential of PAH-PSP complexes when solution of PAH is added to a
solution of PSP (blue) or when PSP is added to PAH (red).!'**! Reprinted with permission
from Cini, N.; Tulun, T.; Blanck, C.; Toniazzo, V.; Ruch, D.; Decher, G.; Ball, V., Slow
complexation dynamics between linear short polyphosphates and polyallylamines:
analogies with "layer-by-layer" deposits. PCCP 2012, 14, 3048.

Most polyelectrolyte complex mixtures are created by titrating one polyion with
the other. This likely causes localized high concentration of the titrant polyelectrolyte,

even while stirring or using some other means of agitation. This could affect the
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complexation of the polyelectrolytes and vary complexation from the first addition drop
to the last. It could also be a major contributor to the high polydispersity of PECs as
measured by static light scattering.!'*) One study uses jet mixing to make a fast

[169] Fyture studies could incorporate jet mixing

homogenous mixture and control PEC size.
to observe if any differences occur and assess the benefits of applying this technology to

paper-making.

2.2.2  Polyelectrolyte Complexes as Solid Materials

Whereas LbL assembly requires a number of processing steps to fabricate films of
thickness greater than 1 um, polyelectrolyte complexes provide a simple avenue for
incorporating similar polymer interactions into materials with macroscopic dimensions.
Ionic strength is a key component of PEC processing, as high salt concentration is used to
suspend and plasticize the material and low salt concentration water is used to solidify and
compact it. Schlenoff and coworkers termed the salt-dependent mechanical properties of
PECs as “saloplasticity” and exploited it to successfully extrude PDDA/PSS complexes
as fibers, tapes and rods.!'6162l PAH/PAA complexes were compacted into rods using
ultracentrifugation as well. By varying the sodium chloride doping of the PECs, they could
target specific moduli and microstructure.!!6]

PEC nanocomposites have also become possible. By incorporating iron oxide
nanoparticles in one such PEC, Schlenoff and coworkers afforded an extruded
nanocomposite that could be heated remotely by radio frequency.!!*!l The use of PECs
allows for a sol-gel process that can be processed at low temperatures and ambient

conditions, removing the possibility of damaging the contained nanoparticles. Dispersing
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nanoparticles in PECs has also been used for gas barrier. Gao and coworkers dispersed
graphene oxide in carboxymethyl cellulose (CMCNa) and PDDA complexes. Complexes
were prepared by simple sedimentation, then dispersion, followed by solution casting as
shown in Figure 2.10.1'%! 1.5 wt% of graphene oxide reduced the gas permeability of these

composites by as much as 4 orders of magnitude.
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Figure 2.10. Schematic preparation of graphene oxide-loaded PEC membranes.[!%]
Reprinted with permission from Zhao, Q.; An, Q.-F.; Liu, T.; Chen, J.-T.; Chen, F.; Lee,
K.-R.; Gao, C.-J., Bio-inspired polyelectrolyte complex/graphene oxide nanocomposite
membranes with enhanced tensile strength and ultra-low gas permeability. Polym. Chem.
2013, 4, 4298.

In the interest of reducing processing time and steps, attention has been focused
on preparing thin films from PECs that are similar to existing coatings prepared by LbL
assembly. The ease of preparing PEC films may be more amenable to industry. Ball and
colleagues prepared thin polyelectrolyte films from the simple sedimentation of PECs.[1¢¢]
PECs prepared from weak polyelectrolytes were able to coalesce in a uniform film, but

those from strong polyelectrolytes formed an inconsistent snow-flake structure. Although

this process requires very few processing steps, it requires time to allow the complex to
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flocculate from suspension and film thickness is difficult to control. In a similar process,
Cain and coworkers used the sedimentation of polyethylenimine and poly(sodium
phosphate) to coat cotton fibers with a flame retardant thin film.!'”! The weight gain
coating could be controlled by the time in which the slow flocculation is allowed to occur.
Using this process, films prepared on cotton could self-extinguish during vertical flame
testing. Schlenoff and coworkers prepared PDDA/PSS films from the spin-coating of
polyelectrolyte complex coacervates.['®) By affecting the concentration of potassium
bromide in the coacervate, they controlled the viscosity of the suspension suitable for spin-
coating. The coating was then solidified by dipping in water to remove the plasticizing
salt to afford a transparent free-standing PDDA/PSS film. These 15 pm thick films would
have required hundreds of bilayers to achieve using layer-by-layer deposition.

The following chapters demonstrate PEC systems capable of flame retarding
various fabrics and imparting high gas barrier to PET substrates. It is believed that properly
engineered PEC-based coatings can provide and industrially viable alternative to LbL

assembly with little sacrifice in properties.
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CHAPTER III
WATER-SOLUBLE POLYELECTROLYTE COMPLEXES THAT EXTINGUISH
FIRE ON COTTON FABRIC WHEN DEPOSITED AS PH-CURED

NANOCOATING"

3.1 Introduction

The layer-by-layer (LbL) process requires multiple cycles of immersion to deposit
enough coating to achieve appreciable flame suppression. Deposition of oppositely-
charged polyelectrolytes from a single solution provides an opportunity to achieve
effective flame retardant (FR) behavior in a single coating step. It is well-known that
oppositely-charged polyelectrolytes can associate to form polyelectrolyte complexes
(PECs) in solution.["”) Complex solubility is largely dependent on concentration, ionic
strength, and in the case of weak polyelectrolytes, solution pH.['®") Thin films have

166 More recently, the flocculation

recently been deposited from sedimentation of PECs.!
of poly(sodium phosphate) with polyethyleneimine was used to deposit this flame
retardant combination onto cotton fabric.!'” The time in which the cotton was submerged
in the phase-separating suspension dictated the amount of FR material deposited on the

fabric. Unfortunately, this unstable PEC suspension could only be used once and for a

limited amount of time after preparation.

*Reprinted with permission from Haile, M.; Fincher, C.; Fomete, S.; Grunlan, J. C. Water-
soluble polyelectrolyte complexes that extinguish fire on cotton fabric when deposited as
pH-cured nanocoating. Polym. Degrad. Stab. 2015, 60-64. Copyright 2015 Elsevier.

27



In this chapter, a stable polyelectrolyte complex suspension is reported that is
capable of imparting flame retardant behavior to cotton fabric in a single deposition step
(now known as a stable OnePot coating system). A stable water-soluble PEC (WPEC)
suspension can be made using weak polyelectrolytes, which allows for multiple uses of
the suspension over time and a prolonged shelf life, in contrast to the established

51661671 Using the pH-dependent stability of polyelectrolyte
Y poly yt

sedimentation processe
complexation, the deposited polyelectrolytes are rendered insoluble after the initial
coating. Soaking cotton fabric for 30 s in OnePot solution yields a coating that is 23 wt%,
reduces cotton heat release by 88% and self-extinguishes during vertical flame testing.

This OnePot nanocoating system is an effective treatment that imparts flame resistance to

fabric quickly and easily.

3.2 Experimental
3.2.1 Materials

Bleached, desized cotton print cloth with an approximate weight of 100 g m (3
oz yd?) was purchased from Testfabrics, Inc (West Pittston, PA). Poly(phosphate sodium
salt) [PSP] (crystalline, +200 mesh, 96%) and branched polyethylenimine (molecular
weight, Mw ~ 25,000 g mol™!) [PEI], purchased from Sigma-Aldrich (Milwaukee, WI),
were used as received. The number average molecular weight of PSP was determined to
be 3450 g mol™! by end group titration done according to a literature procedure.!'’! Citric
acid monohydrate and sodium citrate dihydrate were purchased from Macron Fine
Chemicals (Center Valley, PA) and were used to make buffer solutions. 1 M NaOH (made

from sodium hydroxide pellets, anhydrous; reagent grade, > 98%) and 5 M HCl (made
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from hydrochloric acid; ACS reagent, 37%), purchased from Sigma-Aldrich, were used to
adjust the pH of the deposition and treatment solutions. All individual solutions were

prepared with 18.2 MQ-cm deionized water.

3.2.2 Preparation and Deposition of Stable OnePot Solution

Previous work with a PEI/PSP OnePot solution was done at pH 7,!'67) where the
degree of cationic charge of PEI was substantial enough to cause strong electrostatic
interactions with negatively charged PSP. The result was agglomeration driven by
entropy, as sodium counterions and solvating water molecules were excluded from the
complexes.!!”! Further investigation of the PEI/PSP system showed that polyelectrolytes
are stable together at pH > 9. The solution pH is considerably higher than the polymer’s
pKa of 8.25, the amine groups of PEI are largely unprotonated and the polyelectrolyte has
low positive charge.!!'”?! This situation causes the electrostatic interaction between PEI and
the polyphosphate to weaken, allowing stable WPECs to form. In order to achieve high
weight gain with a single dip, this OnePot solution contained high concentrations of the
oppositely charged polyelectrolytes. An equal weight of 10% PEI solution (adjusted to pH
9) was poured into a 20% PSP solution to produce a transparent homogenous 5% PEI/10%
PSP solution (i.e., the stable OnePot solution). To minimize base-catalyzed hydrolysis of
the PSP, acid was added to lower the solution pH to 9. The suspension was completely
transparent and homogeneous at this pH. The average particle size was measured to be 22
nm after 1 h and 23 nm after 48 h, suggesting this was a stable suspension. Cotton was
dipped in the OnePot solution for 30 s immediately after preparation. Fabrics were then

squeezed and hung to dry in a 70°C oven for 1 h prior to treatment and testing. Buffer
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solutions at pH 2, 3, 4, 5, and 6 were prepared using 50 mM citric acid/sodium citrate.
NaCl was added to each buffer solution to achieve an ionic strength of 300 mM. Coated
fabric was treated by soaking in 1 L of the appropriate buffer solution for 5 min, then
rinsed vigorously in deionized water to remove citrate and excess polymer. The fabric was

then dried at 70 °C for 2 h prior to testing.

3.2.3 Non-Thermal Characterization

Coated and uncoated cotton substrates were mounted on aluminum stubs and
sputter coated with 4 nm of platinum/palladium (Pt/Pd) alloy in preparation for imaging
performed with a field-emission scanning electron microscope (FESEM, Model JSM-
7500F, JEOL; Tokyo, Japan). XPS measurements were conducted using a PHI Quantera
XPS, using a focused monochromatic Al Ka X-ray (1486.7 eV) source (using SOW, 15kV
and a 200pm diameter). The vacuum pressure during analysis was 5 x 107 torr. XPS
survey scan spectra in the 0-1100 eV binding energy range were recorded in 0.5eV steps,
with a pass energy of 140.0 eV. The pKa of PEI was determined to be 8.25 using
potentiometric titration, with 0.05 M NaOH standard. pH was measured with a IntelliCAL
pH electrode (Hach, Loveland,CO). Average particle size of water soluble polyelectrolyte
complexes was determined by analysis of a diluted OnePot solution using a Brookhaven

ZetaPALS instrument (Brookhaven Instruments Corp., Holtsville, NY).

3.2.4 Thermal Stability and Flammability of Fabric
Thermal stability of uncoated and OnePot coated cotton fabric (approximately 30

mg) was evaluated in triplicate using a Q-50 thermogravimetric analyzer (TA Instruments,
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New Castle, DE), under a controlled heating ramp of 20°C min™!, from ambient
temperature up to 600 °C, with a sample purge flow of 60 mL s™! air and a balance purge
flow of 40 mL s’ nitrogen. Fabric samples were cut into 3 x 12 in. strips that were
vertically hung in a metal clamp within a model VC-2 vertical flame cabinet (Govmark,
Farmingdale, NY). Samples were exposed to the flame from a Bunsen burner for 12 sec
to measure time after-flame and after-glow times, in accordance with ASTM D6413-08.
All fabric was run in triplicate for microscale combustion calorimetry ata 1 C sec™! heating
rate, from 150-550C, using method A of ASTM D7309 (pyrolysis under nitrogen) at the

University of Dayton Research Institute (Dayton, OH).

3.3 Results and Discussion

The PEI/PSP coating was deposited by dipping cotton in the OnePot solution for
30 s, resulting in an average weight gain of 23%. Cotton coated with this procedure, with
no further treatment or rinsing, will be designated as “untreated coating” throughout the
rest of the text. It was initially believed that the polyelectrolyte was adsorbed purely
through wet-pickup. In this case, the composition of the coating on the fabric would be
identical to the composition of the OnePot solution, but XPS revealed that the atomic
composition in the coating was different from that in solution. This disparity can be
explained conceptually as water-soluble polyelectrolyte complex particles adsorbing onto
the cotton fiber from the stable solution, similar to what is observed in LbL

L1731 The WPECs consist of weakly associated polyphosphate and PEI, with

deposition.!
small counterions such as sodium excluded. As the phosphorus-containing complexes

actively adsorb onto cotton through electrostatic and hydrogen bonding, sodium cations

31



(as well as non-associated polyelectrolytes) are present in the coating due to being
dissolved in the water left on the fabric after squeezing. This results in the high P/Na ratio
observed by XPS, summarized in Table 3.1. The low P/N ratio is likely due to the cotton
surface having stronger association with free PEI chains, rather than PSP, or it could be
reflective of the stoichiometric ratio of the polyelectrolytes contained in the WPEC

particles.

Table 3.1. Atomic composition of OnePot solution and coated fabric.

Solution Coated Fabric
Atomic ratio P/Na 1 3.13
Atomic ratio P/N 0.84 0.38

As expected, most of the coating was removed when the cotton fabric was rinsed
and dried. The weight gain after rinsing fell from 23 to 6.3%. The same weak
intermolecular forces that allowed for the complexes to remain stable in water were also
present in the coating on fabric, allowing the polyelectrolytes to be redispersed in water.
Realizing that these polyelectrolytes sediment at lower pH, the coated fabric was treated
in citric acid/sodium citrate buffer at varying pH in an effort to “cure” the coating (to resist
damage during rinsing). Coated fabric was treated by dipping in buffer solutions with pH
values from 2 to 6. As the pH of the buffer treatment was lowered, more coating weight
remained on the treated cotton after rinsing. Similar to what was observed in solution, the
PEI/PSP PEC-based coating is insoluble in water under pH 9. Below this pH, the degree

of protonation of the PEI chains is sufficiently high to electrostatically bind with PSP and
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the negatively-charged cotton surface, generating an insoluble gel. The resulting coating
is resistant to vigorous rinsing and reaches weight gains similar to those that would be
reached only with many dipping cycles (> 20) using LbL assembly. All coating and
treatment processes maintained the whiteness and hand of the uncoated cotton. A

schematic of the coating procedure is shown in Figure 3.1.

A B

3 r 3 r

I S

Cotton Untreated Coated Treated Coated
- Cotton Cotton
Tt
&% #
& ae
OnePot Solution Buffer Treatment
Solution

Figure 3.1. General procedure for the OnePot flame retardant coating of cotton fabric.
The untreated cotton is first dipped in the OnePot solution to produce the untreated coated
fabric (A), which is subsequently submerged in the appropriate pH buffer treatment
solution for 5 min, (followed by rinsing and drying) to make the treated coated fabric (B).

Studies have reported that the composition of LbL films can be modified by
changing the pH of the polyelectrolyte solutions.[®*+!74! Altering the pH allows for control
over the degree of ionization of weak polyelectrolytes. It was hypothesized that similar
changes in composition could be tailored by exposing the OnePot coating to changes in
pH. Compositional analysis with XPS indicated that phosphorus content in the deposited
films increases when the coated fabric is treated with decreasing buffer solution pH, as

shown in Figure 3.2. As observed in multilayer films, weak polycations such as PEI
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approach a maximum degree of ionization when dissolved in a solution pH much lower
than their isoelectric point.®>!" When a lower pH treatment solution is used, a larger
portion of the phosphates on PSP are protonated and the negative charge is reduced. The
highly charged PEI in the film is then at a greater stoichiometric excess due to this
diminished charge it needs to balance. This excess PEI is removed in the rinsing step,
which results in a higher P/N ratio in the coating with decreasing pH buffer treatment.
Treatment and subsequent rinsing appears to remove sodium and chlorine, as their signals

are no longer present in XPS measurements.
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Figure 3.2. Phosphorus/nitrogen ratios of PEI/PSP OnePot coatings on cotton fabric,
treated with varying buffer solution pH.

Uncoated fabric, along with untreated and treated PEI/PSP coated cotton, was
heated from ambient temperature up to 600°C in oxidizing conditions using a
thermogravimetric analyzer (TGA) at a heating rate of 20 ‘C min™!, as shown in Figure 3.3a.
All coated fabric exhibited earlier onset degradation temperatures compared to the
uncoated cotton (321 °C), indicative of a thermally-triggered mechanism interrupting the

combustion cycle of cellulose. The formation of a swollen insulating layer retards flame
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when it occurs earlier than the onset of cellulose degradation. At 600°C, the uncoated
fabric is completely consumed, but all coated samples retain residue of greater weight than
the coating. These results suggest that the coating converted a portion of the cellulose into

a less combustible material through an intumescent mechanism. 717!

control

untreated

—pH 6 treated
——pH 4 treated
pH 2 treated
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Temperature (°C) @
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L T J L Y J
OnePot- coated OnePot- coated (b)
untreated treated

Figure 3.3. (a) Representative weight loss as a function of temperature for uncoated
(control) fabric, and OnePot coated cotton fabric measured in an oxidizing atmosphere.
(b) Images of treated and untreated fabric after vertical flame testing.

During vertical flame testing (VFT), uncoated cotton was ignited and engulfed in
flame for an average of 19 s, at which point it was completely consumed. Ashes along the

metal holder edges radiated with afterglow for an average of 20 s. No coated fabric
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exhibited afterglow when the flame was removed. Untreated coated fabric had the highest
weight gain (23%) without further rinsing, but the flame front travelled up the length of
the fabric, leaving a residue of 39.5 £ 0.3 wt%. Buffer treatment of the coating improved
performance, despite considerably decreasing the coating weight gain. Treatment with pH
6 buffer yielded the lowest weight gain and showed a moderate increase in char residue
(44.1 = 1.8 wt%). Coatings treated with < pH 5 buffer completely stopped flame
propagation, showing remarkable self-extinguishing behavior (most of the cotton was
untouched). The residues of the coated fabric following VFT are shown in Figure 3.3b.
Figure 3.4 shows SEM micrographs of the coated fabric that reveal a radial
polyelectrolyte coating around individual fibers. Additionally, micrographs of afterburn
residues show that the structure and shape of the coated fibers were remarkably well-
preserved. The bubbles observed in afterburn images of pH 2 and 4 treated coatings are
evidence of an intumescent FR mechanism. The charred nanocoatings of the treated fabric
have varying levels of bubbling, with pH 2 treated char containing the greatest amount.
This intumescent response is the source of the self-extinguishing behavior found with
these coated and buffer-treated samples. This mechanism is not visibly present in the char

of the untreated coated fabric, underscoring the reason for its poor VFT performance.
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Figure 3.4. SEM images of uncoated cotton fabric and fabric coated with the PEI/PSP
OnePot solution, untreated and treated in varying pH buffers. Uncoated cotton was
completely consumed in fire testing, so there was no residue to be imaged.

Uncoated, treated and untreated OnePot FR fabrics were assessed for heat release
rate (HRR) using microscale combustion calorimetry (MCC). The peak HRR is a
quantitative measurement of the rate at which the fabric releases heat during a fire, which
propagates the combustion cycle. This is why fire spreads very quickly over cotton
clothing, reducing the time in which the wearer can remove the fabric before injury.!!”®
Coating the fabric with the PEI/PSP complex solution reduces total heat release (THR)
and peak HRR significantly. These results also indicate the buffer treatment improves the
flame retardancy of the coating, increasing char yield and reducing peak HRR and THR
with a lower weight coating (pH 2 treated coating reduces the THR of cotton by 88% with

only 16.5 wt% coating).

3.4 Conclusions
Cotton fabric was rendered flame retardant with a stable solution of water-soluble

polyelectrolyte complexes to form a rinse-resistant flame retardant coating. Fabric soaked
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in this aqueous PEI/PSP mixture had an average weight gain of 23%, but the coating
largely eroded when rinsed in water. Treating the fabric with an acidic buffer “cured” the
coating to resist rinsing. Coatings treated in acidic buffer at pH 6, 5, 4, 3, and 2 had weight
gains of 11.5%, 11.6%, 15.4%, 14.6%, and 16.5%, respectively. SEM micrographs of the
coatings show a conformal coating that uniformly covers individual cotton fibers. Flame
retardant behavior of this OnePot coating was evaluated by TGA, VFT, and MCC. Buffer
treatment of coated fabric greatly improved the flame retardant behavior of the coating.
The best OnePot deposition on cotton, treated with pH 2 buffer, achieved an 81%
reduction in peak HRR and 88% reduction in total heat release in comparison to uncoated
cotton fabric. This two-step, water-based process produces flame retardant fabric more

quickly, using less coating weight than most commercial treatments.
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CHAPTER IV
WASH-DURABLE POLYELECTROLYTE COMPLEX THAT EXTINGUISHES

FLAME ON POLYESTER-COTTON FABRIC"

4.1 Introduction
Many of the challenges associated with flame retardant approaches for fabric have

been recently overcome by applying conformal coatings using layer-by-layer (LbL)

23,60,175,177 4,178]

assembly.[ I This technology has been shown to render polyester,*!”® ramie,[!”]
and cotton(6+67-177178.180.181) fapyric flame retardant using environmentally-benign aqueous
solutions applied under ambient conditions. LbL assembly involves the deposition of thin
films by alternate layering of oppositely charged polyelectrolytes that impart the desired
functionality onto a substrate.[!:19%182] Although these treatments are effective, the LbL
process involves multiple cycles of immersion to deposit enough flame retardant to
achieve appreciable flame suppression. In an effort to apply FR coatings of similar
chemistry onto fabric with very few processing steps, a method involving water-soluble
polyelectrolytes complexes (PEC) from a single solution was recently developed. 6183
Two different fabric types were rendered self-extinguishing by applying a nanocoating in

just two or three steps using the pH-dependent solubility of PECs. Complex solubility is

largely dependent on concentration, ionic strength, and in the case of weak

* Reprinted with permission from Haile, M.; Leistner, M..; Sarwar, O.; Henderson, R.;
Grunlan, J. C. A wash-durable polyelectrolyte complex that extinguishes flames on
polyester—cotton  fabric. RSC  Adv. 2016, 33998-34004. Copyright
2016 Royal Society of Chemistry.
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polyelectrolytes, solution pH.!!3%16%170 The flame retardant PECs were kept stable at high
pH and deposited onto fabric. After drying, the PEC was rendered water-insoluble by
exposure to an acidic buffer solution. Figure 4.1 compares the LbL and PEC deposition

processes.

LbL Assembly PEC coating

/ﬂm\

W”ng I———1

—=
o

PAA Rinse and

T WB §
Wring Buffer PAAm/PSP
\_{_/ / \solutlon PEC
>100
processing processing
steps steps

FR- coated PECO fibers

Figure 4.1. Schematic of the LbL assembly and PEC coating procedures for applying
poly(allylamine) and poly(sodium phosphate) onto polyester-cotton blend fabric.

To better demonstrate the effectiveness of the PEC-deposition technique, this
study set out to directly compare flame retardant PEC and LbL coatings prepared with the
same polyelectrolytes. Coatings deposited layer-by-layer with poly(allylamine) and
poly(sodium phosphate) were previously shown to promote char formation on cotton
fabric.[®”) This multilayered nanocoating is compared to a polyelectrolyte complex coating
presented in this work in terms of flame retardancy, weight gain, and composition. A

greater reduction in peak heat release rate has been achieved using the PEC coating (78%
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reduction for cotton, 31% for polyester) relative to the LbL deposited coating (45% for
cotton, 19% for polyester). PAAm/polyphosphate complex coatings self-extinguish PECO
fabric with less added weight (17.9%) than those assembled layer-by-layer (22.2%).
Investigation into the possible cause for this improved FR effect revealed a significant
difference in composition between coatings produced with these two techniques. The PEC
coating also proved to be durable to washing, maintaining flame retardancy after five
home launderings and 8 h in boiling water. PEC coatings provide a powerful opportunity
to reduce the flammability of blended fabrics, using water-based ingredients and very few

processing steps.

4.2 Experimental
4.2.1 Materials

Polyester-cotton fabric with a weight of 4.5 oz yd? (65% polyester) and 1993
AATCC standard detergent were purchased from Testfabrics, Inc (West Pittston, PA).
Sodium hexametaphosphate (crystalline, +200 mesh, 96%) [PSP] was purchased from
Sigma-Aldrich (Milwaukee, WI). Poly(allylamine hydrochloride) (Mw ~ 15,000 g mol™)
[PAAm hydrochloride] was purchased from Beckmann-Kenko (Bassum, Germany) and
used as received. Citric acid monohydrate and sodium citrate dihydrate were purchased
from Sigma-Aldrich and used to make buffer solutions. I M NaOH made from pellets
(anhydrous; reagent grade, > 98%), and 5 M HCI, made from concentrated acid (ACS
reagent, 37%), both purchased from Sigma-Aldrich, were used to adjust the pH of the
deposition and treatment solutions. All individual solutions were prepared with 18.2 MQ

cm deionized water.
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4.2.2 Preparation and Deposition of PEC Coating

PAAm and PSP were found to be stable in the same suspension at pH > 12. Below
this pH, the polyelectrolytes associate and flocculate from the suspension. The pKa of
PAAm is 8.7, so its amine groups are largely unprotonated and the polyelectrolyte has

[184] Under these conditions there are only weak

very little positive charge and pH 12.
interactions between PAAm and polyphosphate, allowing for a stable polyelectrolyte
suspension to form. In order to achieve high weight gain with a single dip, the PEC
solution contained high polymer concentrations. PEC coating solutions were prepared
using a 7:12 ratio of PAAm hydrochloride to PSP (near equimolar proportion of the two
polymers by monomer units). The PEC suspension was prepared with 9.2 wt% PAAm
hydrochloride and 15.8 wt% PSP (25 wt% solids in water). PAAm hydrochloride was
dissolved in water, while an equimolar amount of NaOH was added to neutralize the
hydrochloride. PSP was dissolved in a separate solution. The two solutions were added
together and stirred vigorously to generate a pearlescent suspension. The pH of the stable
suspension was ~12. Medium and low concentration PEC suspensions were prepared
according to the same procedure using lower polyelectrolyte concentrations. Medium
concentration consisted of 7.4 wt% PAAm hydrochloride and 12.6 wt% PSP (20 wt%
solids), while low concentration consisted of 5.5 wt% PAAm hydrochloride and 9.5 wt%
PSP (15 wt% solids).

PECO fabric was dipped in a PEC solution for 30 s immediately after preparation.

Fabric was then squeezed and hung to dry in a 70 ‘C oven for 1 h prior to buffer treatment.

A pH 4 buffer solution was prepared using 100 mM citric acid/sodium citrate. Coated
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PECO was treated by soaking in 300 mL of the buffer solution for 5 min. The acidic
environment of the buffer treatment protonated the PAAm contained in the coating. The
positively-charged PAAm then strongly complexed with the anionic polyphosphate,
forming an insoluble complex. The fabric was then rinsed vigorously in water to remove

citrate and free polymer, then dried at 70 °C for 2 h prior to testing.

4.2.3 Layer-by-Layer Assembly

The LbL assembly of PAAm/PSP films was modified from an earlier literature
procedure.!®”1 2 wt% PSP and 1 wt% PAAm hydrochloride solutions, both at pH 4, were
prepared with deionized water (18.2 MQ-cm) as separate deposition solutions. Multilayer
nanocoatings were deposited on PECO fabric by dipping into the polyelectrolyte solution,
alternating between cationic PAAm and anionic PSP, with each cycle corresponding to
one bilayer (BL). The first dip into each mixture was for 5 min, beginning with cationic
poly(allylamine). Subsequent dips were for 1 min each. Between dips, the fabric was
wrung and rinsed in deionized water to remove excess polymer. After the desired number

of bilayers were reached, the fabric was hung to dry for 2h at 70 °C prior to testing.

4.2.4 Characterization

The X-ray photoelectron spectroscopy and scanning electron microscopy
methodology used in this study was described in Chapter 3 (Section 3.2). Elemental
analyses were performed by Midwest Microlab LLC (Indianapolis, IN).

Thermal stability of uncoated and PEC-coated cotton fabric (approximately 30 mg)

was evaluated in triplicate using a Q-50 thermogravimetric analyzer (TGA; TA
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Instruments, New Castle, DE), under a controlled heating ramp of 20°C min', from
ambient temperature up to 600°C, with a sample purge flow of 60 mL s! air and a balance
purge flow of 40 mL s! nitrogen. Fabric samples were cut into 3 x 12 in. strips that were
vertically hung in a metal clamp within a model VC-2 vertical flame cabinet (Govmark,
Farmingdale, NY) and vertical flame testing was performed according to ASTM D6413-
08. All fabric was run in triplicate for microscale combustion calorimetry at a 1°C sec™!
heating rate, from 150-550 C, using method A of ASTM D7309 (pyrolysis under nitrogen)
at the University of Dayton Research Institute (Dayton, OH). Home laundering was
performed according to AATCC 135, however the water temperature was 30 °C using a
Samsung 4 cubic foot top-load washer (purchased at Home Depot, College Station, TX).
Coating durability was also tested by refluxing 5 g (9 x 4 in.) of fabric in 400 mL of water

for 8 h.

4.3 Results and Discussion
4.3.1 Flame Retardant Behavior

Polyester-cotton blended fabric was coated with poly(allylamine)-polyphosphate
complexes of varying concentration in water. Similar to earlier reports of flame retardant
complex coatings,!®!83] sufficient weight gain on fabric was achieved with very few
processing steps. High concentration polyelectrolyte complexes (HPEC) achieved the
highest average coating weight gain of 17.9 wt%. Low and medium concentration
complexes (LPEC and MPEC) achieved weight gain of 8.7% and 13.7%, respectively.
These coatings maintained the whiteness of the fabric, although there was some increase

in fabric stiffness. For direct comparison to multilayer coatings, PAAm/PSP multilayers
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were applied to PECO fabric using LbL assembly adapted from the procedure reported by
Li et al.l®” Fabric was alternately dipped into cationic PAAm and PSP solutions until the
desired number of bilayers were deposited. 20, 25, and 30 BL achieved coatings of weight
gain 12.3, 17.2, and 22.2%, respectively. Weight gain and vertical flame test results for all

PECO samples are summarized in Table 4.1.

Table 4.1. Vertical flame test results of coated and uncoated PECO fabric.
Coating Sample Wt gain (%)  Afterflame Char length Residue

system (s) (in.) (Wt%)

Control - - 14+2 consumed 45+2
20BL  12.3+0.6 10+4 entire sample 75+ 4

LbL 25BL  17.2+1.1 10£3 entire sample 73 +5
30BL 222+0.8 <1 6.3+0.2 95+3
LPEC 8.7+0.2 2043 entire sample 61 + 4

PEC MPEC 13.7+0.3 inconsistent  inconsistent inconsistent
HPEC 17.9+0.6 <1 6.3+£0.8 94 +2

The flame retardancy of LbL and PEC coatings was evaluated with vertical flame
testing (VFT). Uncoated control fabric ignited and was almost completely consumed in
an average of 14 s, leaving 45% residue from melted remains at the sides, with no visible
charring. Both polyelectrolyte coating systems showed improved VFT performance by an
evident charring mechanism. 20 and 25 BL PAAm/PSP coatings were able to produce
significant char residue. 30 BL achieved sufficient weight gain (22.2%) to cause PECO to
self-extinguish during burn testing, yielding a 6.3 inch char length. PEC coatings on PECO
performed significantly better than the LbL coatings, with lower coating weight needed to

impart self-extinguishing behavior. MPEC was able to inconsistently self-extinguish with
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only 13.7% coating weight, suggesting this was a borderline weight for effective flame
retardancy. HPEC and 25 BL LbL coatings had the same weight gain (17%), but
polyelectrolyte complex (deposited in just two steps) consistently self-extinguished, while
the 25 BL fabric burned over the entire sample.

To further investigate the flame retardancy of the coatings, pyrolysis-combustion
flow calorimetry (PCFC) was used to obtain the heat release rate (HRR) of uncoated, PEC
and LbL FR fabrics. HPEC and 25 BL coatings result in similar weight on PECO and both
reduce the total heat release (THR) of the fabric by 30%, as shown in Figure 4.2. This is
due to the coatings’ ability to promote the formation of char, reducing the amount of
flammable material available for pyrolysis and heat release. Although both systems have
the same reduction in THR, HPEC shows a greater reduction in peak HRR. The peak heat
release rate is a measure of the maximum rate at which fabric releases heat during a fire.
This released heat continues the combustion cycle, propagating fire (i.e., greater peak
HRR correlates to greater material flammability). In addition to reducing the peak HRR,

both coating systems decrease the temperature at which these peaks occur.
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Figure 4.2. Heat release rate as a function of temperature for uncoated fabric and PECO
coated with 25 PAAm/PSP bilayers or high concentration polyelectrolyte complex, as
measured by pyrolysis-flow combustion calorimetry.

This earlier decomposition temperature is actually desirable, because it changes
the decomposition pathway of the fabric. The first peak for uncoated PECO (Figure 4.2)
corresponds to cotton decomposition at 392°C, while the larger second peak is from
polyester (at 461°C). The HPEC coating reduces the peak HRR of cotton by 78% and the
peak HRR of polyester by 31%, both of which are greater reductions than those achieved

by the 25 BL coating at 45% and 19%, respectively.

Table 4.2. Pyrolysis-combustion flow calorimetry results for uncoated and coated PECO
fabric.

Coating Wt gain (%) PCFC VFT (Table 1)
System pHRR (W g THR (kJ g
Control - 170 at 392°C 15.6 £0.1 burned
294 at 461°C
25 BL 172 +£1.1 93 at 322°C 11.0£0.1 burned
237 at 423°C
HPEC 179 £ 0.6 38 at 334°C 10.9+0.2 self-
203 at 438°C extinguishing
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Scanning electron microscopy was used to visualize the PAAm/PSP coatings on
the polyester-cotton fabric, as shown in Figure 4.3. The micrographs of both systems
(HPEC and 25 BL) look very similar owing to their similar weight. Layer-by-layer
deposition produces a conformal coating on the polyester-cotton fibers, maintaining the
overall weave structure. Low solution concentration (< 2 wt% polyelectrolyte), and rinsing
between layers, minimizes polyelectrolyte aggregation and fiber bridging with the LbL
process. This process affords higher-quality nanocoatings, but requires a large number of
processing steps (over 100 for 25 BL). The HPEC-coated fabric has a few more aggregated
particles (Figure 4.3), but appears nearly as good as the LbL-coated fabric and requires
only two processing steps. SEM micrographs of the char after VFT testing (bottom images
in Figure 4.3) show that both FR coating systems preserve the weave of the fabric.
Evidence of a bubbled intumescent charring mechanism can be observed in the char

residues. Polyester can be observed as melted residue surrounding the fibers.

Uncoated control 25BL HPEC

Char after vertical
flame testing

Figure 4.3. SEM micrographs of coated and uncoated PECO fabric.
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Durability of the polyelectrolyte complex coating was demonstrated by laundering
with detergent. No appreciable weight loss was observed for HPEC-coated PECO after
five home-laundering cycles with ionic detergent. Additionally, much of the original
softness and flexibility of the fabric was restored. After five home launderings, the
samples were still able to self-extinguish during VFT, with a char length of 6.2 + 0.6 in.
and 90% residue. HPEC-coated PECO also maintained its flame retardant behavior after
8 h in boiling water. Although not fully understood, HPEC-coated fabrics lost on average
1.6 £ 0.1 wt% after boiling, but VFT performance improved, resulting in an average char
length of 5.0 = 0.8 in. Figure 4.4 shows HPEC coated fabric after vertical flame testing
and washing. This is the first FR polyelectrolyte coating to show such impressive wash-
durability on fabric, likely due to the insolubility of the polyelectrolyte complex, even at

high solution pH.[®!]

Figure 4.4. Representative VFT results of HPEC coated PECO fabric: (a) unwashed, (b)
after five home launderings, and (c) after 8 h in boiling water.
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4.3.2 Coating Composition

Although both 25 BL and HPEC coatings have the same weight, the difference in
FR performance is likely due to differences in composition. Phosphorus and nitrogen
concentration are indicative of the amount of polyphosphate and PAAm in the coating,
respectively. These concentrations were determined by elemental analysis and revealed
differences between the two coating systems. A polyelectrolyte complex obtained from
the simple mixing of dilute PSP and PAAm solutions (both at pH 4), had a molar
phosphorus-nitrogen ratio (P/N) of 0.93, close to what would be expected for charge-
neutral stoichiometric complexation (P/N = 1). HPEC-coated fabric had a P/N ratio of
0.74, which is a stoichiometric excess of PAAm units and in agreement with a prior study
of complexes containing polyethylenimine and polyphosphate.!'83] This suggests the
protonation of PAAm in the HPEC coating during buffer treatment was incomplete. In
contrast, the P/N ratio of the LbL film was 1.26, indicative of a stoichiometric excess of
polyphosphate, likely due to from incomplete charge neutralization during polymer

adsorption.['3?] Table 4.3 summarizes elemental analysis of these systems.

Table 4.3. Elemental analysis of flame retardant coatings.

Phosphorus Nitrogen P/N Na/C
(Wt%) (Wt%) (mol/mol)
25 BL 3.11 £0.08 1.11 £0.04 1.26 £0.01 8.87 x 107
HPEC 2.85+0.08 1.74 £0.12 0.74 £ 0.03 4.90 x 107
From solution 17.38 +£0.04 8.45£0.01 0.93 £0.00 -
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Polyphosphate in the films phosphorylate the C(6) unit of the glucose monomer,
preventing cellulose pyrolysis and promoting char formation. As the active flame retardant
ingredient, it is often proposed that higher phosphorus content leads to a greater FR
effect.l¢7133] This makes the poorer flame retardant performance of the 25 BL system
unexpected, given its greater phosphorus content relative to the self-extinguishing HPEC-
coated PECO. While polyphosphate may function as an acid source for char formation
during burning, it may function most efficiently when its surrounding environment
contains protons. The availability of protons allows the polyphosphate to decompose into
phosphoric acid, the charring catalyst in a fire. The FR performance of two polyphosphates
with different counterions, ammonium (APP) and sodium (PSP), provides a useful
demonstration of this concept. The protons available from the ammonium counterion
allow APP to decompose at 150 °C, while aprotic PSP is stable all the way up to 500 °C..

When these polyphosphates were adsorbed on PECO fabric by wet pickup, similar
weight gains were obtained (17%), but APP outperformed PSP as a flame retardant during
VFT. PECO fabric coated with APP was able to self-extinguish, while PECO coated with
PSP only left 33% char residue. Polyphosphate on the PSP-coated PECO has no available
protons during burning. In contrast, the APP readily decomposes through the
deprotonation of ammonium. In the case of the LbL and PEC films, the protonated amines
of PAAm are an effective source of these protons for polyphosphate decomposition. The
excess of PAAm in the HPEC coating means there are enough available protons to
decompose polyphosphate completely, leading to more efficient char formation. The 25

BL films have a P/N ratio of 1.26, so there is only enough PAAm available in the film to
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protonate (at maximum) 79% of the polyphosphate units. The negative charge of the
excess polyphosphate is neutralized by sodium ions, as suggested by the atomic
composition determined by X-ray photoelectron spectroscopy (XPS). The sodium-carbon
atomic ratio (Na/C) is much higher for 25 BL (8.87 x 107) than it is for
PAAm/polyphosphate HPEC (4.90 x 107%). The excess positive charge expected for the
HPEC film may be neutralized by the negative surface charge of the cotton or residual

citrate. No chloride was detected by elemental analysis in any of the films.

4.4 Conclusions

Polyester-cotton fabric was rendered flame retardant with a stable polyelectrolyte
complex of poly(allylamine) and polyphosphate, which formed a wash durable coating. In
addition to having far fewer processing steps than a multilayer coating using the same
polymers, the PEC exhibited improved flame retardancy when adjusted for weight gain,
owing to its higher nitrogen content contributing to the strong charring of the system. The
high concentration complex was able to successfully maintain the whiteness and
microscopic weave of the fabric, while also maintaining the hand after washing. With only
17.9% weight gain, HPEC-coated PECO was able to self-extinguish in VFT and reduce
the peak HRR by 78% and 31% for the cotton and polyester, respectively. After five home
launderings with detergent, this coated fabric maintained its flame retardant behavior,
which is the first time wash resistance has been demonstrated for these polyelectrolyte
complex coatings. This water-based process provides a powerful framework to apply

durable films to textiles of high commercial interest.
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CHAPTER V
POLYELECTROLYTE COACERVATES DEPOSITED AS HIGH GAS BARRIER

THIN FILMS

5.1 Introduction

Optically transparent, flexible thin films that provide high oxygen barrier are
highly desirable for applications such as pressurized systems, food packaging and
protection of flexible electronics.[”>!83 Prevailing technologies, such as SiOx and AlOy
thin films, provide a relatively impermeable layer to oxygen, but tend to have poor

g 1361871 Multilayer films

adhesion, flexibility and require costly vacuum-based processin
deposited from water using layer-by-layer (LbL) assembly have shown extraordinarily
low oxygen permeability and are of high interest due to their robustness, tailorability and

[24,27,29,30,188

ease of fabrication. I Despite all of the advantages associated with LbL

assembly, the large number of processing steps remains a considerable challenge for

commercial use.[!-1#]

In order to apply films composed of oppositely-charged
polyelectrolytes to substrates using just one or two deposition steps, solutions containing
polyelectrolyte complexes (PECs) can be employed.[66:141:166.1831 PECs are formed by the
entropy-driven association of oppositely charged polyelectrolytes in water and can exist
as stable colloids, flocculants, or metastable coacervates.['**13%181711 Governed by
conditions such as pH and ionic strength, PEC coacervation is marked by a liquid-liquid

phase separation, where a polymer rich coacervate phase is in equilibrium with a polymer

poor solution phase. PEC coacervates are composed of weakly bound polyelectrolytes,
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and have viscous liquid-like behavior that can be exploited to quickly apply them as thin
films [133:168,190-192]

This chapter describes polyelectrolyte coacervates applied to substrates using
Meyer rod coating (a common type of blade coating),!'** in an effort to quickly fabricate
thin oxygen barrier films in a single step. The Meyer rod is drawn across a substrate,
doctoring off coating fluid, using formed or wired grooves to deposit a specific wet film
thickness. The coating fluid used for this process must have sufficient viscosity to resist
dewetting and contain enough polymer to deposit a uniform layer. A polyelectrolyte
complex coacervate suitable for the Meyer rod process was formulated by controlling the
ionic strength of aqueous solutions containing two oppositely charged weak
polyelectrolytes, cationic polyethylenimine (PEI) and anionic polyacrylic acid (PAA).
These two polymers had been previously reported to exhibit high oxygen barrier when

(241 and were successfully adapted to the present PEC coating

assembled layer-by-layer,
process as shown in Figure 5.1. After coating using a Meyer rod, the electrostatic
interaction of the polyelectrolytes was increased by exposure to acidic buffer that produces
an insoluble thin film. The oxygen permeability of the film was further improved by
exposure to high humidity and thermal crosslinking. This simple and powerful technique

adapted a highly effective multilayer coating to a process that is much more amenable to

conventional coating techniques.
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Figure 5.1. Schematic of the coacervate coating process. In the first step, (a) both
polyelectrolytes are mixed together in a single suspension to form (b) dilute and
coacervate phases. The coacervate phase is decanted and used for the (c) rod coating
process to form the wet PEC film.

5.2 Experimental
5.2.1 Materials

Branched polyethylenimine (My = 25,000 g/mol, p=1.10 g/cm?) was purchased
from Sigma-Aldrich (St. Louis, MO) and used as a 0.1 wt% DI water solution. Natural
sodium montmorillonite clay (trade name Cloisite NA+), provided by Southern Clay
Products, Inc. (Gonzales, TX), was dispersed as a 1 wt% suspension in deionized (DI)
water by rolling in bottles overnight. MMT platelets have a reported density of 2.86 g/cm?,
diameter ranging from 10-1000 nm, and thickness of 1 nm.!'*¥ Zeta potential of MMT
suspensions was measured with a Zeta Phase Angle Light Scattering (ZETA PALS)

instrument (Brookhaven Instruments Corporation, Holtsville, NY).

55



5.2.2 Preparation of Polyelectrolyte Suspensions

All aqueous solutions were prepared with 18.2 MQ-cm deionized water. The pH
of individual 20 wt% solutions of PEI and PAA were adjusted to 8.0 using 5 M HCI and
NaOH, respectively. After achieving pH 8.0, the solutions were diluted to 10 wt% polymer
and the pH was adjusted to 8.0 again. The PEC suspensions were prepared by taking equal
volumes of the two solutions and adding sodium chloride to achieve the desired
concentration NaCl. PEI was added dropwise to the PAA while stirring vigorously. A
solution pH of 8 was used because it reduced localized flocculation during mixing relative
to lower pH processing. The suspensions were stirred for 10 min and then allowed to sit
for 1 h. Coacervates and solutions were “annealed” in an oven for 2 h at 70 °C prior to

characterization.

5.2.3 Fabrication of Coacervate Coatings

PEI/PAA coacervate prepared using 1.0 M NaCl was separated from the dilute
phase by pipet. PET substrates were corona treated immediately before coating. Silicon
and PET substrates were mounted on glass and coacervate fluid was deposited using a #2
Meyer rod from R.D. Specialites (Webster, NY). The rod was 0.5 in. in diameter, 16 in.
long and had an “equivalent wire diameter” of 0.05 mm. The substrate was then dipped in
100 mM citric acid/citrate buffer for 1 min, followed by spraying with water to rinse and
drying with a stream of filtered air. Humidity post-treatment involved placing the film in
a chamber with humidity varying from 93 -97% for 12 h. Thermal crosslinking was done
by placing films in an oven at 150 °C for 2 h. All films were stored in a drybox for 24 h

or more prior to characterization.
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5.2.4 Characterization

Film thickness was measured as a function of bilayers deposited with a P6
profilometer (KLA-Tencor, Milpitas, CA). Film thickness was measured on silicon wafers
with a P-6 profilometer (KLA-Tencor, Milpitas, CA). Surface morphology was imaged
using a JSM-7500F FESEM (JEOL, Tokyo, Japan). Prior to imaging, each film was
sputter coated with 5 nm of platinum/palladium to reduce surface charging. Atomic force
microscopy was done using a Bruker Dimension Icon AFM. All mapping measurements
were conducted under ambient conditions (24 °C, 45% RH) using tapping mode. Oxygen
transmission rate measurements were performed by MOCON (Minneapolis, MN) using
an Oxtran 2/21 ML oxygen permeability instrument (in accordance with ASTM Standard
D-3985) at 23 °C and at 50% RH. Viscosity (1) was measured using an AR G2 Rheometer
(TA Instruments, New Castle, DE) using a 40 mm, 2° steel cone. Shear-stress experiments
were performed at 25 °C over frequency range 1-100 Hz. Transmittance of PEC films was

measured using a USB2000 UV-Vis spectrometer (Ocean Optics, Dunedin, FL).

5.3 Results and Discussion

The When polyelectrolyte complexes are formed, there is a large entropic driving
force as small bound counterions are excluded and released into solution (Figure 5.2a).
The addition of salt to the solution inhibits this counterion release, and also increases the
ionic strength of the suspension, softening the electrostatic interactions of the

1921 The effect of salt concentration on the complexation of the polyelectrolytes

polymers.!
was studied by varying the concentration of sodium chloride in PEI and PAA solutions

before mixing them together. In a range of 0 to 0.25 M NaCl, PEI and PAA strongly
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associate into larger networks and form a macroscopic precipitate that is unsuitable for the
rod coating process. At concentrations of 1.50 M and above, the ionic strength is high
enough for PEI and PAA to be dissolved as individual chains, creating a true solution of
polyelectrolytes. Coacervation is achieved at intermediate NaCl concentrations (0.50 —
1.00 M), where phase separation of the polymer-rich coacervate layer and a polymer-poor
dilute layer is observed. Samples of varying salt concentration 1 h after mixing are shown
in Figure 5.2b. To further coalesce microphase droplets and better identify which
suspensions phase separate, both the solutions and coacervates were “annealed” for 2 h at
70 °C, resulting in optically transparent phases. All coacervate phases were decanted for

further characterization.

(b) oM 0.25M 0.50 M

sediment coacervate solution

Figure 5.2. Schematic of (a) polycation and polyanion associating to form a
polyelectrolyte complex as small counterions are driven into solution. (b) Photograph of
polyethylenimine and polyacrylic acid suspensions one hour after mixing at various
concentrations of sodium chloride. All solutions were pH 8.0 and contained 10 wt%
polymer with a 1:1 weight ratio of PEI to PAA.
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Rheology was performed on the PEI/PAA solutions as well as the lower salt
concentration coacervate phases to determine which PEC sample was suitable as the
coating fluid for Meyer bar coating. Figure 5.3 shows the viscosity of coacervate phases
at varying NaCl concentration. The free chain polyelectrolyte solutions (1.25 — 1.50 M
NaCl) have viscosities much lower than those of the coacervates (0.50 M- 1.0 M NaCl),
where there is stronger interaction between polymer chains. The viscosities of the free
chain polyelectrolyte solutions were considerably higher than water, indicating critical
overlap concentration was achieved.!'””! To achieve a Meyer rod coating with minimal
defects, the viscosity of the fluid should be high enough to resist secondary flows induced

[193.196] The coacervate suspensions are suitable

by dewetting and surface tension.
candidates for these coatings as they remain within the range of viscosity suitable for the
Meyer rod technique (300 — 800 mPa-s).['”) The complex coacervate with 1.0 M NaCl

was used for the gas barrier film because its viscosity remains suitable over a wide range

of shear rates (0.2 — 100.0 s™).
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Figure 5.3. Viscosity of PEC suspensions as a function of sodium chloride concentration,
measured at a shear rate of 1 s'. Viscosity measurements of 0.50 - 1.00 M NaCl
suspensions were determined from the lower coacervate phase.

After separating from the top dilute phase of the polyelectrolyte complex, the
coacervate prepared with 1.0 M NaCl was applied to substrates using a hand drawn rod
(Figure 1c). The PEC film was then dipped in water to extract sodium chloride, allowing
the polyelectrolyte chains to more strongly associate and solidify the complex. Because
the polyelectrolyte coacervate is above critical overlap concentration, the complex
solidifies into a coherent film rather than individual colloidal particles.['®8] Subsequent
spray rinsing appeared to erode the film and there was noticeable undesirable stickiness,
likely due to the incomplete ionization of PEI at pH 8 in the film. When PEI is not
completely protonated, there are less ammonium groups to ionically bond with the

carboxylate ions of PAA.
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After rod coating, the films were immersed into citric acid/citrate buffer solutions
at pH 6, 4, and 2 to fully protonate PEI, which improved its association with PAA. In
addition to improving the film’s durability to rinsing, acid buffer treatment produces

(18] which prevents gas molecules from moving aside

higher cohesive energy density,
polymer chains.['*” Spray rinsing removed buffer, persistent salt and excess polymer and
the films were finally dried by a stream of air. PEC films on silicon, treated by pH 6 buffer,
were depleted in some areas and coatings treated at pH 2 could not remain adhered after
spray rinsing. Using pH 4 buffer proved to be the most effective treatment and produced
highly conformal films, with average thickness of 1.63 = 0.09 um.

Scanning electron micrographs of pH 4 treated PEC films reveal a considerable
amount of porosity (Figure 5.4a). Furthermore, atomic force microscopy (AFM) reveal
pores spanning the thickness of the film, inhibiting the film’s ability to reduce gas
permeability. These pores likely arise from the fast evaporation of water from the film
during air drying and are not present in films assembled layer-by-layer. Pores are
eliminated by a 12 h exposure to 95% humidity. Water acts as a plasticizer, allowing
polymer to fill the coating’s pores. Both SEM and AFM of humidity-treated films reveal

very smooth coatings (Figure 5.4d-f). Roughness of treated films was reduced two orders

of magnitude (from 395 nm to 2.60 nm) and thickness increased to 1.91 £ 0.08 um.
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Figure 5.4. Scanning electron micrographs (top), atomic force micrographs (middle), and
3-dimensional topography maps for pH 4 treated polyethylenimine/polyacrylic acid
coacervate deposited films (bottom) before (left) and after (after) humidity post-treatment.
Film thickness was 1.63 £ 0.09 um before post-treatment and 1.91 + 0.08 pum after
humidity exposure.

Although unsuccessful on silicon, PEC films treated by pH 2 and 6 buffer were
successfully deposited on poly(ethylene terephthalate) [PET], along with pH 4 treated
films. pH 4 and 6 treatments resulted in hazy films, with visible light transmittance of 14
and 11%, respectively. Films treated with pH 2 buffer were completely opaque (3% visible
light transmittance). Figure 5.5 shows that pH 4 treatment results in the best oxygen barrier
on PET, reducing the oxygen transmission rate (OTR) of 0.127 mm thick PET from 9.51
to 1.46 cm?/(m?-day-atm). Humidity treatment of the PEC coating reduced the porosity of

the film, marked by the elimination of coating haziness (98% transparent), resulting in

62



further reduction of OTR to 0.384 cm?®/(m?-.day-atm). An even further reduction in OTR
resulted with thermal crosslinking of the humidified film, achieving an OTR of 0.08
cm?/(m?-day-atm). Thermal crosslinking bonds the PEI to PAA, creating amide bonds.

(2001 no contraction was

Unlike an earlier study incorporating thermal crosslinking,
observed here, with the film maintaining a thickness of 1.99 + 0.06 pm. It is likely that
crosslinking reduces swelling during OTR testing, resulting in lower free volume and

permeability. Oxygen barrier testing was done at 50% relative humidity and 23 °C

according to typical indoor conditions.*%!]
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Figure 5.5. Oxygen transmission rate (measured at 50% relative humidity) of 0.127 mm
PET without a coating and coated with a PEI/PAA coacervate treated with varying pH
buffer and post-treatments.

The rod coating of polyelectrolyte coacervate suspensions provides a framework
in which multi-polyelectrolyte films can be deposited in a single step. With this technique,
it is likely that many of the multilayer gas barrier coatings reported in the literature can be
more quickly and simply deposited. By altering salt concentration, coacervates of

sufficient viscosity can be formed to resist fluid flow and the film can be cured by using
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an appropriate pH buffer. Post-treatments of the film improved the oxygen barrier
enormously by combining humidity and crosslinking treatments, these PEC-based films
provided PET with a two order of magnitude reduction in oxygen transmission rate, while
also achieving optical transparency. Although unable to match the super barrier of layer-
by-layer deposition of PEI and PAA,>¥ the significant reduction in processing steps
afforded by coacervate coating should make this a useful industrial opportunity for a
variety of packaging applications. This environmentally benign process offers the

opportunity for scalable, low cost barrier films.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK*f

6.1 Improvements on Gas Barrier Thin Films

This dissertation described several novel coating methods to deposit functional
thin coatings from single-suspension stable polyelectrolyte complexes. Immersion
deposition was successfully employed to deposit flame retardant nanocoatings onto cotton
and polyester-cotton and rod-coating was used to successfully deposit a highly effective
oxygen barrier on PET. All coatings were sol-gel processes that used the solution-
dependent phase behavior of PECs to effectively stabilize them as well as solidify them
post-deposition. Existing functional coatings assembled layer-by-layer can be adapted to
the PEC-coating process described in this dissertation. Using this technique, flame
retardant and high gas barrier films that are more easily processed and commercially

viable can be achieved.

*Reprinted with permission from Haile, M.; Fincher, C.; Fomete, S.; Grunlan, J. C. Water-
soluble polyelectrolyte complexes that extinguish fire on cotton fabric when deposited as
pH-cured nanocoating. Polym. Degrad. Stab. 2015, 60-64. Copyright 2015 Elsevier.

"Haile, M.; Leistner, M..; Sarwar, O.; Henderson, R.; Grunlan, J. C. A wash-durable
polyelectrolyte complex that extinguishes flames on polyester—cotton fabric. RSC Adv.
2016, 33998-34004. Copyright 2016 Royal Society of Chemistry.
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6.1.1 Water-soluble Polyelectrolyte Complexes that Extinguish Fire on Cotton Fabric
when Deposited as pH-Cured Nanocoating

It was shown in Chapter III that a OnePot mixture consisting of polyethylenimine
and poly(sodium phosphate) imparts self-extinguishing behavior to cotton in a single step.
This nanocoating maintains the fabric's weave structure by conformally coating individual
fibers. Appreciable weight gain (23%) is achieved with just a single 30 s immersion in the
WPEC suspension. Treatment of this coating with acidic buffer further renders it insoluble
in water and durable to rinsing. Uncoated cotton is readily consumed during vertical flame
tests, while OnePot-coated fabric, followed by buffer treatment of pH 5 or lower (16.5%
weight gain or less), self-extinguishes through an intumescent mechanism. Microscale
combustion calorimetry reveals a total heat release reduction of 88% and peak heat release
rate reduction of 81%. This work demonstrates the ability of a WPEC nanocoating to

prevent ignition of cotton fabric with few processing steps and relatively low weight gain.

6.1.2 Wash-Durable Polyelectrolyte Complex that Extinguishes Flame on Polyester-
Cotton Fabric

To demonstrate the versatility of fire suppressing PEC coatings, Chapter IV
describes application to polyester-cotton fabric, a commercially prevalent, but highly
flammable textile. Treatment of this one-step coating with an acidic buffer (technically a
second step) yields a nanocoating capable of extinguishing flames on PECO during
vertical flame testing, outperforming a similar multilayer coating assembled layer-by-
layer. Pyrolysis-combustion flow calorimetry revealed a total heat release reduction of

30% for PECO coated with 18 wt% PEC. The coated fabric also exhibited a 78% and 31%
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reduction in peak heat release for cotton and polyester, respectively. In addition to
stopping fire, this coating is durable to five home laundering cycles and eight hours in
boiling water without losing any flame retardant activity. Although microscopy revealed
identical structures in LbL and PEC coatings, elemental analysis revealed a difference in
composition. The PEC coating showed greater flame retardancy than layer-by-layer
assembled coatings using the same ingredients, while also greatly reducing the number of

processing steps, making this a promising treatment for commercial fabric protection.

6.1.3 Polyelectrolyte Coacervate Gas Barrier

A rapid method of depositing oxygen barrier PEC coatings, consisting of
polyethylenimine and polyacrylic acid, was explored in Chapter V. Coacervate
suspensions of the two polymers were prepared using sodium chloride to alter stability
and suspension viscosity. Coatings were successfully rod-coated onto PET and solidified
using a combination of low pH and ionic strength. One such coating, treated with humidity
and thermal cross-linking, successfully reduced the oxygen transmission rate of PET by a
factor of 120. PEC-coatings providing high gas barrier suggests this technique can

generate films with other desirable properties.

6.2 Future Research Direction
6.2.1 Single Suspension Clay Deposition
Previous studies have suggested that the multi-step depositions of LbL assembly

[29,30,78,94,202

is necessary for the proper alignment of clay. I This alignment allows for a more

tortuous path, reducing the permeability of gas molecules. Breu and coworkers reported
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the deposition of a clay-polyurethane film using doctor-blading of an organically-
functionalized montmorillonite suspension.!?’!] These clay platelets were highly aligned
due to the high shear applied by blade coating. Simple dyring of graphene oxide in a
polyelectrolyte complex showed that the platelets in the film were highly aligned after
drying.!'®! These results suggest that alignment of impermeable platelets in a film may be
possible without layer-by-layer deposition. Aligned coatings may be attained by
suspensions of anionic clay and polycations cast onto a substrate and then complexed
using low pH or low ionic strength solution. These films can provide high impermeability

to gas using far fewer processing steps than existing multilayer clay-polymer thin films.

6.2.2 Stretchable Gas Barrier Interpolymer Complexes

The PEI/PAA films presented in Chapter V provide excellent gas barrier, but crack
under strain, making them unsuitable to reduce the gas barrier of elastomeric substrates.
Grunlan and coworkers have shown good stretchability while maintaining reasonable
oxygen barrier with films assembled by hydrogen bonding interactions.!?>2%* Using the
pH-controlled interpolymer complexation of hydrogen-bonding polymers, it might be
possible to deposit similar films in a few steps without the need for LbL assembly. Initial
experiments yielded poor films, likely due to the low solubility of H-bond accepting
poly(ethylene oxide), preventing the achievement of critical overlap concentration.

Shifting from rod coating to spray coating may yield better quality films.
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6.2.3 Conductive PEC films

Many reported LbL films incorporate conductive carbonaceous materials. Films
incorporating carbon nanotubes have been fabricated, with very low resistance and small
thickness.[##25207l Many of these LbL films require many layer to attain appreciable
thickness, which involves a latge number of processing steps. Some graphene oxide free-
standing films have been prepared by vacuum filtration,'**! but it would be desirable to
develop a continuous scalable process to deposit conductive polymer-nanoparticle films
from water. Multiwalled carbon nanotubes were dispersed in a PDDA/PSS coacervate by
sonication and were successfully deposited onto PET. Although these films showed
heating in microwave field, no appreciable electrical conductivity was observed by four-
point probe testing. The coacervate suspension has very high polymer concentration (> 10
wt%) while likely only achieving less than 0.1 wt% suspended nanotubes. By lowering
the polymer concentration to less than 1 wt% and using a true solution instead of
coacervate suspension, higher carbon nanotube loading can be attained and high
conductive may be achieved. The viscosity of such a suspension will be too low for

drawdown technique so spray-coating can be used.
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APPENDIX A
ALUMINUM HYDROXIDE MULTILAYER ASSEMBLY CAPABLE OF

EXTINGUISHING FLAME ON POLYURETHANE FOAM*

A.1 Introduction

An average of 2500 people died each year in home fires in the United States, from
2008 to 2012, according to the National Fire Protection Association.!!!*2%) The prevalence
of polyurethane (PU) foam (commonly found in furniture, bedding, and packaging)
provides fuel for these fires. Due to its chemical structure, high surface area, and high
permeability to air, PU foams are highly flammable and often require the use of flame

retardant (FR) additives, with organohalogen compounds being the most commonly

44,210

used.! | Although halogen-containing flame retardants have been effective in reducing

fire-related deaths and property damage, concerns over their potential threat to the

environment and human health have prompted efforts in finding safer alternatives. [+

Layer-by-layer (LbL) assembly has proven to be an effective method to impart

31,49,51,54-56,211-213]

non-halogenated FR coatings on PU foam,! as well as other flammable

n’[59,62-64,67,214 1,1’[21,70,71

materials such as cotto Inylo l'and polyester fabric.’>2 LbL involves

alternate adsorption of positively and negatively-charged polyelectrolytes from aqueous

* Reprinted with permission from “Aluminum hydroxide multilayer assembly capable of
extinguishing flame on polyurethane foam” by Haile, et. al, 2016. Journal of Materials
Science, 51, 375-381, Copyright 2016 by Springer.

90



solution.!"!82] These assemblies can be built from polymers,!!*-2*21521¢] nanoparticles.-!
or biomolecules!”!% to deposit thin films without altering the desired properties of the bulk
material.[?! Flame retardant (FR) nanocoatings, deposited layer-by-layer, are attractive due
to their water-based chemistry and ease of fabrication. A significant drawback of LbL
remains the number of bilayers (cationic and anionic layer pairs), necessary to build a film
of sufficient thickness to achieve the desired FR behavior, which increases processing time
and cost. LbL deposition of polymer-clay thin films on PU foam have shown tremendous
success with relatively few layers, and are able to maintain the structure of the foam after
burning (in addition to significantly reducing heat release rate).2!#%3*5557 Clay is a
passive flame retardant, functioning as an inflammable barrier to heat that protects the
underlying foam.[*!”]

Boehmite, an active FR mineral was recently paired with vermiculite clay, using

2121 Boehmite is able to release

LbL assembly, to effectively suppress flame on PU foam.!
water when decomposing at high temperature (over 450 °C), reducing the heat of its
surroundings and releasing an inert gas to dilute the flame. Unfortunately, much of
boehmite’s beneficial activity occurs at a higher temperature than the decomposition
temperature of PU foam (around 250 °C), which allows the foam to burn before the critical

#2181 The present work describes the dispersion and LbL

water release is achieved.|
deposition of aluminum hydroxide onto foam, which decomposes at a lower temperature
than bohemite, and releases more water per unit mass.?!”) Cationic polyethylenimine

(PEI) and anionic polyacrylic acid-stabilized aluminum hydroxide (PAA-ATH) were

alternately deposited on polyurethane foam. Only six PEI/PAA-ATH bilayers eliminate
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melt dripping, extinguish flame, and maintain structural integrity of PU foam upon
exposure to direct flame from a butane torch. This nanocoating (~ 1 um thick) reduces the
peak heat release rate (pHRR) of the foam by 64%. This novel FR treatment is deposited
under ambient conditions, uses environmentally-benign ingredients, and provides

effective fire protection for foam with fewer processing steps.

A.2 Experimental

Cationic branched polyethylenimine (M, = 25,000 g mol™!), anionic polyacrylic
acid solution (M, = 100,000 g mol, 35 wt% in water), sodium hydroxide pellets
(anhydrous) (reagent grade, > 98%), and nitric acid (red, fuming, HNO3; > 90%) were
purchased from Sigma—Aldrich (Milwaukee, WI). Aluminum hydroxide (Martinal OL-
111 LE) was purchased from Albemarle Corporation (Baton Rouge, LA). P-doped, single
side polished (1 0 0) silicon wafers (University Wafer, South Boston, MA), with a
thickness of 500 um, were used as substrates for profilometer thickness measurements.
Flexible, open-celled polyether-based 1850 polyurethane foam with a density of 1.75 Ibs
ft'! was purchased from Future Foam (High Point, NC).

All aqueous solutions were prepared with 18.2 MQcm deionized water. The pH of
0.2 wt% PEI was adjusted to 10.0 using 1 M hydrochloric acid, and the pH of 0.2 wt%
PAA was altered to 4.0 using 1.0 M sodium hydroxide. To prepare solutions of 0.2 wt%
PAA with 0.5 wt% ATH, the aluminum hydroxide was added to a solution of PAA and
the suspension was ultrasonicated for 30 min. The pH of the suspension was finally
adjusted to 4.0 for deposition. Foam was primed for deposition by soakinga 4 x 4 x 1 in.

piece in 1 wt% PAA for 30 s. The pH of this solution was adjusted to 2.0 using nitric acid
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prior to this deposition step. The nitric acid oxidizes the surface of the foam and
polyacrylic acid adsorbs by hydrogen bonding, giving the polyurethane a negative surface
charge. The foam was then coated layer-by-layer using alternating dips. Plasma-treated
silicon wafers and foam were dipped in the positively charged PEI solution for 5 min,
rinsed by a stream of deionized water, and then dried (foam was simply squeezed dry).
The procedure was followed by the same dipping, rinsing, and drying cycle in the anionic
solution (i.e. PAA with or without ATH). After the deposition of this initial bilayer (BL),
the same procedure was followed with 1 min PEI and 1 min PAA dip times for every
subsequent deposition until the number of desired layers was reached. Films were placed
in an oven for 1 h at 70 °C prior to characterization. The LbL procedure is depicted in Fig.
1. Each deposition was followed by dip rinsing in deionized water and wringing out to
remove excess polymer. The foam was dried for a minimum of 12 h in 70 °C prior to
testing.

Film thickness was measured on silicon wafers with a P-6 profilometer (KLA-
Tencor, Milpitas, CA). Thermal stability of uncoated and coated PU foam (approximately
20 mg) was evaluated using a Q-50 thermogravimetric analyzer (TA Instruments, New
Castle, DE), under a controlled heating ramp of 20 °C min !, from ambient temperature

up to 600 °C, with a sample purge flow of 60 mL s™!

air and a balance purge flow of
40 mL s ! nitrogen. Control and coated foam was exposed to the direct flame of a butane
micro hand torch (Model ST2200, Benzomatic, Huntersville, NC) for 10 s to provide a

visual demonstration of flame suppression. Cone calorimetry was performed on each foam

sample in triplicate at the University of Dayton Research Institute, using a FTT Dual Cone
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Calorimeter, with a 35 kW m™ heat flux and an exhaust flow of 24 L s’!, using a
standardized procedure (ASTM E-1354-07). Other thermal properties were measured
using a Q20 differential scanning calorimeter [DSC] (TA Instruments, New Castle, DE).
5-10 mg of foam was placed in an aluminum pan and scanned from 40 to 500 °C at a
heating rate of 5 °C min’'. Particle size and zeta potential of ATH particles were
determined by analysis of 0.1% ATH dispersions using a Brookhaven ZetaPALS

instrument (Brookhaven Instruments Corp., Holtsville, NY).

PAA-stabilized
ATH particle

Increasing
Bilayers

Figure Al. Schematic of layer-by-layer deposition of PEI/PAA-ATH bilayers on a
substrate.

A.3 Results and Discussion

Aluminum hydroxide [AI(OH)3] or ATH is known to be an effective flame
retardant filler for polymers.?1%2!) When exposed to heat in a fire, ATH degrades to
aluminum oxide, releasing water as an inert gas to dilute the flame [2 AI(OH); — ALO;
+ 3 H»O]. This decomposition also acts to cool the system, as the reaction is highly

219

endothermic, absorbing about 280 calories per gram of ATH.[?'” With a decomposition
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temperature of ~ 200 °C, it is an ideal flame retardant as a coating on PU foam, which is
a challenging substrate due to its low onset of degradation (= 250 °C).*!”) The key
challenge to incorporating ATH into an LbL coating is its low dispersibility in water. Even
when ultrasonicated in water, aluminum hydroxide settles out of solution. Zeta potential
measurements indicated the particles had an average zeta potential of -41.7 + 0.8 mV.
When ATH was ultrasonicated in the presence of PAA, a stable milky white suspension
was formed. ATH remained suspended in the PAA with no appreciable precipitation over
6 h. The negatively-charged poly(acrylic acid) chains likely adsorb to the surface of the
ATH particles, allowing the coated particles to disperse by mutual electrostatic repulsion.
(220 The zeta potential of the particles in dilute PAA was measured to be -60.9 = 2.1 mV.
The average diameter of the particles was measured to be 708 + 34 nm, using dynamic
light scattering. This somewhat large nanoparticle apparently requires a greater surface
charge to remain suspended.

Aluminum hydroxide nanoparticles were deposited onto polyurethane foam using
the LbL process, as depicted in Figure 1. The foam was alternately dipped in cationic PEI
and anionic PAA-ATH solutions until the desired thickness of the film was achieved.

Thickness of the multilayer assemblies as a function of the number of deposited
bilayers was measured with profilometry, as shown in Figure A2. Polyelectrolyte
multilayers with ATH (PEM-ATH) grow thicker with each bilayer compared to PEI/PAA
multilayer films without ATH (PEM). PEI/PAA is a particularly thick-growing system,
achieving greater than one micrometer of thickness with only 6 BL on silicon wafer.**

PEM-ATH was deposited onto polyurethane in an effort to determine the effect of ATH
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particles on its flame retardancy. 6 BL of PEM without ATH was deposited on foam as a
control. The weight of coating deposited was determined by weighing before and after

coating (reported as the percentage of the original mass in Table A1).

Table A1. Torch test and cone calorimeter results for polyurethane foam with and without
nanocoatings.

Weight ATHin Residue® Peak HRR Total heat Total smoke MARHE

gain coating (%) (kW m?)  release release (m?
(%) (%) (MJ m?) m?)
Uncoated - - - 877 £61 21.3+£15 159+9 348 £23
6 BL PEM 14 +£2 0 13+7 736 £ 85 23.5+£0.3 217+%2 361+2
6 BLPEM-ATH 32+3 47 82+1 314 +£11 21.8+2.2 189+22 195+ 14
3000
500 | @PEM-ATH
‘E’ 2000 | OFEM ® g
§ 1500 | § @
] s ©
I-E 1000 | o
500 6
8
& 8

Number bilayer

Figure A2. Thickness of LbL assemblies as a function of bilayers deposited.

Figure A3 shows SEM micrographs of uncoated and coated foam. The
micrographs of 6 BL PEM-ATH on foam reveals the presence of ATH nanoparticles
embedded in a polyelectrolyte matrix (Figure A3c). In comparison, the surface of the 6
BL PEM film deposited without ATH is relatively smooth with the exception of large

cracks (Fig. A3b), which are the result of the film being very glassy.??!! The ATH particles
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are less than one micrometer in size (Fig. A3d), agreeing with the average particle size
measured by DLS. Both coating systems are very conformal, maintaining the open cellular

structure of the foam.

Figure A3. SEM micrographs of PU foam: a uncoated foam, b 6 BL PEM coated foam,
c-d 6 BL PEM-ATH coated foam.

Foam flammability was evaluated by exposing samples to the flame from a butane
torch for 10 s. Figure A4 shows images of foam 30 s after exposure. Uncoated foam ignites
and melt drips upon flame exposure, leaving no residue (Figure A4a). Melt dripping is a
major concern due to its ability to spread fire to surrounding furniture, carpeting, and
fabric. PEM coating on foam (6 BL of PEI/PAA) completely eliminates melt dripping, but
the foam ignites and burns vigorously after flame exposure, leaving only 13 wt% residue
(Fig. A4b). The incorporation of ATH in this nanocoating greatly improves flame
retardancy, as shown in the torch test results of samples coated with 3 and 6 BL PEM-
ATH. 3 BL of PEI/PAA-ATH maintains the shape of the foam during burning, leaving 43

wt% residue (Figure A4c). A thicker 6 BL coating of PEM-ATH affords excellent fire
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suppression, extinguishing the flame on the foam’s surface to prevent full flashover (Fig.
A4d). Figure Ade shows a cross-section of the foam coated with 6 BL PEM-ATH after

torch testing. Most of the foam is left completely untouched, leaving 82 wt% residue.

prgiie
unburned-

Rl O
Wilalhul,

Figure A4. Images of torch testing of PU foam 30 s after removal of external flame: a
uncoated, b 6 BL PEM, ¢ 3 BL PEM-ATH, d 6 BL PEM-ATH. (e) shows a cross-section
of foam coated with 6 BL PEM-ATH after torch testing.

The effectiveness of the PEM-ATH coating is partially due to the ability of the
ATH particles to release water upon flame exposure, cooling the substrate and diluting
combustible gases in the flame. As a decomposition product, alumina also provides
protection as an insulating ceramic that protects underlying flammable material from heat,
similar to the effect observed in clay-based LbL assemblies.[??2?%}] Uncoated foam, along
with foam coated with PEM and PEM-ATH, was heated from an ambient temperature up
to 800°C in an oxidizing atmosphere, using a thermogravimetric analyzer (TGA), at a
heating rate of 10 °C min™' (Figure AS5). ATH appears to be an appropriate candidate as a
flame retardant for PU foam, as its decomposition temperature (measured to be 260 °C)

coincides with the measured degradation onset of foam (~270 °C). This temperature

98



correspondence allows the ATH to act before the foam starts burning. The degradation
onset of the foam is unaffected by the presence of either of the layer-by-layer coating
systems, as evidenced by the overlapping derivative curves. Using the mass residue of the
foam coated with PEM-ATH, the percentage of ATH in the coating was estimated to be

47 wt%.
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Figure AS. Representative weight loss rate as a function of temperature for uncoated
(control) foam and coated foam measured in an oxidizing atmosphere. Weight percent as
a function of temperature measured by TGA is shown as inset. Weight loss rate is the
derivative of the weight loss curves.

Cone calorimetry was performed to quantitatively assess the FR performance of
the PEM-ATH nanocoating on foam. Foam coated with 6 BL PEM and 6 BL of PEM-
ATH were evaluated and compared with uncoated foam. Samples were exposed to an
external heat flux over time, forcing the material to ignite and undergo combustion. The
heat release rate (HRR), an indicator of flammability, was measured as a function of time
(Figure A6). Typical combustion behavior was observed for the uncoated polyurethane,

releasing a total heat (THR) of 21.3 MJ m™. Two peaks associated with the combustion of
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decomposition products are observed from the HRR curve of uncoated foam, the first
being polyisocyanate (261 kW m™) and then polyether (877 kW m2).?* The peak HRR

was the polyether peak, occurring after 40 s.
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Figure A6. Heat release rate as a function of time for coated and uncoated foam, measured
with a cone calorimeter.

6 BL of the PEM did not significantly reduce the flammability of the foam. The
peak HRR of 6 BL PEM-coated foam (736 kW m) represented a reduction of only 16 %.
The total heat release was actually increased to 23.5 MJ m due to the coating adding
more flammable material to the system. Cone calorimetry of foam coated with 6 BL PEM-
ATH, indicates that ATH nanoparticles greatly improve the FR behavior of the foam. This
ATH-based coating reduced the peak HRR by 64 %. This effect is similar to that observed
with LbL coatings incorporating clay, but the reduction with ATH is more significant. The
maximum average rate of heat emission (MARHE) is reduced by 44 % with this PEM-
ATH coating (44 %). MARHE ranks materials by their ability to spread flame to other

objects,?>! indicating a reduced fire hazard imparted by the PEM-ATH coating.

100



The total heat release of foam coated with 6 BL PEM-ATH is within error of being
the same as the control foam, but lower than the THR of foam coated with 6 BL PEM.
This is likely due to the highly endothermic decomposition of the ATH nanoparticles.
Differential scanning calorimetry was performed on foam samples to better observe this
effect (see Supplementary Material). Polyurethane degraded in two decomposition steps,
both endothermic and totaling 435.2 J g"'. When coated with 6 BL PEM-ATH, this energy
balance is more endothermic, with a total enthalpy of 633.6 J g!. It is important to note
the exothermic reactions associated with combustion were eliminated in the DSC due to
the absence of oxygen. PEI and PAA alone do not impart reduced flammability.

This work demonstrates the use of ATH nanoparticles in a polyelectrolyte
multilayer nanocoating and its effectiveness in flame retarding polyurethane foam. This
concept could be applied to the incorporation of other water-insoluble particles in FR
nanocoatings. The aqueous dispersion of aluminum hydroxide using a fast,
environmentally-benign process, as well as its incorporation in an LbL film on PU foam,
was successful in suppressing flame without altering the open-celled structure of the foam.
Foam coated with only six PEI/PAA-ATH bilayers (~ 1 pum thick) was able to self-
extinguish the fire from a butane torch, retaining 82 % of the sample mass. Cone
calorimetry revealed the nanocoating reduced the peak heat release rate by 64 % and the
MARHE by 44 %. This protective nanocoating provides a low cost, scalable FR treatment
for foam that could be a safe alternative to the halogenated systems currently being used.
The fact that this is a coating rather than an additive is also noteworthy, allowing foam to

be protected without altering its processing and properties.
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APPENDIX B
ULTRATHIN CARBON NANOTUBE THIN FILM ASSEMBLIES AS POWERFUL

MICROWAVE SUSCEPTORS

B.1 Results and Discussion

One of the lesser known properties of carbon nanotubes (CNTs) is their
exceptional ability to absorb microwave radiation.[?8! This peculiar phenomenon has been
used for CNT detection, electromagnetic shielding and CNT cross-linking.?*’-23!] Due to
their versatility, chemical resistance, and absorption efficiencies, even at low loading
levels, CNTs are excellent materials for microwave-absorbing (MWA) applications. There
is growing demand for MWA materials in the fields of radar detection, electromagnetic
shielding and electronics. Upon exposure to microwave fields, CNTs efficiently attenuate
incident propagating waves and evolve tremendous heat. This ability to heat as powerful
microwave susceptors could be useful in food packaging, where coatings are used to heat
and brown foods during microwave cooking. Conventional MWA materials such as
aluminum present some health concerns.?3?

Polymer composites incorporating CNTs offer a wide range of applications and
the possibility of tuning desirable properties, including MWA, by varying CNT loading.
Although many studies have observed the MWA behavior of CNT bulk nanocomposites,
there is little research on how such composites behave when their thickness is on the scale

of nanometers.[?2¢233-235] The present work investigates the microwave absorption of thin

films composed of anionically-stabilized carbon nanotubes and a polycation, deposited
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layer-by-layer (LbL). LbL assembly involves the “bottom-up” fabrication of thin films by
alternately exposing a substrate to positively and negatively charged materials in aqueous
suspensions. Film thickness is controlled by the number of deposition cycles, with each
positive and negative layer pair referred to as a bilayer (BL).""?l This is a powerful coating

technique, capable of coating many substrates to impart a variety of properties such as

19,240 [53,65]

energy generation, 23423 antimicrobial,! | gas barrier,[?”>*! and flame retardancy.

LbL assembly provides an elegant approach to constructing thin CNT composites on
complex substrates with high loading and exceptional electrical conductivity.[3+205.242-249]
In the present study, CNT-based films were deposited on polyester (PET) substrates using
LbL assembly under ambient conditions and aqueous suspensions. These sub-300 nm
thick coatings provide an attractive alternative to common MWA coatings, such as
magnetic materials or ceramic ferroelectrics, which require more complex processing and

add undesirable mass.[*"
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Figure B1. Schematic of the LbL process for fabricating CNT thin films. The substrate is
alternately dipped into a cationic PDDA and an anionic DOC-stabilized CNT mixture,
with rinsing and drying in between. These steps deposit one bilayer and are repeated to
grow a film of desired thickness.
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Multilayer thin films composed of either single-walled (SWNT) or multiwall
CNTs (MWNT), stabilized by  deoxycholate, = were  paired  with
poly(diallyldimethylammonium chloride) [PDDA] and deposited according to a
previously reported procedure.!**! Substrates were first dipped in the polycationic solution
containing PDDA, depositing one positively-charged layer (Figure B1). After rinsing and
drying, the substrate was dipped in the anionic suspension containing CNTs and sodium
deoxycholate (DOC), depositing one negatively charged layer that was rinsed and dried.
This cycle was repeated until the desired number of bilayers was achieved. Both
assemblies exhibit linear growth beyond 20 BL, depositing on average 3.1 nm and 2.3 nm
per bilayer, respectively. The growth per bilayer is thinner and non-linear at 10 BL, which
is typical of multilayer thin films as they are establishing a coherent base layer. These
recipes were deposited on PET for the microwave experiments, and on silicon for
determining thickness via ellipsometry and profilometry. Each substrate results in a
similar thickness value for a given number of bilayers, as reported in earlier
studies.[83-205:206.243] The transparency of these films on PET was measured using UV-Vis
spectroscopy. Although both coating recipes had comparable thicknesses, PDDA/MWNT
films were generally much more opaque than PDDA/SWNT films, with only 53%
transmittance at 5 BL and less than 10% transmittance at 20 BL and above. PDDA/SWNT
exhibited over 90% visible light transmittance 10 BL and below. Very low transmittances
of less than 50% were only achieved at 60 BL and above. Differences in nanotube loading
were seen between the two CNT types, when scanning electron microscopy was used to

observe the surface morphology of the 40 BL films. The PDDA/MWNT film has a
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considerably rougher surface, due to larger nanotube size, and has a considerably higher
concentration of CNTs than that of the PDDA/SWNT film. Thermogravimetric analysis
(TGA) performed on PDDA/CNT delaminated films indicates that the concentration of
MWNT and SWNT are 71.6 and 15.6 wt%, respectively.

In an effort to observe the thermal response of these microwave-absorbing LbL
films, coated PET samples were microwaved in a waveguide assembly while temperatures
were recorded using a FLIR camera (A655sc). Each sample was irradiated for
approximately 30 seconds at 10 W forward power. The heating curves for both SWNT
and MWNT films (Figure B2) demonstrate these films’ ability to rapidly attenuate
microwave energy, converting it to radiant heat. The films rapidly respond to the applied
microwave field to reach temperatures over 130° C. This result suggests that the
PDDA/CNT films are excellent microwave susceptors, capable of efficiently converting
incident microwave power into thermal energy via Joule heating. To better understand the
mechanism for this rapid heating response, the microwave absorbing properties of the LbL
films on PET were measured using a microwave network analyzer (Agilent E5071C) and
a two port coaxial transmission line technique. Round discs of each film thickness were
fitted into a coaxial adapter while ensuring that air gaps were eliminated. The network
analyzer measures the scattering parameters (Si1 and Sz1) by detecting the incident,
reflected, and transmitted microwave signals. The ratios of the reflected and transmitted
powers to the incident power are equal to [S11]> and [S21?, respectively. The power
absorbed by the sample and dissipated as heat, normalized to the incident power, is

calculated using Equation (B1):
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Higher temperatures are achieved with a higher number of bilayers for both the
PDDA/SWNT and PDDA/MWNT assemblies, as predicted by the dissipated power trends
observed during coaxial measurements. Notably, the jump in heating rate from 40 to 60
SWNT bilayers is clearly visible in both the relative power measurements (Figure B2c)
and the heating curve in Figure B2b. The rate at which the samples cool upon the cessation
of microwave heating is also remarkable. Cooling of over 100 °C in less than 30 seconds
is observed for some samples, indicating that the high temperature is localized in the
nanocoating and is quickly transferred to the still-cool substrate and air.

In Figure B2d, the maximum temperature as a function of film thickness at 30
seconds of heating is shown for both PDDA/SWNT and PDDA/MWNT films. Both
nanotube films display a similarly increasing maximum temperature as film thickness is
increased by adding more bilayers. This positive correlation between film thickness and
heating response appears logical, however, this trend is not typical for MWA thin film
susceptors. The thermal response of sputtered aluminum films on PET was plotted for
comparison (Figure 2d). For the aluminum films, a decreasing maximum temperature is
observed as film thickness is increased from 7 nm to 100 nm. This inverse relationship of
thickness to heat evolved clearly indicates that the aluminum films are highly reflective to
incident microwaves, which means thicknesses below 20 nm are useful as microwave

susceptors. In contrast, the PDDA/CNT assemblies have a wide range of thicknesses
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displaying different heating profiles, providing greater flexibility for tuning their heating

response.
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Figure B2. FLIR temporal plots of the maximum temperature recorded of the (a)
PDDA/MWNT and (b) PDDA/SWNT films during microwave heating at 10 W. (c)
Relative power curves: reflected, transmitted, and dissipated (absorbed) of the LbL films

measured with a two-port coaxial method. (d) Maximum temperature versus film
thickness for MWNT, SWNT, and Al films.

The spatial heating profiles of the nanotube films were recorded for each sample,
as shown in Figure B3. The electric field and thus deposited power in the waveguide are

maximized at the center. No difference in the spatial heating profile is observed for the

107



MWNT or SWNT-based films, which suggests the same thermal heating mechanism is
responsible in each case. The exact nature of the heating response of CNTs and their
composites to microwave irradiation is still not well understood. It is generally accepted
that incident microwave radiation interacts with CNTs through electric field coupling,
causing the excitation of electrons and electric currents in the film that leads to Joule
heating concentrated at resistive lattice defect sites and nanotube-nanotube junctions. !
It is believed that the observed rapid heating and cooling rates stem from CNT-related
heating phenomena reported in prior studies. For instance, it is well known that CNT films
can rapidly heat (and cool) from a stimulated direct current (DC) biased audio signal to

252254 The CNT film loudspeakers are able to drive audio

produce a thermoacoustic effect.!
signals up to many hundreds of kilohertz due to their low heat capacity and thermal cycling
efficiency. Further studies involving wide-band terahertz spectroscopy of CNT films in
response to stimulated electric currents, ranging from DC to the gigahertz region, may be
helpful in elucidating the exact mechanisms responsible for the rapid heating observed.
Regardless of the exact heating mechanism, this work demonstrates the efficient frequency

up-conversion from S-band (2-4 GHz) microwave energy to long wave infrared (LWIR)

(20-40 THz) radiant thermal energy in these carbon nanotube-based thin film assemblies.
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Figure B3. FLIR images of the MWNT (top) and SWNT-based (middle) LbL films of
increasing thickness in the microwave waveguide at 10W after 30 seconds of heating. A
patterned logo (bottom) made with the carbon nanotube LbL process demonstrates the
ability to remotely heat discrete areas of interest.

In this report, both SWNT and MWNT-based layer-by-layer films of varying
thicknesses were prepared and exposed each to microwave energy. The microwave
response of these thin CNT films (< 300 nm) was outstanding, evolving significant heat
in low-power fields. High localized temperatures at the coated surfaces were achieved
without appreciably heating the bulk PET substrate. The ease of deposition and process
scalability, bolstered by the useful range of film thicknesses that respond to incident
microwaves, confirm the utility and advantage these films have over current susceptors

materials. By selectively depositing carbon nanotube susceptor films, precise control of
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material interface temperatures may be realized by an applied external electric field. This
spatial temperature control could be used for material bonding, curing, and thermally-
driven microstructure evolution. Beyond susceptors, these multilayer films could be used
as radar absorbing materials for stealth vehicles and aircraft, EMI shielding films, as well

as antennas for radio frequency identification (RFID) tags.

B.2 Experimental Section
B.2.1 Materials

MWNTs (20-30 nm outer diameter and 10-30 um length, C > 95 wt %) were
provided by Cheap Tubes Inc. (Cambridgeport, VT). SWNTs (0.7-1.3 nm diameter, (7,6)
chirality, C > 70 wt %) were purchased from SouthWest NanoTechnologies (Norman,
OK). PDDA (Mw ~ 200,000 g mol™"), and DOC were purchased from Sigma-Aldrich (St.
Louis, MO). Sulfuric acid (H2SO4, 98%), hydrogen peroxide (H202, 30%), and methanol
(99.8%) were also purchased from Sigma-Aldrich and used as received. P-doped, single
side polished (1 0 0) silicon wafers (University Wafer, South Boston, MA), with a
thickness of 500 um, were used as substrates for elipsometer and profilometer thickness
measurements. Films for microwave testing were deposited on 179 um-thick
poly(ethylene terephthalate) (PET) film (ST505, Dupont-Teijin) purchased from Tekra

(New Berlin, WI).
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B.2.2 Layer-by-Layer Assembly

All solutions were prepared using 18.2 MQ cm deionized water. A cationic 0.25
wt % PDDA aqueous solution was prepared by diluting a 20 wt% PDDA solution with
deionized water. The anionic solution was prepared by dissolving 0.05 wt % CNTs in
deionized water containing 2 wt% DOC, followed by a three step ultrasonication process
to remove large nanotube bundles: 30 min of bath sonication, then 20 min using a tip
sonicator, and a final 30 min of additional bath sonication.!?>*! Single-side polished (1 0
0) silicon wafers (University Wafer, South Boston, MA) were cleaned by immersion into
a piranha solution (4:1 mixture of H2SO4 and H202; caution: dangerous oxidizing agent)
and sonicating for 30 min, followed by thoroughly rinsing with deionized water and drying
with filtered air. 175 um thick PET (trade name ST505 by DuPont Teijin, Tekra Corp.,
New Berlin, WI) film was cut to size, followed by rinsing with methanol and water. The
cleaned PET substrates were then corona treated with a BD-20C Corona Treater (Electro-
Technic Products Inc., Chicago, IL). Corona treatment oxidizes the surface of PET,
increasing the surface energy and allowing for positively-charged polymers to better
adhere.[?>® PDDA/ CNT assemblies were deposited on a given substrate according to the
procedure shown in Figure 1, using automated rinsing, dipping, and drying. Substrates
were immersed into the cationic PDDA solution for 5 min, then rinsed with deionized
water and dried using filtered air. Immersion into the DOC-stabilized CNT suspension for
5 min came next, followed by rinsing and drying. These four steps comprised one cycle,

yielding one BL. Dipping times were 1 min for every subsequent cycle until the desired
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number of bilayers was deposited. All samples were stored in a drybox for a minimum of
12 h prior to testing.

Film thickness was measured on silicon wafers with a P-6 profilometer (KLA-
Tencor, Milpitas, CA) and alpha-SE Ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE).
Coated PET samples were mounted on aluminum stubs in preparation for surface images
that were acquired with a field-emission scanning electron microscope (SEM) (Model

JSM-7500F, JEOL; Tokyo, Japan).

B.2.3 Electrical Characterization

DC electrical conductivity of the prepared PDDA/CNT films was measured with
a four-point-probe (Signatone HR4-620850FN). Samples approximately 3 x 5 cm were
centered on a four-point-probe stand (Lucas Labs) and measured using a differential
voltage system (two Keithley 6514 electrometers, Keithley 2000 digital multimeter) with
current sourced by a Keithley 6221. Starting at the lowest possible current for each sample,
voltage drops were measured at three increasing decades to ensure the linear Ohmic
behavior of the samples. Volume resistivity (inverse conductivity) was calculated

according to the following formula:

V[

P =iz’

tok (B2)

~1<

where p is the resistivity in Ohm-m, V'is the voltage drop in Volts, / is the current in Amps,

t is the thickness in meters, and £ is a correction factor for geometry based on the probe
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spacing to sample diameter. For the sample geometry tested, k is taken to be 0.983 (short
sample dimension [3 cm] divided by probe spacing 0.15875 cm and correction applied
from lookup table).

Microwave dielectric properties of the films were measured using a coaxial
technique using a microwave network analyzer (Agilent ES071C) that measures the
scattering (S) parameters of two-port networks. The measurement technique uses a disk
shaped sample sandwiched between two transmission lines. The parts of the dielectric disk
that are outside the coaxial lines are completely enclosed with a conductor. For
convenience, two 7 mm Amphenol Precision Connectors (APC-7) were used as the sample
holder. The films to be measured were prepared by laminating both faces with clear
packing tape to insulate and protect the surfaces from the coaxial sample holder. A disc
punch was used to punch out samples 14.8 mm in diameter, ensuring the films would fit
precisely in the sample holder with minimal air gaps at the edges. All power measurements
were carried out at approximately 2.45 GHz to match the frequency used for the

waveguide heating experiments.

B.2.4 Microwave Heating

PDDA/CNT films were heated in a rectangular waveguide (AMCSS-284-F/F-12-
B, AMC LLC.) powered by a solid state microwave source (GMP 150, Opthos Instruments
Inc.) operated at 2.45 GHz at various power levels. Spatial temperature measurements
were carried out using an infrared camera system (A655sc, FLIR Systems Inc.) calibrated
to measure temperatures of a sample located behind a brass mesh covering the open end

257

of the waveguide.[*>”! The samples were inserted into the waveguide at the location of a
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maximum of the electric field standing wave, approximately 57.9 mm from the brass
mesh. This ensures the samples were exposed to the strongest and most uniform electric
field in the waveguide. Various power levels were used to heat the samples and their
temperature response was recorded using the FLIR supplied software (ReseachIR MAX).
Aluminum-coated films were deposited onto PET using a PVD 75 Metal Sputter (Lesker
Company, Jefferson Hills, PA). Thickness of aluminum films was determined by

profilometry of coated silicon concurrently sputtered alongside PET samples.
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