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Abstract

Methyl acrylate/acrylonitrile copolymers (MA/AN) were reactively compatibilized as the
dispersed phase with poly(ethylene) for potential barrier material application. The MA/AN
was made reactive by including p-aminostyrene (PAS), vyielding terpolymers
(MA/AN/PAS) with pendant primary amine functionality (number average molecular

weight M = 65-133 kg mol™, dispersity B =1.83-2.53, molar composition of PAS in

copolymer Fpas =0.03-0.14). The non-functional MA/AN and amino functional
MAJ/AN/PAS were each melt blended into poly(ethylene) grafted with maleic anhydride
(PE-g-MA) at 200°C at 70:30 PE-g-MA:co/terpolymer. After extrusion, the dispersed

phase particle size (volume to surface area diameter <D>VS) was 12.6 um for the non-

reactive blend whereas it was much lower for the reactive blend (<D>VS: 1.2 um.).

Coarsening during annealing at 150°C was slow, but the domain sizes increased only

slightly for both cases. The reactive blend was deemed sufficiently stable.

A second reaction coupling, the acid-epoxy coupling, was also studied.
Styrene/acrylonitrile (SAN) copolymers with number average molecular weight

(My) =10-20 kg mol™ and dispersity D = 1.18-1.25 were synthesized by nitroxide
mediated polymerization. The SAN (Mn =10 kg mol™) was chain extended with a
styrene/tert-butyl acrylate mixture. The block copolymer had a M, = 36.6 kg mol™* and P
= 1.34. The tert-butyl protecting groups were converted to acid groups (SAN-b-S/AA).
SAN and SAN-b-S/AA were each melt blended with poly(ethylene) grafted with glycidyl
methacrylate groups (PE-g-GMA) at 160°C in a twin screw extruder at a mass ratio of
70:30 (PE-g-GMA:polymer). The non-reactive PE-g-GMA/SAN blend had a volume to
surface area diameter (<D>vs) of 3.0 um while the reactive blend (the epoxy groups can
react with the acid groups to form a graft copolymer in situ to stabilize the morphology)
(PE-g-GMAJ/SAN-b-SAA) had <D>vs =1.7um. After thermal annealing at 150°C for x
hours, however, the non-reactive blend coarsened dramatically while the reactive blend
showed no sign of coarsening suggesting that the coupling reaction was responsible for

the stable morphology.



Résumé

Une deuxiéme réaction entre I’anhydride maléique et ’amine a été enquété, Les
copolymeres de I’acrylate de méthyle et acrylonitrile (MA/AN) ont été synthétisé par la
polymérisation radicale conventionnelle. p-aminostyrene (PAS) a été additionné pour
créer un polymere de trois unités (MA/AN/PAS) avec une M,=65-133kg/mol, et de
b=1.83-2.53. MA/AN et MA/AN/PAS ont été mélanger avec poly(éthyléne) qui était
modifiée avec des groupes d’anhydride maléique (PE-g-MA) & 200°C dans une
extrudeuse. 1l y avait 70% a 30% PE-g-MA a polymere (MA/AN ou MA/AN/PAS) par
rapport a la masse totale insérée dans I’extrudeuse. <D>vs pour la mélange de PE-g-MA
avec MA/AN était 12.6um et pour la mélange de PE-g-MA et MA/AN/PAS était 1.2um.
Apreés avoir recuit les échantillons a 150°C, les domaines pour les deux mélanges ont
agrandi un peu donc la réaction entre I’anhydride maléique et I’amine était responsable

pour la petite des domaines.

Une deuxiéme réaction entre 1’acide carboxylique et I’epoxy a été étudié. Des
copolymeéres de styrene et acrylonitrile (SAN) avec une masse moléculaire moyenne en
nombre (Mn) de 10-20kg/mol et dispersité (D) de 1.18-1.25 ont été synthétise par la
polymérisation contrélée par les nitroxydes (NMP). SAN (Mn=10kg/mol) a été grandi par
une solution (50/50%mol) de styrene/acrylate de tert-butyle. Le produit, SAN-b-S/t-BA
avait une Mn=36.6 kg/mol et de B=1.34. Les groupes d’acrylate de tert-butyle ont étés
transformé aux groupes d’acides (SAN-b-SAA). SAN et SAN-b-SAA ont été mélangé
avec poly(éthyléne) qui était modifié avec des groupes d’époxy (PE-g-GMA) a 160°C
dans une extrudeuse. Il y avait 70% a 30% PE-g-GMA a polymere (SAN ou SAN-b-
SAA) par rapport a la masse totale insérée dans 1’extrudeuse. Le volume divisé par I’aire
(<D>vs) était 3.0pum quand SAN a été mélangé avec PE-g-GMA. (<D>vs) a été 1.7um
quand SAN-b-SAA a été mélangé avec PE-g-GMA. Apreés avoir recuit les échantillons a
150°C, les domaines n’ont pas agrandi pour la mélange de SAN-b-AA et PE-g-GMA
mais elles ont agrandi séverement pour la mélange de SAN et PE=g-GMA. Ces résultats
suggerent que la réaction entre les groupes d’acides et les groupes d’époxy a été

responsable pour la morphologie stable.
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1. General Introduction

1.1 Background Information

Barrier Polymers
Barrier polymers are polymers used to prevent the penetration of liquids, gases or vapors

in storage containers and food packaging.[*! Traditionally, metals were used to fabricate
storage containers. Polymers, being much lighter and generally less expensive became
more attractive for storage containers (eg. gas tanks, food and drug containers). The most
commonly used polymer is poly(ethylene) (PE) for not only storage containers but plastic
bags, bottles and, films. While it is extremely cheap, its hydrophobic structure gives it
poor barrier properties against hydrocarbons and other hydrophobic compounds. The
target application of this research is fuel tanks, and minimizing gasoline loss from PE
based fuel tanks. One typical solution is blending polymers by layering them

(eg. multilayer packaging for films). Each layer brings about different properties to create
a material with a wide variety of properties that can be suitable for many applications.
Layering could be costly if multiple extruders are used. In some applications, the
multilayer approach is not needed, and thus simply like the classical approach, blending,
two polymers together in an extruder, followed by appropriate dies, can create desirable
structures to obtain barrier properties. The classical blending approach is to blend
hydrophilic polymers such as polyesters and polyamides with the hydrophobic PE.1?!
Although these polymers are immiscible, the brick like morphology creates a tortuous
structure that minimizes PE loss.[? No one polymer possess ideal barrier properties
against every class of compounds while being cheap, recyclable, with strong mechanical
and thermal properties so blending is favored.[!] However, in order to apply polymer
blends, the underlying thermodynamics that govern the domain size and morphological

stability must be addressed.

Polymer Blends
Polymer blending is the process of taking separate polymers with a unique set of

properties and mixing them together at elevated temperatures to create a polymer blend
with a combined set of properties from the original polymers. For equilibrium and

therefore, phase stability to occur for a blend of polymers, as morphological stability



dictates the properties, the Gibbs free energy must be minimized as shown in
Equation 1.¥ Also, the chemical potentials for each component in each phase must be

equal as shown in Equation 2.

AGpix = AHpix — TASpix <0 Q)
pt=pb i=123..n 2
In Equation 1, AGmix IS the Gibbs free energy of mixing, AHmix is the enthalpy of mixing
and ASmix is the entropy of mixing. In Equation 2, p is the chemical potential, i is used to
denote a specific component in the blend, n is the total number of components and, the
superscripts a and b denote the different phases present. A polymer blend is considered
miscible (one homogenous phase) if Equations 1 and 2 are both satisfied.®! If either
Equation 1 or 2 is not satisfied, the polymer blend is considered immiscible (two separate
phases). Like any mixture, models are used to approximate not only thermodynamic
properties such as AGmix, but the stability of the system as well. The most common and
often simplest model used for polymer blends is the Flory Huggins equation. It introduces
%, the enthalpic interaction parameter, in addition to the concentration and the degrees of
polymerization. A negative interaction parameter indicates that the polymers are
interacting through strong interactions such as: dipole-dipole, hydrogen bonding, dipole-
ionic, ionic-ionic interactions, etc...l¥1 Blends with a positive interaction parameter (weak
interaction) can still yield miscible blends under very strict and limited conditions. Most
polymer mixing combinations yield immiscible blends because these specific interactions
are not present. Immiscible blends lead to phase instability and thus poor properties,
particularly mechanical properties. Immiscible blends however still can be of use and
yield high performance materials if the separate phases can be
stabilized/compatibilized.!> 4

Compatibilization

In an immiscible blend, there are two separate phases. The interfacial energy between
them is too high for them to favor mixing (use oil and water as an example). This results
in a coarse, unstable morphology, and very low adhesion between the two phases.
Compatibilization of a blend means to decrease the interfacial tension/energy at the

interface of the two (or more) polymers so that the polymers interact with one another



rather themselves. Also, it constructs a desirable stable morphology during forming.=!
Finally, it enhances adhesion between the two phases in the solid state.l* There are two
main methods for compatibilization: the addition of a pre-made compatibilizer and

reactive compatibilization. !

Addition Method

A compatibilizer is a block co-polymer which has one block that can interact with one

phase, and another block which can interact with the other phase.[*®l Here it is expected
that the compatibilizer diffuses to the interface between the two polymers creating
adhesion between the respective phases and prevents coalescence, like a surfactant,
leading to a finer morphology and better dispersion. Coalescence is when the dispersed
phase domains agglomerate and coarsen. While adding a pre-made compatibilizer obtains
a desirable and stable morphology, it has a few disadvantages. Firstly, because the
compatibilization process depends on the compatibilizer diffusing to the interface, this
process is mass transport limited.® 4!t could be entirely possible that the compatibilizer
does not reach the interface. Secondly, it is also possible that the compatibilizer forms
micelles instead of going to the interface, which reduces its effectiveness.[* & Finally,
the correct architecture and monomers required to compatibilize two disparate polymers
may not be accessible. Pre-made copolymers are thus rarely used industrially; instead,

reactive compatibilization is most often applied.[!

Reactive Compatibilization
Reactive compatibilization is a strategy that takes advantage of pre-existing functional

groups being present on the polymers to be blended. Some examples are poly(amides)
and poly(esters), which have the terminal groups from the polymerization process used to
make them. Generally, polymers do not have the requisite functional groups on them, but
may be modified (i.e. grafting or copolymerization) such as PE, which can be grafted
with maleic anhydride with peroxide addition. Thus, the complementary functional
groups can be added to the polymers that will permit graft copolymer formation in the

melt during blending. Figure 1 demonstrates a typical functional group coupling.



+ 7 Z. +

Maleic Anhydride Primary Amine Amic Acid Imide

Figure 1: Anhydride-Amine Coupling™®

Due to this coupling reaction, the interfacial tension between the two immiscible
polymers will be lowered.® ® Y Additionally, coalescence can be prevented/reduced due
to the formation of the copolymer brush at the interface. Reactive compatibilization does
not imply that immiscibility was overcome.[ However, it links the two phases physically
via bonding and creates a stable morphology. An issue arises on deciding which
functional group coupling to use. The reaction must occur at a relatively fast rate
compared to the residence time spent in the extruder *! While any functional group
coupling can be used (as long as the reaction can occur within the residence time of the
extruder), the most commonly used couplings are: amine-anhydride, amine-carboxylic
acid, amine-epoxy, isocyanate-hydroxyl, oxazoline-carboxylic acid and epoxy-carboxylic
acid*? Of these reactive pairs, the kinetics of the amine-anhydride (primary amine to be

specific) coupling is the fastest.[*! 12

It should be emphasized that copolymer formation is accomplished in situ at the interface
between the two polymers, and thus no mass transport limitations exist. The only
requirement for reactive compatibilization is the presence of compatible functional
groups. While there are many chemical pathways for functional groups to be added,
radical copolymerization is a versatile and simple method to use.

Radical Polymerization
Radical polymerization makes use of radicals, which are highly reactive species, to

polymerize vinylic monomers, forming macroradicals and eventually high molecular
weight polymers. Because radicals react strongly with double bonds, the extensive set of
monomers containing a vinyl group can be readily polymerized by a radical mechanism.
There are many different types of radical polymerization, but this work focuses on

conventional radical polymerization and nitroxide mediated polymerization (NMP).



Conventional Radical Polymerization
Conventional radical polymerization uses initiators such as azobisisobutyronitrile (AIBN)

or benzoyl peroxide (BPO). These initiators are activated (release radicals) at elevated
temperatures. Other types of initiators can also be used, such as initiators that are
activated with light for example. The release of radicals (initiation) is the first step of the

polymerization process as shown in Figure 2.

PI. —— PI’
generation of radicals
PI* —» P1'+R‘.‘

R"+M — > R,-M" initiation

R, -M'+M ——> R-MM’

R, -MM’+nM —> R-M~ propagation/

R, -M° +X-H —» R-M -H+X chain transfer
X+M — 5 wem°

R-M"+R-M" —> R-M-M-R,

R-M+R,” —* R-M-R, termination

R,-MS+R-M" —> R-M-R-M

Figure 2: Mechanism of Conventional Radical Polymerization.

Once a radical is formed, it can begin to attack monomers with double bonds. When a
monomer is attacked by a radical, it forms a new radical species, and the radical is
transferred to the B-carbon of the monomer. This new unit with the radical on the
[-carbon can consequently attack another monomer with a double bond to extend the
chain. This cycle can continue to repeat and is known as propagation. Because radicals
are not selective, instead of reacting with monomers, they can combine with another
propagating chain, which would destroy the radicals, and cause the two chains to stop
growing. It is also possible that a newly initiated radical combines with a growing chain,
which destroys both radicals and stops growth. These two scenarios are known as chain
termination. The chains are considered dead because they cannot continue to grow as
they have lost their radical nature. As it was mentioned, radicals are highly reactive and
not selective, so the phenomenon of chain transfer is likely to occurring during the

polymerization. Chain transfer means that the radical has transferred to another species,



leaving the species, which originally possessed the radical, dead. Chain transfer to
monomer, polymer or solvent are all possible. Because of the high possibility of chain
transfer and chain termination, the size distribution of the chains also known as the
polydispersity index (D), is generally broad. P of unity indicates that all the chains are
the same size (length), but for conventional radical polymerization, typical theoretical
values are 1.5>D>2.0. Significant broadening in the size distribution can lead to uneven

properties in the polymer. NMP can be used to reduce the D.

Nitroxide Mediated Polymerization

NMP has the same possible steps as conventional radical polymerization(initiation,
propagation, termination and chain transfer). The one key difference however is that
NMP occurs in a controlled manner. In conventional radical polymerization, the radical is
free to attack and termination is very likely to occur. In NMP, the radical is continuously
capped by a persistent radical (persistent radical effect) so that the possibility of
termination or chain transfer is drastically reduced.[*®! In fact, kinetics of the equilibrium
between the active and dormant state favor the dormant state so that the radical is capped
(deactivated) by the persistent radical for the majority of the time.[*4181 When the radical
is uncapped (activated) it attacks a few monomers and is capped once again by the
persistent radical, significantly reducing the chance of chain transfer or termination. This
results in polymers with more uniform chain length distribution, and chain end fidelity,
which permits the ability to form block copolymers.[*®l The latter feature has been
traditionally associated with mechanisms like living ionic polymerization, which have an
indefinitely active chain end (truly living as opposed to NMP, where there are still
irreversible chain termination events during the course of the polymerization). However
the key attractive feature of NMP is that it has the same requirements as conventional
radical polymerization with a high tolerance towards impurities and oxygen, a trait not
shared by many living polymerization techniques, which require oxygen and moisture

free environments and copious purification of reagents.!**!

1.2 Objective
The main objective of this project is to develop PE based barrier materials with barrier

properties against hydrocarbons (gasoline specifically) using acrylonitrile based



polymers. PE is used as the matrix material (cheap and easy to process) while the
acrylonitrile based polymers provide the polar domains dispersed as elongated brick-like
morphologies, analogous to barrier blends made from poly(esters)or poly(amides).[! To
make such blends stable, functional groups will be inserted into the polymers to ensure
interactions producing fine, stable domain sizes. The functional groups will be inserted
by polymerizing monomers by both conventional radical polymerization and NMP. Two
different functional group pairings will be tested to determine which pairing yields finer
domain sizes. The first pairing is the amine-maleic anhydride pairing and the epoxy-
carboxylic acid pairing is the second. These couplings were chosen over other
possibilities because they have among the fastest Kinetics available. Chapters 2 & 3
describe the objectives and the results obtained from experimentation. Both chapters are
manuscripts, which are in the process of being submitted to the Journal of

Macromolecular Materials & Engineering.



2. Reactive Compatibilization of Poly(Methyl Acrylate-co-
Acrylonitrile) /Poly(ethylene) Blends Through the Amine-
Maleic Anhydride Reaction

2.1. Manuscript Introduction
Barrier polymers are used to prevent penetration of liquids, gases or vapors in materials

used often for storage containers and food packaging.™) Materials such as ethylene-vinyl
alcohol copolymers, poly(acrylonitrile) (PAN), vinylidene chloride copolymers,
poly(chlorotrifluoroethylene), polyesters, and polyamides are just some common
polymers used for barriers (sometimes in blends with other polymers) against gases
and/or moisturel!, Traditionally, metals were the choice to fabricate storage/transport
containers. However, the light weight of polymers in addition to relatively low
processing temperatures compared to metals made them attractive alternatives.
Consequently, polymers such as PE or poly(propylene) (PP) have been used.* 1%
However, using polyolefins such as PE or PP, despite their attractive mechanical
strength, physical properties and cost, may not be effective as barrier materials solely and

thus requires the addition of other polymers in the form of a blend.

While blending can deliver a material combined with the desirable properties of two or
more polymers, it often leads to phase separation upon further processing due to
incompatibility between the constituent polymer phases.® 4 Phase separation is indicated
by coalescence, leading to large dispersed phase particle sizes, low interfacial area, and,
subsequent poor mechanical and other physical properties. To overcome coalescence and
improve phase stability, compatibilization is used.[ & 21 Many groups have shown that
adding compatibilizers to polymer blends reduces the size of the dispersed phase
significantly (which is crucial for many properties) and reduces coalescence.® 57213
By far, the most common method to compatibilize polymer blends is reactive

compatibilization.t €

Reactive compatibilization uses complementary functional groups on the respective
polymers to reduce the interfacial tension and suppress coalescence, resulting in stable
morphologies.?”l Examples of compatibilization reactions are amine-anhydride, amine-

carboxylic acid, amine-epoxy, isocyanate-hydroxyl, oxazoline-carboxylic acid and



epoxy-carboxylic acid.[*?l The coalescence rate is dependent on, among other variables,
the kinetics of the coupling reaction.[® 34 It is therefore important to choose a reaction

that has a relatively rapid coupling rate compared to the residence time of the extrusion
process. Out of these reactive pairs, the kinetics of the amine-anhydride (primary amine

to be specific) coupling is the fastest.[*?]

PAN has been extensively studied and used for its very good barrier properties against
the noble gases along with oxygen and carbon dioxide.[*® Furthermore, in the food
industry, it has been used to block the permeation of aromas and/or flavors along with
other hydrophobic compounds.B®! Its hydrophilic structure however, limits its absorption
against water vapor.[?®. However, this hydrophilicity is useful as a barrier against
hydrocarbon liquids such as the case of dispersing nylon into PE as dispersed, elongated
domains.!?! Using nylons or polyesters is useful, as the terminal functional groups left as
residues from the step-wise polymerization mechanism used to make the polymers can be
applied towards reactive blending. PAN, in contrast, is made most often by a free-radical
polymerization mechanism, and is further amenable to controlled polymerization
methods, which provide the potential for more sophisticated microstructures and
consequently opportunities for more extensive tailoring of mechanical and physical
properties. The only missing component is the inclusion of a functional group in PAN
for reactive blending. Further, acrylonitrile is often copolymerized with another monomer
to improve thermal stability; often styrene and methyl acrylate are used."! In fact,
copolymers of styrene and acrylonitrile and of methyl acrylate and acrylonitrile are
commercially available as barrier materials synthesized by conventional radical
polymerization.31 We previously made styrene-acrylonitrile (SAN) copolymers where
we placed a single reactive amine group at the chain end.’® The amine-terminated SAN
was effective in compatibilization with maleic anhydride grafted PE (PE-g-MA) and we
were able to form elongated SAN domains in the PE. [*%] However, the dispersed phase
particle size was limited to about 1-2 um and further modulation could potentially be
accessed by making the acrylonitrile-containing copolymer with man pendant functional
groups. The following study first describes the conventional radical polymerization of

methyl acrylate, acrylonitrile, and p-aminostyrene terpolymers (MA/AN/PAS) to give



pendant amino functionality and then describes its reactive blending and phase stability
after blending with (PE-g-MA).

2.2. Experimental Section

2.2.1. Materials

Methyl acrylate (MA) (99%) and acrylonitrile (AN) (99%) were obtained from Sigma-
Aldrich, purified by passing the monomers through a column of basic aluminium oxide
(Brockmann, Type 1, 150 mesh) and calcium hydride (90-95% reagent grade) (5 wt%
CaHa: 95 wt%Al,03), which were also obtained from Sigma Aldrich), and stored under a
head of nitrogen prior to use. AIBN was obtained from Du Pont, dissolved in methanol,
and purified by re-crystallization before use. p-aminostyrene (PAS) was obtained from
Oakwood Chemicals and used as received. Deuterated chloroform (99.8 atom9%)
(CDCls), deuterated dimethylsulfoxide (DMSO-de), trimethylsilyldiazomethane in 2M
hexanes solution, and phenyl isocyanate (98%) were obtained from Sigma Aldrich and
were used as received. N,N-dimethylformamide (DMF) ACS grade (99%) was obtained
from Fisher and used as received. HPLC grade DMF (99.5%) was obtained from Fisher
as the mobile phase for gel permeation chromatography (GPC). Lithium bromide was
added to the DMF at a concentration of 1g L™ for GPC.8 PE-g-MA with a melt flow
index of 1.5 g (10 min)* at 190°C, density of 0.91g mI* and, a melting point of 123°C
was obtained from Arkema and used as received. Other chemicals used for cleaning
purposes such as acetone (99.5%) and methanol (99.8%) were obtained from Fisher and

used as received unless otherwise mentioned.

2.2.2. Methods
2.2.2.1. Synthesis of Methyl Acrylate/Acrylonitrile Copolymers

MA and AN were copolymerized using DMF as the solvent in a three necked 50 ml
reactor with a nitrogen purge, thermocouple/thermowell and, reflux condenser. The
reactor sat on top of a stirring plate and heating mantle. Appropriate amounts of AIBN,
MA, AN, and DMF were measured out and poured into the reactor with the formulation
for MA_AN_Exp1 (see Table 1) shown as an example. For this particular experiment,
0.1137 g (0.692 mmol) AIBN, 5.1163 g (59.43 mmol) MA, 3.3177 g (62.53 mmol) AN,
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and 7.9164 g (108.31mmol) DMF were measured and poured into the reactor. The reactor
solution was purged with nitrogen for at least 30 minutes prior to starting the reaction and
maintained throughout the reaction. The set point of the reaction was set to 65°C to
ensure significant decomposition of AIBN.% The chiller was set to 4°C. Once the
reaction was complete (reaction time of about 3-4 hours), the polymer was precipitated
the first time in about 300ml of deionized water, re-dissolved in a minimum amount of
solvent, and precipitated a second time in about 50ml of deionized water to remove
unreacted monomers. Finally, the polymer was vacuum dried in the oven at 50-60°C
overnight. This particular copolymer had a number average molecular weight (Mn) of
90.9 kg moltand b of 2.71 relative to poly(methyl methacrylate) (PMMA) standards in
DMF at 50 °C. The copolymer had a MA molar composition of 0.51, which was
determined by Proton Nuclear Magnetic Resonance (*H NMR) (300 MHz, DMSO-d6, §):
3.6 (s, 3H, O-CHg), 1.2-2 (m, 2H, backbone CHy).

2.2.2.2. Synthesis of Methyl Acrylate/Acrylonitrile/p-aminostyrene Terpolymers

MA, AN and PAS were terpolymerized in a three necked 50ml reactor with a nitrogen
purge, thermocouple/thermowell and, reflux condenser. The reactor sat on top of a
stirring plate and heating mantle. The solvent was DMF. Appropriate amounts of AIBN,
MA, AN, PAS, and DMF were measured out and poured into the reactor, with the
formulation for MA_AN_PAS _Expl (see Table 2) shown as an example. For this
particular experiment, 0.107 g (0.652 mmol) AIBN, 7.1598 g (71.46 mmol) MA, 1.335¢
(25.16 mmol) AN, 0.6016 g (5.05 mmol) PAS, and, 9.7982 g (134.06 mmol) DMF were
measured and poured into the reactor. The reactor solution was purged with nitrogen for
at least 30 minutes prior to starting the reaction and maintained throughout the reaction.
The set point of the reaction was set to 65°C to ensure sufficient initiator
decomposition.** Once the reaction was complete (reaction time of 1.5 hours), the
polymer was precipitated the first time in about 300 ml of deionized water, re-dissolved
in a minimum amount of solvent and precipitated a second time in about 50 ml of
deionized water to remove unreacted monomers. Finally, the polymer was vacuum dried
overnight in the oven at 50-60°C. This particular terpolymer had a Mn of 114.1 kg mol*
and b of 2.14 relative to PMMA standards in DMF at 50 °C. The terpolymer had a MA
and AN molar composition of 0.68 and 0.24 respectively, which were calculated by
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IH NMR (300 MHz, CDCls, §): 6.9-7.5 (m, 4H, Ar H), 0.8-2 (m, 3H, CH-CH5), 3.6 (s,
3H, O-CHs).

2.2.3. Characterization

2.2.3.1. Proton Nuclear Magnetic Resonance (:HNMR)
!H NMR (Varian 300 MHz) was used to characterize the composition of all copolymers

and terpolymers. The peaks of interest for MA/AN copolymers were at 6 = 3.6 ppm for
the methyl protons for MA and 6 = 1.2-2 ppm for the backbone protons. The peaks of
interest for MA/AN/PAS terpolymers were at 6 = 3.6 ppm for the methyl protons for
MA, & = 0.8-2 ppm for the backbone protons and 6 = 6.5-7 ppm for the styrenic protons
of PAS. For all polymers, the AN content was calculated using the backbone protons,
rather than solely the proton on the a-carbon.[> 41 CDCI;s was used for *NMR analysis

for the terpolymers, whereas deuterated DMSO-ds was used for the copolymers.

2.2.3.2. Gel Permeation Chromatography (GPC)

All polymers were analyzed using a Waters Breeze system equipped with two ResiPore

(3 um MULTI pore type 250x4.6 mm?) columns along with a ResiPore guard column

(3 um, 50x4.6mm?) from Polymer Laboratories. The flow rate was 0.3ml min™t. The GPC
was equipped with a differential refractive index (Rl 2410) detector. MA/AN copolymers
and MA/AN/PAS terpolymers required DMF with 1g L™ lithium bromide as the mobile
phase and a column temperature of 50°C. The molecular weights were measured relative
to PMMA standards. Prior to analysis, polymer samples containing PAS were quenched

with phenyl isocyanate to prevent sticking of the amine groups onto the column.[®: 20 40 41]

2.3.3. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A Perkin-Elmer spectrum TWO with UATR accessory (also from Perkin-Elmer) and
diamond as the ATR crystal was used to qualitatively analyze MA/AN and MA/AN/PAS
co/terpolymerizations. The peaks of interest for MA/AN copolymers were at v = 1600-
1800 cm* for the carbonyl stretch of MA and v = 2200-2400 cm* for the nitrile stretch in
AN.[*?l The peaks of interest for MA/AN/PAS terpolymers were at v =1600-1800cm™ for
the carbonyl stretch of MA, v = 2200-2400 cm* for the nitrile stretch for AN and,

v =3300-3500 cm* for the N-H stretch of the primary amine of PAS.[42
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2.2.3.4. Thermal Gravimetric Analysis (TGA)

A TGA Q500 (TA Instruments) was used to determine the minimum degradation

temperature and degradation profiles of the MA/AN/PAS terpolymers. The analysis
began at ambient temperature (35-40°C) and proceeded to 550°C at a heating rate of
10 °C min. The analysis was done under oxygen rather than nitrogen to simulate the

environment in an extruder.

2.2.3.5. Differential Scanning Calorimetry (DSC)

A DSC Q2000 from TA Instruments was used to approximate the glass transition

temperature (Tg) of the MA/AN/PAS terpolymers. The analysis was comprised of two
heating cycles and one cooling cycle. Heating cycles began at -20 °C and went to 180 °C
at a rate of 20 °C min™. The cooling cycle began at 180 °C and went to -20 °C at a rate of
20 °C mint. The measurements were done in an aluminum t-zero pan and were calibrated

to an empty aluminum t-zero pan.

2.2.3.6. Rheology
Sample discs (~0.7g) of MA/AN copolymer and MA/AN/PAS terpolymer were prepared

in a Carver Model 3857 hot press at 200°C. The discs were 1 mm in thickness and 25 mm
in diameter. The discs were prepared between teflon plates at a clamping force of 12 tons.
The pressing time was 10 minutes with quick releases at 3 minute intervals to remove any

gas bubbles. The discs were cooled to room temperature at rate of about 35°C min™.

Rheology measurements were performed on the prepared discs using an Anton Parr MCR
302 parallel plate rheometer using a frequency sweep at 200°C for MA/AN copolymers
and MA/AN/PAS terpolymers discs under nitrogen. The strain was kept below 10% to
stay within the linear viscoelastic regime and the angular frequency was varied between
0.01 and 300 s™.

2.2.3.7. Extrusion and Scanning Electron Microscopy (SEM)
MAJ/AN/PAS terpolymers and MA/AN copolymers were melt blended with PE-g-MA in
a Haake MiniLab Il twin screw extruder in counter-rotating mode. A 70:30 mass ratio of

PE-g-MA;co/terpolymer was used. The mixture was mechanically mixed by hand with a
spatula prior to feeding it to the extruder. The operating conditions were set at 200°C at

50 rpm. The material was passed through the extruder a total of three passes before the
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product was collected (a total residence time of about 2-3 minutes). The product was
quenched in liquid nitrogen within the first 10-20 seconds as it exited the extruder (after
the third pass) to freeze the morphology. A sample of the product was then freeze-
fractured and was put into a beaker of DMF (and stirred) for a minimum of 36 hours to
ensure the dispersed phase was etched. The samples were dried and glued onto aluminum
stubs with cyanoacrylate glue. The samples were then coated with a 2 nm layer of
platinum to make the sample conductive for SEM analysis. A FEI Inspect F-50 FE SEM
was used to analyze the surfaces of the extruded polymers at 1-2kV (significant charging
occurred at higher settings). Finally, ImageJ software was used analyze the images. A

minimum of 350 particles were used in determining the volume to surface area diameter
(<D>VS). The particles were manually picked out using the ROl manager rather than
letting the software automatically detect particles. The background was subtracted before

adjusting the threshold.

Because a 2-D surface of a 3-D sample is analyzed by SEM, the calculated diameter does
not represent the true size of the domains. Stereological corrections can be done and
previous studies have shown that an increase of 10-15% in domain sizes is typical.> & ¢!

<D>szas calculated by using Equation 3 found in the literature.®!

Y& nD}
<D>ys=2ieL 3
Zi=1niDi

where nj is the number of particles and D; is the diameter of the spherical particle
extracted from its area. <D>vs estimates the ratio of volume to interfacial area. It is an

indicator of how well the immiscible polymers are interacting at the interface. Smaller

values of <D>vsindicate that the polymers in the blend are interacting strongly with one

another and vice versa. <D>szas calculated by assuming that the particles were spherical

(in 3-D) and circular (in 2-D) so that their diameter could be extracted from their area.
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2.3. Results & Discussion

2.3.1. Synthesis of Methyl Acrylate/Acrylonitrile Copolymers

MA was copolymerized with AN with AIBN as the initiator. These copolymers were
previously studied for carbon fiber applications.[*> 4l The goal for our synthesis was to
make copolymers (and ideally terpolymers with a reactive functionality such as an amine)
that had a sufficiently high AN composition to be useful as a barrier material

(typically ~ 40-50 mol% AN based on SAN copolymers)E7 and to use the binary system
as the model non-reactive polymer for blending studies with PE-g-MA. Feed
compositions were thus varied to cover a broad composition range as seen in Table 1.

Table 1: Characterization of MA/AN Copolymers Synthesized by Conventional Radical
Polymerization.

Feed Composition Characterization
Experiment [AIBN] x102 | [MA] | [AN] | fmao® | FmaC Mn pd
I.D. (M) (M)2 | (M)?2 (kg molt)d
MA_AN_Expl 3.88 3.33 350 | 048 | 0.51 90.9 2.71
MA_AN_Exp2 3.73 1.58 503 | 024 | 0.14 29.3 2.54
MA_AN_Exp3 3.36 4.84 1.48 | 0.77 | 0.71 52.0 4.23
MA_AN_Exp4 3.57 4.27 1.83 | 0.70 | 0.66 61.2 2.46

250:50 wt% monomers to solvent ratio’ ° Initial feed composition of MA; € Copolymer composition of MA calculated
using *H NMR; ¢ Obtained by GPC using DMF as mobile solvent with respect to PMMA standards at 50°C

Table 1 shows that varying the feed compositions still results in significant AN
incorporation. The compositions were calculated using *H NMR with a typical spectrum

shown in Figure 1 as an example.
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Figure 1: tHNMR spectrum of MA_AN_Exp1.

The spectrum shows residual DMSO-ds at 2.5ppm indicating that the solvent used was
not 100% pure.™! Furthermore, the appearance of the water peak at 3.3 ppm has two
possible sources. It is either residual water that did not evaporate during the drying step

or it is residual water in the solvent itself.[*?]

The compositions were calculated by examining the peak areas of the methyl protons of
MA labelled in Figure 1 as “A”, and the backbone protons labelled as “B” using the

following previously published method:[*

n = moles of MA present in copolymer= g

. B
m = moles of AN present in copolymer=; -n

Molar compositions of MA and AN in the copolymer, Fma and Fan, respectively, were

calculated using the following.

n
Fma=———
n+m

Fan=1- Fua.
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Table 1 shows that the copolymer compositions are similar to the feed compositions. The
reported reactivity ratios are ran = 1.29 and rma = 0.96 implying that a statistically
random copolymer was likely, which seems to be in fair agreement with our results.[*°]
With the incorporation of AN confirmed, terpolymerizations were attempted to also
incorporate functional amine pendant groups into the copolymer, which is necessary for

reactive compatibilization into the PE matrix.

2.3.2. Synthesis of (MA/AN/PAS) Terpolymers

Terpolymers using a feed of MA, AN and PAS were polymerized with AIBN as the
initiator. Others have polymerized PAS in its protected form by ionic polymerization,
anionic polymerization, conventional radical polymerization and even by atom transfer
radical polymerization.[**#6] According to these previous studies, there is a possible
resonance structure where the electron density from the amino group shifts through the
aromatic group, leaving a negative charge on the a-carbon of the vinyl group [“5-#¢! This is
the reason why polymerizing PAS in its unprotected form is difficult to a significant
conversion. A previous study however, illustrated that PAS in its protected acrylamide
form incorporated much less into a copolymer using NMP compared to the non-protected
form.[*1 PAS was chosen as it can couple to anhydrides, acids and epoxies.[*? The

different formulations are presented below in Table 2.

Table 2: Reaction Formulations for MA/AN/PAS Terpolymerizations

Experiment 1.D. [AIBN] x10%2 | [MA] | [AN] | [PAS] | fmao | fano
(M) (M) | (M2 | (M)

MA_AN_PAS Expl 3.23 354 | 1.25 | 025 | 0.70 | 0.25
MA_AN_PAS Exp2 4.02 414 | 059 | 025 | 0.83 | 0.12
MA_AN_PAS Exp3 5.29 315 | 218 | 031 | 056 | 0.39
MA_AN_PAS Exp4 3.03 3.56 1.26 0.26 0.70 0.25
MA_AN_PAS Exp5 2.90 394 | 081 | 028 | 0.78 | 0.16
MA_AN_PAS Exp6 2.95 399 | 047 | 028 | 0.84 | 0.10
MA_AN_PAS Exp7 3.35 367 | 1.30 | 019 | 071 | 0.25

2 50:50 wt% monomers to solvent ratio
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Compositions were limited to contain a fairly low concentration of PAS (5-10 mol%)
since it is required only for compatibilization during blending while AN composition
should be sufficient to be an effective barrier material. Excessive AN incorporation may
make processing difficult (which is why MA was incorporated).[? 451 Qualitative
analysis using ATR-FTIR was done to confirm the presence of the amino group from
PAS. Figure 2 is a typical spectrum of a terpolymer compared to binary copolymer
without PAS.

Transmittance I:"\.IZLQ

an b v — MA_AN_Copoiymer

——MA_AN_PAS_tepolymer

S s AR o a: o S arioa
00 800 1200 1600 2000 2400 2800 3200 3600 2000

Wave numbers (cm™)

Figure 2: Superimposed ART-FTIR spectrum of MA/AN copolymer (blue) and
MAJ/AN/PAS terpolymer (red).

In Figure 2, the overlapping spectra of the copolymer and terpolymers are identical
except for two peaks. The peak at about v =1500 cm™ represents the N-H bend and the
doublet at v = 3400 cm™ represents the signature N-H stretch of the primary amine.[*?]
Figure 3 shows no residual PAS monomer (no vinyl peaks) and therefore, it can be
concluded that PAS was incorporated into the terpolymer. *H NMR was then used to
quantitatively estimate the terpolymer composition.
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Figure 3: 'H NMR spectrum of the terpolymer MA_AN_PAS Expl.

The polymer compositions were determined examining the peak for the styrenic protons of
PAS (A at 6 = 6.5-7 ppm), along with the peak for the methyl protons of MA (B at 6 = 3.6
ppm) and the backbone protons (D at 6 = 1.2 -2.2 ppm). The approach is outlined below:

A

X =moles of PAS in terpolymer = "

Y =moles of MA in terpolymer = g
Z = moles of AN in terpolymer = g -X-Y

It should be noted that the doublet at ~ 3 ppm represents the solvent, DMF. The
terpolymers had to be washed several times to reduce the solvent trapped in the resin. The

characterization of all of the terpolymers is shown in Table 3.
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Table 3: Molecular Weight Characterization of MA/AN/PAS Terpolymers

Experiment Fma? Fan? Mhn Db Tyg
1.D. (kg mol-1)P (°C)
MA_AN_PAS Expl 0.68 0.24 114.1 2.14 11.2
MA_AN_PAS Exp2 0.67 0.27 117.1 1.95 4.2
MA_AN _PASExp3 | 0.44 0.52 66.9 223 28.3
MA_AN_PAS Exp4 0.70 0.27 65.8 2.58 7.0
MA_AN_PAS Exp5 0.47 0.39 162.5 1.83 21.0
MA_AN_PAS Exp6 0.69 0.20 133.0 2.09 10.2
MA_AN_PAS Exp7 | 0.63 0.29 102.4 251 9.0

2 Obtained by THNMR; ® Obtained by GPC using DMF as the mobile phase relative to PMMA standards at 50°C

The AN content of the terpolymers varied from 27-52 mol % and the PAS content varied
from 3-14 mol%. Furthermore, there are approximately 30-290 amino groups per
polymer chain. In most cases the polymer compositions are relatively consistent when
similar feed compositions are used. The slight differences in polymer compositions can
be attributed to the polymers having different conversions (different M), possibly
different heating history and discrepancies in processing the *H NMR spectra for analysis
(different phasing and baseline adjustment, for example). Therefore, repeatability does
not seem to be an issue despite the high reactivity of PAS. In summary, the functional
monomer can be incorporated in relatively low concentrations into the terpolymer (3-14

mol%, 30-290 amino groups per chain).

TGA was done to determine the degradation profiles of the terpolymers. Figure 4 shows a

typical spectrum.
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Figure 4: Thermal degradation of an MA/AN/PAS terpolymer under atmospheric
conditions.

There is an immediate mass loss at about 50°C-100°C, which can be attributed to the
moisture absorbed by the polymer from the humidity in the air. There is further weight
loss up to 140°C, which is the residual DMF solvent that was not removed during the
vacuum drying stage. For further evidence of this, the *H NMR does show DMF peaks at
about 6 = 2.8-3 ppm. Previous work has indicated poly(MA) to begin to slowly degrade
at about 200°C under oxygen and vacuum conditions, so it is was not expected to degrade
much before 200°C.521 From 300°C and onwards, degradation of MA and AN in the
polymer is most likely occurring,? 531 with most of PAS in the polymer not being
degraded at all as it is reported to degrade after 500-550°C.[%1 Therefore, the upper limit
that these terpolymers can be extruded at without significant decomposition occurring is
about 250-275°C. Tgs were also analyzed using DSC (see Table 3). The analysis showed
that the Ty of the terpolymers varied between 4-28 °C. This was expected as PMA the
major component, has a Tqof 8 °C.% It is also worth noting that the higher the MA

composition, the lower the Tq as expected.

2.3.3. Extrusion & SEM Analysis
Blends of the amine functionalized terpolymer and the non-functional MA/AN
copolymer were prepared with PE-g-MA at 200°C at 30 wt% of the dispersed phase.
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Blend miscibility can be determined theoretically by evaluating a blend pair’s interaction

parameter (ybiend), Which can be calculated by the Equation 4.5
Xblend= Xa/B = % * (64 — 6p)° 4)

where ybiend IS the interaction parameter between PE-g-MA (A) and the co/terpolymer
(B), R is the gas constant, T is absolute temperature of the blend, v is the molar volume
and 6 is the Hildebrand solubility parameter. ybiend for both the reactive and non-reactive
blend is shown in Table 4.

Table 4: Interaction Parameters of the Blending Pairs

Blend oA 0B Yblend
(cal*2cm¥2) | (cal¥2cm37?)

PE-g-MA & MA/AN 7.90 10.51 0.60

PE-g-MA & MA/AN/PAS 7.90 10.00 0.41

xblend fOr both the non-reactive and reactive blends is quite high at approximately 0.4-0.6
indicating that the blends are indeed immiscible.’”] The molar mass of the polymer repeat
unit was calculated (using the polymer compositions as the weights) approximately to be
83 g mol™*and 86 g mol™* for the non-reactive and reactive blends respectively. The
density was also calculated using the polymer composition as weights and was 0.90 g mI
Land 0.91 g mI* for the non-reactive and reactive blends respectively. The molar volumes
were calculated from the mass of the repeat units and the densities. Furthermore, 6 was
determined by using a weighted average (using the polymer compositions as the weights)
of the solubility parameters found in the literature for the homopolymers.F*®! The
solubility parameter of PAS was not found in the literature so the group contribution
method was used to estimate it according to the approach described by van Krevelen. 58!

Table 5 summarizes the blends studied. The matrix was PE-g-MA in all cases, and the
dispersed phase consisted of varying levels of functional terpolymer
(MA/AN/PAS_Exp7) with a non-functional copolymer (MA/AN_Exp4). The cases with
100% MA/AN/PAS_Exp7 or with only MA/AN_Exp4 were also done with the latter
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serving as the non-reactive blend). Figure 5 shows the SEM images of the reactive and
non-reactive blends.

E) : F : g
Figure 5: (SEM images of A) 70wt% PE-g-MA, 30wt% MA/AN_Exp4 after extrusion
and freeze fracturing, B) 70wt% PE-g-MA, 15wt% MA/AN_Exp4 and 15wt%

MA/AN/PAS_Exp7 after extrusion and freeze fracturing, C) 70wt% PE-g-MA, 30wt%
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MA/AN/PAS_Exp7 after extrusion and freeze fracturing. D) 70wt% PE-g-MA, 30wt%
MAJ/AN_Exp4 post-annealing E) 70wt% PE-g-MA, 15wt% MA/AN_Exp4 copolymer
and 15wt% MA/AN/PAS_Exp7 post-annealing, F) 70wt% PE-g-MA, 30wt%

MAJ/AN/PAS_Exp7 post-annealing.

From Figure 5 a)-c), the non-reactive blend has much larger dispersed phase domains,

compared to the reactive cases, being greater than 10 um. The particle size is nearly

halved when the dispersed phase consists of 50:50 wt% MA/AN/PAS terpolymer:

MAJ/AN copolymer. When the dispersed phase is solely the terpolymer, the particle size

is 10 times smaller compared to the non-reactive case, being about 1.2 um. Thus, the

effect of reaction was substantial. Furthermore, <D>VS can be used to estimate how much

graft copolymer is formed at the interface provided that the blended polymers have a

common solvent for GPC analysis.l*” The polymers studied do not have a common

solvent so SEM was used to analyze the results.

Table 5: Particle Analysis of SEM Images.

Blend Ratio Characterization

SEM PE-g-MA | MA/AN/PAS | MAJ/AN Annealing <D>vs
Image (Wt%) (Wt%0) (Wt%) Conditions (um)

A 70 0 30 None 12.5

B 70 15 15 None 4.6

C 70 30 0 None 1.2

D 70 0 30 20hrs at 150°C 14.1

E 70 15 15 20hrs at 150°C 5.1

F 70 30 0 20hrs at 150°C 1.4

Seeing that < D>vsfor the functionalized blends decreased relative to the non-

functionalized blend, it suggests that morphology was stabilized due to the coupling

reaction as was suggested by previous studies.l*% 2% Conversely, the small increase in

<D>Vs after annealing indicates that coalescence was very slow, and that slight variations

in < D>szere more likely to be caused by analysis of the particles rather than the process

of coalescence itself.[1

2.3.4 Rheology

Complex viscosity measurements versus frequency are shown in Figure 6.
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Figure 6: Complex viscosity measurements of MA/AN (blue), MA/AN/PAS (orange)
and PE-g-MA.

For the particular extruder used, the shear rate was approximated using the largest and
smallest sections of the screws. The shear rates were approximated as 9 and 27 s at 50
rpm for the region with the shortest and widest gap distance, respectively by using the
screw speed, channel depth and, screw diameter. Using the data obtained and data
previously measured,*% it can be seen that the viscosity ratio () of co/terpolymer to PE-
g-MA is approximately 0.3-0.6 respectively at the shear rates estimated. n of 1
theoretically minimizes the domain sizes.[% 5%-62 |t is therefore possible that the
minimum domain size was not achieved even though an effective reaction was used.
Previous studies demonstrated that the amine-maleic anhydride coupling achieved a sub-
micron domain size.® ¢ While no indication of n was given, M, of the polymers used
were similar size to the ones used in this study. Another study also showed that a sub-
micron domain size could be achieved using the same reaction coupling.! It is therefore
possible that the domain sizes could be decreased with a different setup or operating

conditions.
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2.4. Conclusion

In this study, AN-containing polymers with and without an amine functionality were
synthesized and were melt blended with PE-g-MA, poly(ethylene) grafted with maleic
anhydride. The domain size of the dispersed phase was 1.2um and 12.5um when functional
MA/AN was and was not used respectively. Upon annealing, evidence of a slow
coalescence rate was seen for all blends. It was concluded that the reaction coupling was

responsible for the stable morphology and smaller domain sizes.
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3. Reactive Compatibilization of Poly(styrene-ran-
acrylonitrile) (SAN)/ Poly(ethylene) Blends Through the
Acid-Epoxy Reaction

3.1. Manuscript Preface

The amine-maleic anhydride reaction coupling showed that a stable morphology and
nearly sub-micron domain sizes could be achieved. However, as it was previously
mentioned, studies have obtained sub-micron domain sizes with this reaction coupling
and so, further improvements in the results can be achieved. While the results are
positive, PAS is an expensive monomer to use to obtain the amine functionality dispersed
in a polymer. Therefore, a cheaper alternative for reactive compatibilzation, the epoxy-
carboxylic acid coupling was investigated to determine the domain sizes it can yield and
compare it to the amine-anhydride coupling. The drawback to this cheaper option is that

the kinetics of this coupling are about 10 times slower, which was previously reported.[*!]

3.2. Manuscript Introduction

PAN has been extensively studied and used for its very good barrier properties against
gases such as oxygen and carbon dioxide.% Furthermore, in the food industry, it has
been used to block the permeation of aromas and/or flavors in addition to hydrophobic
compounds.?* Its hydrophilic nature however, limits its barrier properties/absorption
against water vapor.[?*l One key limitation of PAN is its inability to be processed easily.
The homopolymer degrades before it melts, making processing very difficult.[48-51]
Therefore, many groups have focused their efforts into copolymerizing AN with different
monomers.[24 27 40,41, 49,51, 64661 \w/hjle not all of the studies were done for the purpose of
barrier materials, these studies suggest opportunities to use the barrier properties of AN in
the form of a copolymer. Besides statistical copolymerization, block copolymers
containing AN have been made.[21-23 25,26, 29, 30, 33, 67-69] Thg ghility to polymerize
acrylonitrile by radical polymerization techniques makes it an interesting polymer for
barrier materials as the microstructure can be tuned in many possible ways. Also,

additional properties can be further combined into the AN containing (co)polymers by
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blending with other polymers. However, many cases have demonstrated the instability
and/or large domains of the dispersed phase when blending either homopolymers,
copolymers, or a mixture of both.[* 3 6.9 10. 70721 \while much research has been done on
adding compatibilizers, 55 707 most industrial blends are reactively compatibilized
and we have focused on using this latter method, like many others.[8-10. 6376, 80-84] gy
focus has been to synthesize AN-rich copolymers by NMP, which can be further
tuned/manipulated by reactive blending. We have focused on amine functional SAN
copolymers blended with poly(ethylene) grafted with maleic anhydride, which revealed a
significant decrease in domain size and a stable morphology.[! In this work, we
investigate SAN copolymers with an acid functionality (via incorporation of acrylic acid
(AA)) to use with poly(ethylene) grafted glycidyl methacrylate (PE-g-GMA). The SAN
and acid functional terpolymer S/AN/AA system were first investigated by conventional
radical polymerization first to understand the copolymerization system, incorporation of
functional groups and to test for reactive compatibilization. Afterwards, a more
controlled synthesis technique, NMP, was used to make the SAN copolymers and by the
means of chain extension, incorporate the acid groups on one end of the chain. In contrast
to earlier work, where a single functionality was located terminally as a single unit, this
study attempts to place several acid groups throughout the SAN copolymer. Functional
groups located terminally are more reactive than ones placed randomly in the polymer.[
With much more reaction sites, the probability of the reaction is expected to increase,
leading to more graft copolymer being formed in situ and better stabilization of the

dispersed SAN phase.

3.3. Experimental Section

3.3.1. Materials

Styrene (99%), tert-butyl acrylate (99%, t-BA), and AN (99%) were obtained from
Sigma-Aldrich and purified by passing them through a column of aluminium oxide
(Brockmann, Type 1, 150 mesh, Sigma Aldrich) and calcium hydride (90-95% reagent
grade, Sigma Aldrich) which were mixed at a mass ratio of 5:0.25 respectively and stored
under a head of nitrogen prior to use. AIBN was obtained from Dupont, dissolved in
methanol, and re-crystallized before use. AA (99%), trifluroacetic acid (99%), CDCl3
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(99.8 atom%), and DMSO-de (99.96 atom%) were obtained from Sigma-Aldrich and
were used as received. BlocBuilder (BB) was provided by Arkema and was transformed
to a succinimidyl ester functionalized form of BB known as NHS-BlocBuilder (NHS-BB)
using an established protocol.[®! 1 4-dioxane (99%) and n-hexanes (98.5%) were
obtained from Fisher and were used as received. Finally, HPLC grade tetrahydrofuran
(THF, 99.9%) was obtained from Fisher as the mobile phase for GPC and was used as
received. PE grafted with glycidyl methacrylate (PE-g-GMA) with a melt flow index of
4.88g (10 min)™* at 190°C, density of 0.94 g mI, and melting point of 106°C was
obtained from Arkema and used as received. Other chemicals used for cleaning purposes
such as acetone (99.5%) and methanol (99.8%) were obtained from Fisher and used as

received unless otherwise mentioned.

3.3.2. Methods
3.3.2.1 Synthesis of Styrene/Acrylonitrile Copolymers

Styrene (S) and AN were copolymerized via conventional radical polymerization using
1,4-dioxane as the solvent in a three necked 50 ml reactor with a nitrogen purge,
thermocouple/thermowell and, reflux condenser. The reactor sat on top of a stirring plate
and heating mantle. Appropriate amounts of the AIBN initiator, S, AN, and 1-4 dioxane
were weighed and poured into the reactor, with the formulation for S_AN_Exp1 (See
Table 1) shown as an example. For this particular experiment, 0.1217 g (0.740 mmol)
AIBN, 4.8471 g (46.54 mmol) S, 1.50 g (28.27 mmol) AN, and 6.7582 g (76.70 mmol)
1,4-dioxane were measured and poured into the reactor. The reactor solution was purged
with nitrogen for at least 30 minutes prior to starting the reaction and maintained
throughout the reaction. The set point of the reactor was set to 70°C to ensure significant
decomposition of the initiator.*® The chiller was set to 4°C. Once the reaction was
complete (reaction time of 3-4 hours) , the polymer was precipitated the first time in
about 200 ml of hexane, re-dissolved in a minimum amount of solvent, and precipitated a
second time in about 50ml of hexane to further remove unreacted monomers. Finally, the
polymer was vacuum dried in an oven at 50-60°C overnight. This particular copolymer
had a M, of 62.7kg mol™ and P of 1.76 relative to PMMA standards at 40°C in THF. The
copolymer had a S molar composition of 0.63 which was determined by *H NMR (300
MHz, CDCls, 8): 6.9-7.5 (m, 5H, Ar H), 1.2-2 (m, 2H, CHy).
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3.3.2.2. Synthesis of Styrene/Acrylonitrile/Acrylic Acid Terpolymers

S, AN and, AA were polymerized via conventional radical polymerization using 1,4-
dioxane as the solvent in a three necked 50ml reactor with a nitrogen purge,
thermocouple/thermowell and, reflux condenser. The reactor sat on top of a stirring plate
and heating mantle. Appropriate amounts of AIBN, S, AN, AA, and, 1,4- dioxane, were
weighed and poured into the reactor, with the formulation for S_ AN_AA 1 (see Table 2)
shown as an example. For this particular experiment, 0.10537 g (0.64 mmol) AIBN,
5.4704 g (52.52 mmol) S, 2.0955 g (39.49 mmol) AN, 1.945 g (26.99 mmol) AA, and,
10.0471 g (114.03 mmol) 1,4-dioxane were poured into the reactor. The reactor solution
was purged with nitrogen for at least 30 minutes prior to starting the reaction. The set
point of the reaction was set to 70°C. The chiller was set to 4°C. After heating at 70 °C
for 2-3 hours, the polymer was precipitated the first time in about 200 ml of hexane, re-
dissolved in a minimum amount of solvent and, precipitated a second time in about 50 ml
of hexane to remove unreacted monomers. Finally, the polymer was vacuum dried in the
oven at 50-60°C overnight. This particular copolymer had a M, of 42.5 kg mol™* and P of
1.65 relative to PMMA standards at 40 °C in THF. The terpolymer had S and AN molar
composition of 0.26 and 0.67 respectively, which was determined by *H NMR

(300 MHz, CDClg, 3): 6.9-7.5 (m, 5H, Ar H), 0.8-2 (m, 3H, CH-CH>), 3.7 (s, 3H, O-
CHs3).

3.3.2.3 Synthesis of SAN Copolymers by NMP

S and AN were copolymerized via NMP using 1,4-dioxane as the solvent in a three

necked 50ml reactor with a nitrogen purge, thermocouple/thermowell and, reflux
condenser. The reactor sat on top of a stirring plate and heating mantle. Appropriate
amounts of NHS-BB, S, AN, and, 1,4-dioxane were measured out and poured into the
reactor, with the formulation for S_AN_NHS-BB-1 (see Table 5) shown as an example.
For this particular experiment, 0.1805g (0.38mmol) NHS-BB, 9.4527g (90.76 mmol) S,
0.5698g (10.74mmol) AN, and 10.1038g (114.67mmol) 1,4-dioxane were measured and
poured into the reactor. The reactor solution was purged with nitrogen for at least 30
minutes prior to starting the reaction and maintained throughout the reaction. The set

point of the reaction was set to 115°C. The chiller was set to 4°C. Once the reaction was
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complete after 4-5 hours, the polymer was precipitated the first time in about 200ml of
hexane, re-dissolved in a minimum amount of solvent, and precipitated a second time in
about 50ml of hexane to remove unreacted monomers. Finally, the polymer was vacuum
dried in the oven at 50-60°C overnight. This particular copolymer had M, of 7.0 kg mol™*
and b of 1.18 relative to PMMA standards at 40°C. The copolymer had S composition of
0.93 and a conversion of 0.38, which were both determined by *H NMR (300 MHz,
CDCl3, d): 6.9-7.5 (m, 5H, Ar H), 1.2-2 (m, 2H, CH>).

3.3.2.4 Chain Extension with Styrene/Tert-butyl acrylate by NMP

Chain extension was done on the final SAN copolymer synthesized (with a S molar
composition of 0.62, see Table 6) in 1,4-dioxane with the same setup described for the
other NMP experiments. A S/t-BA mixture at a mol ratio of 50/50 was mixed in with the
SAN copolymer and 1,4-dioxane. The macro-initiator (SAN) was rich in AN to give the
first block significant barrier properties (typical barrier materials have 40-50mol%
AN).Bl The chain extension was done at 100°C. Once the product was purified by air
drying (due to difficulty in precipitation) and vacuum dried at 60°C, the t-BA groups
were converted to acid groups (SAN-b-SAA) using a previously used protocol with
trifluoroacetic acid.[®”! The SAN copolymer had a M, of 10 kg mol* and b of 1.23, and
the block copolymer had a M, of 36.6kg mol™ and D of 1.34 relative to PMMA standards
at 40°C in THF.

3.3.3. Characterization

3.3.3.1. Proton Nuclear Magnetic Resonance (*H NMR)

A Varian 300MHz was used to characterize the composition of all polymers by *H NMR.

The peaks of interest for SAN copolymers were at ~5=6.5-7ppm for the five styrenic
protons and 6=1.2-2ppm for the backbone protons. The peaks of interest for the
S/AN/AA terpolymers and SAN-b-SAA were at & = 6.5-7ppm for the five styrenic
protons, & = 0.8-2ppm for the backbone protons, and & = 3.6ppm for methyl protons of
AA which had been previously methylated with a trimethylsilyldiazomethane solution.®"]
For all polymers, the AN content was calculated using the backbone CH2 protons rather

than solely the proton on the alpha carbon.[0 41
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For kinetic studies, conversion was calculated using *H NMR. Specifically, the vinyl
protons were used for each monomer, none of which overlapped. DMSO-ds was used as
the solvent for *H NMR to calculate conversion for the kinetic studies. It was used
instead of CDCls to avoid interference with the signal due to S. CDCIs was used to

determine polymer compositions.

3.3.3.2. Gel Permeation Chromatography (GPC)

All polymers were analyzed using a Waters Breeze system equipped with three Styragel
columns (molecular weight ranges: HR1: 102-5x10° g mol, HR2: 5x10%- 2x10* g mol ™,
HR3: 5x103-6x10° g mol™) and a guard column. The flow rate was 0.3 ml min™t. The
GPC was equipped with a differential refractive index (RI 2410) detector. All polymers
were analyzed with THF as the mobile phase at a column temperature of 40°C. The
molecular weights were measured relative to PMMA standards. Prior to analysis,
polymer samples containing AA were methylated with a trimethylsilyldiazomethane

solution (2M in hexanes) to prevent sticking of the acid groups onto the column.[®”]

3.3.3.3. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy

A Perkin-Elmer spectrum TWO with UATR accessory (also from Perkin-Elmer) and
diamond as the ATR crystal was used to qualitatively analyze SAN copolymers,
S/AN/AA terpolymers, and the chain extension. The peak of interest for SAN copolymers
was v = 2200 cm™ for the nitrile stretch for AN.[*?l The peaks of interest for SIAN/AA
terpolymers and SAN-b-SAA were at v = 1600-1800 cm for the carbonyl stretch of AA,
v = 2200 cm? for the nitrile stretch for AN and v = 3000 cm for the O-H stretch of the
acid to ensure that the carbonyl peak did not represent unconverted/unreacted t-BA

(further evidence of this was obtained from the *H NMR spectrum).[*?

3.3.3.4. Thermal Gravimetric Analysis (TGA)

A TGA Q500 from TA Instruments was used to determine the minimum degradation

temperature and degradation profiles of the S/AN/AA terpolymers. The analysis began at
ambient temperature (35-40°C) and went to 550°C at a heating rate of 10°C min™. The
analysis was done under oxygen rather than nitrogen to simulate the environment in an

extruder.
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3.3.3.5. Differential Scanning Calorimetry (DSC)
A DSC Q2000 from TA Instruments was used to approximate the Tg4 of the S/AN/AA
terpolymers. The analysis for STAN/AA terpolymers was comprised of two heating cycles

and one cooling cycle. Heating began at -20°C and went to 160°C at a rate of 20°C min™,
The cooling cycle began at 160°C and went to -20°C at a rate of 20°C mint. The
measurements were done in an aluminium t-zero pan and were calibrated with an empty

aluminium t-zero pan.

3.3.3.6. Extrusion and Scanning Electron Microscopy (SEM)
SAN copolymers and SAN-b-SAA were each melt blended with PE-g-GMA in a Haake
MiniLab Il twin screw extruder in counter-rotating mode. A 70:30 mass ratio of

PE-g-GMA:polymer was used. The mixture was manually mixed with a spatula prior to
feeding it to the extruder. The operating conditions for the extruder were 160°C at 50
rpm. The material was passed through the extruder a total of three time before the product
was collected (a total residence time of 2-3 minutes). The product was quenched in liquid
nitrogen within the first 10-20 seconds as it exited on the third pass to preserve the
morphology. A sample of the product was freeze-fractured and was put into a beaker of
THF (and stirred) for a minimum of a 24 hours to ensure the dispersed phase was etched
out. The samples were dried and glued onto aluminium stubs with cyanoacrylate glue.
They were then coated with a 2 nm layer of platinum to make the sample conductive for
SEM analysis. A FEI Inspect F-50 FE SEM was used to analyze the surfaces of the
extruded polymers at 1-2kV (significant charging occurred at higher settings). Finally,
ImageJ was used to analyze the dispersed phase size. A minimum of 350 particles were

used in determining the average volume to surface area diameter <D>VS. The particles

were manually picked out using the ROI manager rather than letting the software
automatically detect particles. The background was subtracted before adjusting the

threshold. < D>Vs of each blend before and after annealing was calculated. < D>szas

calculated by using the Equation 5 found in the literature.

k 3

<D >ys= 5T
1= L

()
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where n is the number of particles and D is the diameter of the assumed spherical

particle. <D>szas calculated by assuming that the particles were spherical (in 3-D) and

circular (in 2-D) so that their diameter could be extracted from their area.

3.3.3.7. Rheology
Sample discs (~0.7 g) of PE-g-GMA, SAN copolymer and SAN-b-SAA were prepared in

a Carver Model 3857 hot press at 200°C. The discs were 1 mm in thickness and 25 mm in
diameter. The discs were prepared between poly(tetrafluoroethylene) plates at a clamping
force of 12 tons. The pressing time was 30 minutes for PE-g-GMA with quick releases at
10 minute intervals to remove any air bubbles. The pressing time for the remaining
samples was 10 minutes with quick releases at 3 minute intervals. The discs were cooled
to room temperature at a rate of about 35 °C min™. Rheology measurements were
performed on the prepared discs using an Anton Parr MCR 302 parallel plate rheometer
using a frequency sweep at 160°C under nitrogen. The strain was kept below 10% to stay
within the linear viscoelastic regime and the angular frequency was varied between 0.01
and 300 s,

3.4. Results & Discussion

3.4.1. Synthesis of Styrene/Acrylonitrile Copolymers

S was copolymerized with AN using conventional radical polymerization with AIBN as
the initiator. The objective was to make copolymers with a sufficiently high AN content
for barrier applications so feed compositions were varied to cover a broad range and
characterize its incorporation into the copolymers. The data is presented in Table 1 with

Figure 1 as a typical example of the *H NMR spectra.
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Table 1: Characterization of non-reactive SAN copolymers synthesized by conventional

radical polymerization

Feed Composition Characterization
Experiment AIBN] x10? S AN Mn
"o | (nj) (i/; [(M>3 B gmorye |
S_AN_Expl 5.40 3.39 2.06 | 0.62 | 0.62 62.7 1.76
S_AN_Exp2 4.48 3.93 1.40 | 0.74 | 0.76 34.5 1.80
S_AN_Exp3 3.32 4.03 0.59 | 0.87]0.85 35.2 1.72
S_AN_Exp4 3.64 2.08 | 458031052 - -

250:50 wt% monomers to solvent ratio; ® initial composition of styrene in the monomer mixture; ¢ Styrene mol fraction
in the copolymer (calculated using 'H NMR); ¢ Obtained by GPC using THF as the mobile phase with respect to
PMMA standards at 40°C

Figure 1: 'H NMR spectrum of S_AN_Expl1.

The compositions were calculated by examining the peak areas for the styrenic protons of
S labelled in Figure 1 as “B”, and the backbone protons labelled as “A” and using the

following previously published method:!
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. B
n=moles of S present in copolymer= <

. A
m=moles of AN present in copolymer:E -n

Fs and Fan were calculated using:

n

Foz——
S n+m

Fan=1- Fs

Table 1 shows that the azeotropic composition (i.e. when initial monomer feed
composition is equal to copolymer composition) for this system was approximately
£,=0.62, which is very similar to previous studies.[®" 32 8l Fyrthermore, previous studies
have pointed out that as fan approaches unity, Fs approaches approximately 0.5 (an
alternating copolymer), which can also be seen from the data.[*3288l, Table 1 also shows
that varying the feed composition still results in significant AN incorporation, which is in
agreement with earlier studies.[ %81 With the confirmation that AN can be incorporated
over a wide compositional range, the incorporation of a reactive functionality (carboxylic

acid) was attempted via terpolymerization of S, AN and AA.

3.4.2. Synthesis of Styrene/Acrylonitrile/Acrylic Acid Terpolymers

With the incorporation of AN confirmed, further investigations were done to try to
incorporate a carboxylic acid in a terpolymer. Initially, methacrylic acid was attempted to
be incorporated with S and AN, but its incorporation was extremely low

(<1% mol). It was hypothesized that the methyl group on the vinyl group decreased its
reactivity due to steric hinderancel®! AA was instead attempted. AA was incorporated
into a terpolymer previously with S and AN.°% Table 2 and 3 show the different feed
compositions that were tested to assess how to obtain a significant AN content while at
the same time to obtain a significant acid content to aid in reactive compatibilization

(~ 5-10 mol%). Figure 2 shows a typical *H NMR spectrum of these terpolymers.
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Table 2: Formulations for the Synthesis of Styrene/Acrylonitrile/Acrylic Acid

Terpolymers by Conventional Radical Polymerization.

Experiment [AIBN] x102 [S] [AN] [AA] fs.0 fano
I.D. (M) (M| (M)? (M)?

S_AN_AA_1 3.18 2.60 | 1.96 1.34 0.44 0.23
S _AN_AA 2 3.03 3.41 0.90 1.16 0.62 0.21
S _AN_AA 3 3.22 2.68 2.20 1.20 0.44 0.20
S_AN_AA_4 3.23 351 | 0.84 1.09 0.65 0.20
S AN _AA 5 3.42 3.82 0.30 1.03 0.74 0.20
S AN _AA 6 3.23 3.45 0.77 1.23 0.41 0.25
S_AN_AA_7 3.33 349 | 083 1.08 0.65 0.20
S AN _AA 8 3.27 3.81 0.39 0.91 0.75 0.18
S AN _AA 9 3.60 2.61 0.92 2.36 0.44 0.40
S_AN_AA_10 3.78 310 | 093 1.66 0.55 0.30

250:50 wt% monomers to solvent ratio
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Table 3: Characterization of Styrene/Acrylonitrile/Acrylic Acid Terpolymers Synthesized

by Conventional Radical Polymerization

o Terpolymer Molecular Weight
Feed Composition o S
Composition Distribution
Experiment Mn
fs.0 faao Fe Faa? pP
1.D. (kg mol1)P

S AN _AA 1 0.44 0.23 0.26 0.07 42.5 1.65
S_AN_AA 2 0.62 0.21 0.44 0.04 34.7 1.43
S_AN_AA 3 0.44 0.20 0.21 0.04 52.0 1.58
S AN _AA 4 0.65 0.20 0.44 0.04 63.0 1.92
S AN_AA 5 0.74 0.20 0.43 0.04 55.4 1.71
S_AN_AA 6 0.41 0.25 0.49 0.18 70.0 1.92
S AN _AA 7 0.65 0.20 0.35 0.08 15.6 1.56
S_ AN_AA 8 0.75 0.18 0.67 0.25 60.1 1.84
S_AN_AA 9 0.44 0.40 0.67 0.26 19.4 1.37
S _ AN_AA 10 0.55 0.30 0.75 0.04 74.6 1.81

2 Copolymer composition calculated using *H NMR; ® Obtained by GPC using THF as the mobile with respect to
PMMA standards at 40°C
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Figure 2: *H NMR spectrum of S_ AN_AA 9
The polymer compositions were determined by examining the peak for the styrenic

protons (B), along with the peak for the methyl protons of AA (after methylation) (A),
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and the backbone protons (D). The approach is outlined below to determine the mole

fractions of the monomers in the terpolymer.

X=moles of S in terpolymer = g

Y=moles of AA in terpolymer = g

Z=moles of AN in terpolymer = g -X-Y

The initial experiments (S_AN_AA 1 & 3) resulted in an acid incorporation in the
desired range of 5-10mol%. While this was encouraging, a challenge became prevalent.
As can be seen from Table 3, while the acid content was desirable, the corresponding AN
content was > 60 mol%. The desired AN content was approximately 40-50% mol, typical
of barrier materials even though a higher AN content can be used as long as the material
can be processed. Therefore, a study of the ternary system was conducted to determine a
qualitative trend to slightly lower the AN content while maintaining the desired AA
content. It seems from the small sample set that rather than decreasing the AN feed
content and increasing the S feed content, decreasing the AN feed content and increasing
the AA feed content achieved a more desirable AN terpolymer composition. Increasing
the AA feed content as can be seenby S AN_AA_6 & 9, can result in high acid
terpolymer compositions. However, S AN_AA 4,5 & 7, were satisfactory in controlling
both the AA and achieving sufficient AN content in the terpolymer

(4-8% mol and 52-57% mol respectively).

Thermal properties of the terpolymers were characterized via TGA and DSC. A typical
example of the spectra obtained from DSC analysis is shown in Figure 3. From Figure 3,
it can be seen that the Ty is a little bit above 100°C. The Tgof the terpolymers are listed in
Table 4.
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Figure 3: DSC analysis of S_ AN_AA 1.

Table 4: Glass transition Temperatures of the Terpolymers.

Experiment 1.D. Fs | Faa T

Q)
S AN AA 1 [026]007] 1139
S_AN_AA 2 044004 | -
S AN AA3 [021]004] -
S AN_AA 4 |044]0.04 ]| 1003
S AN_AA 5 0.43 ] 0.04 | 822
S AN AA6 |049[018]| --
S AN AA 7 [035][008]| 765
S AN AA 8 [067]025| 875
S AN.AA 9 [067]026] 1051
S AN AA 10 |[0.75|0.04| 986

The Tgs of PAN, poly(styrene) and poly(acrylic acid) are approximately 90-100°C,+ as

can be suggested by the terpolymers listed in Table 4. There is some variation in Tgas it
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is not only a function of molecular weight and composition, but of monomer sequencing
due to possible interactions and/or steric hinderance between adjacent monomer units.®?
%1 This, along with the different molecular weight distributions explain the variation in T
in the synthesized terpolymers. DSC provided relevant information regarding the T4 (and
therefore, extrusion temperature), but TGA was also performed to understand the

degradation process of the terpolymers with Figure 4 as a typical example.

Figure 4: TGA analysis of S AN_AA 1.

The expected degradation profile of S_AN_AA terpolymers matches Figure 4. Moisture
and residual solvent evaporated at about 100°C. Afterwards, AA began to transform to
anhydrides (up to 150°C) and then to smaller volatilized organic compounds beyond
150°C.%%1's and AN decomposed after 250°C.[°1 |t was important to see the early
degradation of AA, as this puts a constraint on the temperatures that the terpolymers

could be extruded.

3.4.3. Synthesis of Styrene/Acrylonitrile Copolymers by NMP
After confirming that AN could be incorporated into a copolymer with S and into a
terpolymer with S and AA, controlled radical polymerization, specifically NMP, was

used to synthesize SAN copolymers with a narrower D along with chain-end fidelity
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(possibility of chain extension) to incorporate further properties and/or functional groups.
Also, placing functional groups near one end of the chain should improve their
accessibility to react with complementary functional groups from the other polymer
during blending.[®! Table 5 shows the reaction formulations and the characterization of

the copolymers that were synthesized.

Table 5: Characterization of SAN Copolymers Synthesized by NMP.

Feed Composition Characterization
Experiment 1.D. | NHS-BB S AN | fso | FsP Mn pc
(M) (M)E | (M)? (kg mol™)°®

S_AN_NHS-BB-1 0.018 434 | 0.51(0.89]|0.93 10.0 1.18

S_AN_NHS-BB-2 0.018 404 |1.09 |0.79|0.86 13.5 1.20

S_AN_NHS-BB-3 0.018 3.77 | 1.60 |0.70 | 0.72 10.6 1.17

S_AN_NHS-BB-4 0.018 3.38 | 2.22 | 0.60 | 0.64 20.0 1.25

250:50 wt% monomers to solvent ratio’ ® Calculated using tHNMR; ¢ Obtained by GPC using THF as the mobile phase
with respect to PMMA standards at 40°C

It can be immediately noticed from Table 5 that the D of the copolymers synthesized is
significantly lower than the ones synthesized by conventional radical polymerization.
Furthermore, the copolymer compositions matched well to those previously reported(él
and our earlier results by conventional radical polymerization. Kinetic studies were also
performed for each polymerization to see how well the polymerization mimicked the
expected behaviour for a controlled mechanism (i.e. linear My versus conversion). The
kinetic plots for the polymerizations are shown in Figure 5 and 6. It is worth noting that
the beginning of the reaction was arbitrarily chosen to be when the temperature reached
100°C.
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Figure 5: Kinetic plots (scaled conversion of In[(1-x)™] (x = conversion) versus time) for
SAN copolymers with feed composition S:AN (in mol%) of: a) 89:11, b) 79:21, c) 70:30,
d) 60:40.

It can be seen from Figure 5 that over the course of the 5 hour reaction period, the kinetic
plots are relatively linear and show a steady consumption of monomers over time, with

no indication of a plateau that would imply dead chains.[*3 7. 65.87]
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Figure 6: Number average molecular weight (Mn) vs conversion relative to PMMA
standards in THF at 40 °C for SAN copolymers with feed compositions S:AN (in mol %)
of a) 89:11, b) 79:21, c¢) 70:30, d) 60:40.

Furthermore, M, versus conversion plots show that the chains are growing linearly over
time, which is also an indicator that the polymerization was reasonably controlled with no
overt chain termination or transfer suggested.[*317:65871 Figure 5¢ and 6¢ show the
possibility of dead chains as the conversion and M, seem to plateau slightly, or perhaps,
some chain transfer to solvent that becomes noticeable after 3-4 h. Otherwise, the kinetic
plots demonstrate a linear trend and give an apparent rate constant (kyK, the slope of the

ln(ﬁ) versus time plot) of 3.2-5.8 x 10™° st where kj, is the propagation rate constant

and K is the equilibrium constant. k, for AN is reported to be 1.5x10* L mol while for S,
kp is reported as 1.8x10% L mol™.[*¥1 K for S and AN is 2.2x10°° mol L and 1x107*° mol
Lt respectively.l*®l It is not surprising that even though the feed composition was varied,
the apparent rate constant did not vary much since the product of the reported

propagation rate constants (kp) and equilibrium constants (K) for both S and AN are
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approximately equal.[*® Acid functionality was then attempted to be incorporated now

that well defined SAN copolymers were synthesized.

3.4.4. Synthesis of Block Copolymers using SAN copolymers

The ideal goal was to synthesize S/AN/AA terpolymers by NMP so that the acid groups
could be randomly distributed in the terpolymer like with conventional radical
polymerization, but the terpolymerization yielded little to no acid (<0.5% AA). Based on
the reactivity ratios published in the literature for this ternary system, AA should have
been incorporated readily into the polymer.®% Literature suggests that the MEHQ
inhibitor plays a key role in retarding the polymerization of AA.I62 |t was not removed
prior to use however, and the same unpurified AA was successfully used previously with
NMP.B1 AA is known to attack SG1, so it is possible that AA preferred to attack SG1
and caused irreversible chain termination rather than incorporate into the terpolymer.
Consequently we chose to use the block copolymer so that the SAN segment is ensured
and then the second block consists of the AA needed for the reactive blending. The
formulation and its characterization is listed in Table 6 and 7. The first block was a SAN
block at the azeotropic feed composition ~fs= 0.6.The second block was a S/t-BA block
at a mol ratio of 50/50. Due to AA’s tendency to attack the SG1 groups of BB, the acid
functionality was incorporated indirectly in the form of a protected version of AA, t-BA.
The tert-butyl group can be easily removed by the use of an acid resulting in a carboxylic

acid functionality.

Table 6: Formulation and characterization of SAN macro-initiator

Feed Composition Characterization
Experiment | [NHS-BB] | [S] | [AN] | fso | Fs° Mn pc
1.D. (M)2 (M) | (M)? (kg mol-t¢
S/AN_60/40 0.019 3.43 | 2.42 | 0.60 | 0.62 10.0 1.23

a50/50 wt% ratio of monomers to solvent; ® Calculated *H NMR; ¢ Measured with respect to PMMA standards at 40°C
using THF as the mobile phase
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Table 7: Formulation and characterization of SAN-b-S/t-BA

Feed Composition

Characterization

Experiment | [S/AN initiator] | [S] | [t-BA] | fso FanP pc
D, (M)? M2 | (e (kg mol-1)°
S/AN-b-S/t-BA 0.002 2.02 2.02 |0.50 0.16 1.34

a50/50 wt% ratio of monomers to solvent; ® Calculated *H NMR; ¢ Measured with respect to PMMA standards at 40°C

using THF as the mobile phase

During the kinetic studies, evidence pointed toward a controlled radical mechanism and
the ability to chain extend is the last criterion for it.[*> 17.65.871 The increase in Mn is a
good indicator of a successful chain extension and a living polymer, but further evidence

can be seen from the GPC chromatograph in Figure 7.

Detector Signal (a.u,)
I

Figure 7: GPC chromatograph for chain extension of SAN macro-initiator.

A clear shift to the left in the GPC chromatograph, indicative of higher molecular weight
chains, indicates that chain extension was successful. There was not excessive skewness,
indicative of a low molecular tail, implying that there was not a significant amount of
dead chains in the SAN macrointiator. The t-BA groups were converted to carboxylic
acid groups using trifluoroacetic acid, which gave the block copolymer the necessary acid
functionality for extrusion. The first block had a composition (S:AN) of 62:38 mol%.
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With the second block, the total polymer had an AA composition of 10 mol%
(approximately 40 AA groups per chain) and an AN composition of about 16 mol%. It
seems that the AN loading is low to be an effective barrier material, but recall that the
AN is contained within a single block and if desired can be manipulated by the feed

content for first block and the size of the second block.

3.4.5. Extrusion & SEM analysis

Prior to extrusion, the SG1 group of the SAN copolymers and SAN-b-SAA used in
extrusion was cleaved using a literature method to increase the thermal stability!*® The
reactive and non-reactive polymers made by NMP were extruded with PE-g-GMA at
160°C. Blend miscibility can be determined theoretically by evaluating a blend pair’s

interaction parameter (ybiend), Which can be calculated by Equation 6.5
Xvtend = Xasp = = * (64 — 65)? (6)

where, ybiend IS the interaction parameter between PE-g-GMA (A) and the co/block
copolymer (B), R is the gas constant, T is absolute temperature of the blend, v is the
molar volume and & is the Hildebrand solubility parameter. yniend for the reactive and non-

reactive blends are listed in Table 8.

Table 8: Interaction Parameters of the Blending Pairs

Blend oA oB Yblend
(cal2cm3?2) | (cal¥2cm3?2)

PE-g-GMA & SAN 7.90 9.92 0.45

PE-g-GMA & SAN-b-S/AA 7.90 9.93 0.47

¥pblend fOr both the non-reactive and reactive blends is quite high indicating that the blends
are indeed immiscible.®” The molar mass of the polymer repeat unit was calculated using
the polymer compositions as the weights) approximately to be 84 g mol™ and 86 g mol™*
for the non-reactive and reactive blends respectively. The density was also calculated
using the polymer composition as weights and was 0.87 g ml"tand 0.91 g mI* for the

non-reactive and reactive blends respectively. The molar volumes were calculated from
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the mass of the repeat units and the densities. Furthermore, 6 was determined by using a
weighted average (using the polymer compositions as the weights) of the solubility
parameters found in the literature for the homopolymers.°71 The in situ reaction between
the complementary functional groups will result in the formation of a graft copolymer at
the interface, which will reduce the coalescence significantly.*® The non-reactive blend
does not possess complementary functional groups so the blend should show signs of
significant coalescence. Therefore, SEM images post-extrusion and post-annealing were
used to verify the effect of compatibilization. The SEM images are shown in Figure 8 and

the quantitative analysis is shown in Table 9.

40_um 40um

c) d)

Figure 8: SEM images of a) 70wt% PE-g-GMA, 30wt% SAN after extrusion and freeze
fracturing, b) 70wt% PE-g-GMA, 30wt% SAN-b-S/AA after, extrusion and freeze
fracturing, ¢) 70wt% PE-g-GMA, 30wt% SAN post annealing, d) 70wt% PE-g-GMA,
30wt% SAN-b-S/AA post annealing.



Table 9: Particle Analysis of SEM Images

Blend Ratio Characterization
SEM PE-g-GMA | SAN-b-S/AA SAN Annealing <D>
Image (Wt%) (Wt%) (Wt%) Conditions ("mv)s
a 70 0 30 None 3.0
b 70 30 0 None 1.7
c 70 0 30 18 hrs at 150°C 12.6
d 70 30 0 18 hrs at 150°C 1.6

<D>VS estimates the ratio of volume to interfacial area. <D>vs vs is used as it relates easily

to the interfacial coverage of the compatibilizing block copolymer around the dispersed

phase particle. For example, <D>VSVS can be used to estimate how much graft copolymer

is formed at the interface if a common solvent exists between the polymers for GPC

analysis. The quantitative analysis shows that the reactive blend and the non-reactive

blend yield similar <D>VS= 1.7 um and 3.0 pm respectively. It was expected that the acid-

epoxy reaction would reduce the interfacial tension enough to see a more drastic
difference in the domain sizes. A possible explanation could be that the two polymers
have similar interfacial tensions. Coupling this with the known slow kinetics (<10%
conversion within the first 2 minutes) of the acid-epoxy reaction,™!! it may suggest little
reaction during extrusion. However, annealing showed that the reactive blend was
sufficiently stable whereas the non-reactive blend dramatically coalesced (domain size
increased by a factor of 4). Longer extrusion times or addition of a catalyst might have
helped. A previous study was able to achieve a 30% conversion with this reaction
coupling with a residence time of 10 minutes.[*”1 To further improve the kinetics, a

catalyst was used to improve the conversion to 80%.°7]

3.4.6 Rheology
The complex viscosity of the SAN copolymer, SAN-b-SAA and PE-g-GMA was
measured at 160°C and is shown below in Figure 9.
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Figure 9: Complex viscosity vs. angular frequency measurements for PE-g-GMA (blue),
SAN (orange), and SAN-b- SAA (grey).

For the particular extruder used, the shear rate was approximated using the largest and
smallest diameter of the screws at a rotational speed of 50 rpm. The shear rates were
approximated as 27 and 9 s™. In this interval, the viscosity ratio (n) of the co/block
copolymer to PE-g-GMA is approximately 0.03-0.04. For the best dispersion, n of 1
should result in the smallest domain sizes.[*% 5621 Obviously mixing could have
improved with a higher n and this is likely due to the relatively low molecular weight
SAN-b-S/AA copolymer used. Our previous study with SAN/PE blends (using an
amine/anhydride reaction where the SAN was terminated with a single amine group and
the PE was grafted with maleic anhydride (MA)) had similar n ~ 0.04 at shear rates ~ 10-
100 s** and the SAN particle size was stable and <D>VS~ 2 um.B In another study,

using the same extruder, we blended a MA/AN/PAS terpolymer made by conventional
radical polymerization containing several pendant amine groups into PE-g-MA, and we
obtained sub-micron particle sizes. Here, n ~ 0.5 at the shear rates of interest (the
terpolymer had a much higher molecular weight compared to the polymers used here).
There are obvious several factors at play in compatibilization/mixing of polymer blends:

interfacial tension (and hence interfacial thickness which can limit the amount of
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copolymer formed), type of reaction and the rheology of the individual components.
Here, we showed that the epoxy/acid reaction (which is easy to functionalize the
respective homopolymers) is effective at producing stable morphologies of SAN/PE
blends with relatively small particle sizes. The next steps would be to orient the SAN
domains in an elongated manner in the PE matrix to provide a more effective barrier

morphology.

3.5. Conclusion

In this study, AN-containing polymers with and without an acid functionality were
synthesized by NMP. They were melt each blended with PE-g-GMA, poly(ethylene)
grafted with glycidyl methacrylate, at 160°C at 50 rpm. The domain size of the dispersed
phase was 1.7 um and 3.0 um when functional (via AA copolymerization) and non-
functional SAN was used respectively. Upon annealing, evidence of significant
coalescence was seen for the non-reactive blend as its domain size increased to 12.6 um.
The domain size for the reactive blend did not increase indicating that enough of the acid-

epoxy coupling reaction occurred to keep a stable morphology.
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4. Future Considerations

While the S/AN-b-S/AA block copolymers yielded a stable morphology due to the acid-
epoxy reaction, it would be interesting to disperse the acid functionality by the means of a
terpolymer rather than a block copolymer. This proved to be difficult in the few trials ran
with NMP. Even indirect attempts with t-BA or a silane-protected version of AA did not
incorporate significantly in a terpolymer with S and AN. Therefore, before any efforts go
into this, a blend of S/AN/AA terpolymer synthesized by conventional radical
polymerization (which polymerized successfully) with PE-g-GMA can be attempted to
see if the dispersed acid functionality reduces the domain size of the blend any further

compared to the block copolymer.

The next step for the amine-maleic anhydride blend would be to use controlled
polymerization techniques to yield a well-defined terpolymer. Cheaper monomers such as
3-isopropenyl-o,a-dibenzyl isocyanate can be transformed to an amine functionality.[*®]
Alternatively, if deemed cheaper, some AN can be sacrificed and transformed into amine

groups by an SN2 reaction with lithium aluminium hydride as a reducing agent.

Given that radical polymerization has the ability to synthesize long chain polymers, Mn
could be increased in an attempt to increase the viscosity ratio closer to unity. It may
prove to be worthwhile as the domain sizes should theoretically decrease by increasing
the viscosity ratio for both systems.

Finally, the operating conditions should be carefully looked at. Research groups use
blending equipment with residence times that vary between 2-20 minutesf® 6 9 10. 60,63, 74,
78991 While the residence time for the amine-maleic anhydride coupling is not a
significant factor due to its extremely fast kinetics, the same cannot be said for the acid-

epoxy coupling.*]

5. Conclusions

The work contained in this thesis is the continuation of the work previous colleagues
began in the investigation of compatibilizing blends with AN containing polymers for

barrier applications. The work showed that AN could be polymerized with different
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monomers using both conventional radical polymerization and NMP in the form of
copolymers, terpolymers and block copolymers. More importantly, compatible functional
groups were inserted as pendant groups in the polymers rather than just at the terminal
ends, giving the polymers more reactivity and versatility. Specifically, amine groups were
inserted into MA/AN copolymers in the form of PAS and carboxylic acid groups were
inserted into SAN copolymers in the form of t-BA. PE. MA/AN/PAS terpolymers were
melt blended with PE-g-MA at 200° C and SAN-b-S/AA was melt blended with
PE-g-GMA at 160°C. The domain sizes were 1.2um and 1.7um respectively. The
respective non-reactive blends yielded domain sizes of 12.5um and 3.0um. The non-
reactive blends showed signs of coarsening upon annealing and so it was concluded that

the coupling reactions not only occurred, but were responsible for the stable morphology.

These results are significant as they show that AN can be used for its barrier properties
even though PAN cannot be processed easily. Previous barrier materials containing
polyesters, polyamides, and nylon while being effective, lack the ability to form complex
architectures because they are synthesized by a condensation reaction. Furthermore,
compatibilization can be more difficult as they only have a single terminal functional
group. Additionally, the level of polarity (and therefore, barrier properties) cannot be

manipulated.

However, because AN based polymers were synthesized by radical polymerization,
complex architectures and other properties (toughness, elasticity etc...) can be added in
the form of other monomers all the while manipulating the AN content (and therefore,
barrier properties) in the final co/terpolymer. Furthermore, the research illustrates the
effectiveness of compatibilizing polymer blends over adding fillers and simply blending.
The reduced domain sizes not only improve mechanical (and barrier properties) of the
material, but the physical bonds formed ensure that the material will be stable during
downstream processing steps. The one step extrusion followed by a channel die to create
the brick like morphology can be much more economical over multilayer extrusion

because multilayer extrusion possibly uses multiple extruders and dies.
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