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ABSTRACT: Two families of acid functional styrene/acrylonitrile copolymers (SAN) for application as dispersed phase barrier materials in
poly(ethylene) (PE) were studied. One type is SAN made by nitroxide mediated polymerization (NMP), which was subsequently chain
extended with a styrene/fert-butyl acrylate (S/fBA) mixture to provide a block copolymer (number average molecular weight M,, = 36.6
kg mol ™! and dispersity D = 1.34, after which the tert-butyl protecting groups were converted to acid groups (SAN-b-S/AA). The other
acid functional SAN is made by conventional radical terpolymerization (SAN-AA). SAN-AA and SAN-b-S/AA were each melt blended
with PE grafted with epoxy functional glycidyl methacrylate (PE-GMA) at 160 °C in a twin screw extruder (70:30 wt % PE-GMA:SAN co/
terpolymer). The non-reactive PE-g-GMA/SAN blend had a volume to surface area diameter (D) = 3.0 pm while the reactive blends (via
epoxy/acid coupling) (PE-GMA/SAN-b-SAA and PE-GMA/SAN-AA) had (D), = 1.7 pm and 1.1 pm, respectively. After thermal anneal-
ing, the non-reactive blend coarsened dramatically while the reactive blends showed little signs of coarsening, suggesting that the acid/

epoxy coupling was effective for morphological stability. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44178.
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INTRODUCTION

Poly(acrylonitrile) (PAN) has been extensively studied for its
excellent barrier properties against gases such as oxygen and car-
bon 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® but it could
be very effective against hydrocarbon permeation. One key limita-
tion of PAN is its processability; the homopolymer degrades
before it melts, making processing very difficult.’™ Therefore,
much effort has focused upon copolymerizing AN with different
monomers.”®"'> While 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,
provided sufficient AN is incorporated. Besides statistical
copolymerization, block copolymers containing AN have been
made, which provides another route to incorporating PAN’s
barrier properties.'>** The ability to polymerize AN by radical
polymerization techniques, particularly by reversible activation/
de-activation polymerization (RADP) techniques such as revers-
ible addition fragmentation transfer (RAFT), atom transfer radical
polymerization (ATRP), and nitroxide mediated polymerization
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(NMP), makes the subsequent polymer interesting for barrier
materials as the microstructure can be tuned in many possible
ways due to the possibility of forming block copolymers. Addi-
tionally, properties can be further combined into the AN contain-
ing (co)polymers by blending with other polymers. To make
barrier materials based on a poly(ethylene) (PE) matrix (such as
that used for hydrocarbon storage), for example, it is vital to blend
the AN-containing copolymer so that the domains can be easily
controlled and stable upon further annealing. 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.?* While much research has
been done on adding pre-made compatibilizers,®*’ %3340
most industrial blends are reactively compatibilized and we have
focused on using this latter method, like many others.>®*>*741=47
Our focus has been to synthesize AN-rich copolymers with
controlled microstructure by NMP which can be further tuned/
manipulated by reactive blending. We have focused on amine
functional styrene/acrylonitrile (SAN) copolymers blended with
poly(ethylene) grafted with maleic anhydride, which revealed
a significant decrease in dispersed phase size and a stable
morphology.”* In this work, we investigate SAN copolymers with
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Figure 1. Route to make acrylic acid functional styrene/acrylonitrile (SAN) copolymers. First, the SAN macroinitiator is formed by copolymerization with Bloc-

Builder unimolecular initiator. Then, the SAN macroinitiator starts the copolymerization of styrene with #-butyl acrylate (fBA) to make a SAN-b-P(S-ran-1BA)

block copolymer. Finally, the #-butyl protecting groups are cleaved, to leave the pendant acid functional SAN-b-(S-ran-AA) copolymer.

an acid functionality (via incorporation of acrylic acid (AA)) to
use with PE grafted with epoxy-functional glycidyl methacrylate
(PE-g-GMA). The carboxylic acid/epoxy coupling reaction is con-
venient, due to the ease in which an acid functionality can be
inserted directly or indirectly through chemical modification and
commercial availability of PE-g-GMA. The acid/epoxy reaction
has been shown to have a relatively low conversion (10% in 2 min
at 180 °C) compared to the primary amine/maleic anhydride cou-
pling, but a much higher conversion compared to other couplings
such as amine/acid, acid/hydroxyl, acid/oxazoline, and, amine/
epoxy.***® The acid/epoxy coupling has not been uniformly effec-
tive in some blend systems, particularly in highly incompatible
blends with relatively thin interfaces.’”® SAN blends have been
more focused on using the amine/maleic anhydride reaction, even
though the synthesis of a relatively cheap amine-functional mono-
mer is required.’>**=>* Therefore, using monomers that are com-
mercially available is attractive and an acid functional terpolymer
S/AN/AA was thus targeted here. Initially, conventional radical
polymerization was used to determine the sensitivity of copolymer
composition to initial monomer composition. Afterwards, a con-
trolled radical polymerization technique, NMP, was used to make
the acid-functional SAN copolymers and by means of chain exten-
sion from a macroinitiator, the acid groups will be incorporated
as side groups on one end of the chain. In contrast to earlier work
and the previous study,’® where a single functionality was located
terminally as a single unit, this study attempts to place several acid
groups along the SAN copolymer chains (Figure 1). Functional
groups located terminally are more reactive than ones placed ran-
domly in the polymer®® but the higher concentration of functional
groups is expected to increase the probability of reaction with the
complementary functional group. This would lead to more graft
copolymer being formed in situ and better stabilization of the dis-
persed SAN phase in the PE matrix and thus lead to potential new
barrier materials for PE based on SAN inclusions.

EXPERIMENTAL

Materials

Styrene (99%), tert-butyl acrylate (99%, +-BA), and AN (99%) were
obtained from Sigma—Aldrich (Oakville ON Canada) and purified
by passing them through a column of aluminum oxide (Brock-
mann, Type 1, 150 mesh, Sigma—Aldrich) and calcium hydride
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(90-95% reagent grade, Sigma—Aldrich) which were mixed at a
mass ratio of 5:0.25, respectively, and stored under a head of nitro-
gen prior to use. AIBN was obtained from Dupont (Wilmington
DE), dissolved in methanol, and re-crystallized before use. Acrylic
acid (AA, 99%), trifluroacetic acid (99%), deuterated chloroform
(CDCl;, 99.8 atom %), and deuterated dimethylsulfoxide (DMSO-
dg, 99.96 atom %) were obtained from Sigma—Aldrich and were
used as received. BlocBuilder (BB) was provided by Arkema (King of
Prussia, PA) and was transformed to a succinimidyl ester functional-
ized 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 (Ottawa, ON Canada) and were used as
received. Finally, HPLC grade tetrahydrofuran (THE 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) (8.46 wt
%) with a melt flow index of 4.88 g (10 min) ™" at 190 °C, density of
0.94 g mL™", melting point of 106°C was obtained from Arkema
(Exton, PA) and used as received. Acetone (99.5%) and methanol
(99.8%) were obtained from Fisher and used as received.

Methods

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 round
bottom flask reactor with a nitrogen purge, thermocouple/
thermowell, and reflux condenser. The reactor sat on top of a stir-
ring 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_Exp!1 (see Table I) 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 min 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 h), the polymer was precipitated first in about 200 mL
of hexane, re-dissolved in a minimum amount of solvent, and pre-
cipitated a second time in about 50 mL 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
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Table I. Characterization of Non-Reactive SAN Copolymers Synthesized by Conventional Radical Polymerization

Feed composition

Characterization

Experiment 1D [AIBN] (mM) [S] (M)? [AN] (M)? fso® Fs© M, (kg mol~1)¢ pd

S_AN_Expl 54.0 3.39 2.06 0.62 0.62 62.7 1.76
S_AN_Exp2 448 3.93 1.40 0.74 0.76 34.5 1.80
S_AN_Exp3 33.2 4.03 0.59 0.87 0.85 352 1.72
S_AN_Exp4 36.4 2.08 4.58 0.31 0.52 N/A® N/A®

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).
9Obtained by GPC using THF as the mobile phase with respect to PMMA

standards at 40°C.

¢The final copolymer molecular weight was not measured by GPC since it was insoluble in the THF solvent.

M, =627 kg mol ' and D = 1.76 relative to PMMA standards at
40°C in THE The copolymer had an S molar composition of 0.63,
which was determined by "H-NMR (300 MHz, CDCl;, 3): 6.9-7.5
(m, 5H, Ar H), 1.2-2 (m, 2H, CH,). The copolymers were also ana-
lyzed qualitatively by FTIR: 2250 (s; v(C=N)).

Synthesis of Styrene/Acrylonitrile/Acrylic Acid Terpolymers
by Conventional Radical Polymerization. S, AN, and AA were
polymerized 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 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 II) 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 min prior to starting the reaction. The set
point of the reaction was set to 70 °C. The chiller was set to 4 °C.

Table II. formulations for the Synthesis of Styrene/Acrylonitrile/Acrylic
Acid (S/AN/AA) Terpolymers by Conventional Radical Polymerization

[AIBN] [Slo  [ANlp  [AAlp
Expt. ID? (mM)  (MP (M M fso  faso
SANAA1 318 260 1.96 134 044 023
SANAA2 303 341 090 116 062 021
SANAA3 322 268 220 120 044 0.20
SANAA 4 323 351 084 109 065 0.20
SANAAS5 342 382 030 103 074 0.20
SANAAG6 323 345 077 123 041 025
SANAA 7 333 349 083 108 065 0.20
SANAAS8 327 381 039 091 075 018
SANAA9 360 261 092 236 044 0.40
S AN AA 10 378 310 093 166 055 0.30
SANAA1 318 260 196 134 044 023

250:50 wt % monomers to solvent ratio.
b The initial molar concentrations of styrene, acrylonitrile, and acrylic acid
in the mixture are given by [S]o, [AN]o, and [AAlo, respectively.
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After heating at 70 °C for 2-3 h, the polymer was precipitated first
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 M,, = 42.5 kg mol ! and D = 1.65 relative to PMMA stand-
ards at 40 °C in THE. The terpolymer had S and AN molar compo-
sition of 0.26 and 0.67 respectively, which was determined by
'H-NMR (300 MHz, CDCl,, 8): 6.9 — 7.5 (m, 5H, Ar H), 0.8-2
(m, 3H, CH—CH,), 3.7 (s, 3H, O=CHj;). The copolymers were
also analyzed qualitatively by FTIR: 1650-1750 (s; v(C=0)), 2250
(s; V(C=EN)), 3000 (s; v(COOH)).

Synthesis of SAN Copolymers by Nitroxide Mediated
Polymerization. S and AN were copolymerized via NMP 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 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 V) shown as an example. For this
particular experiment, 0.1805 g (0.38 mmol) NHS-BB, 9.4527 g
(90.76 mmol) S, 0.5698 g (10.74 mmol) AN, and 10.1038 g
(114.67 mmol) 1,4-dioxane were measured and poured into the
reactor. The reactor solution was purged with nitrogen for at least
30 min 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 complete after 4-5 h,
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
M, of 7.0 kg mol™! and D of 1.18 by GPC relative to PMMA
standards at 40 °C in THE The copolymer had S composition of
0.93 and a conversion of 0.38, which were both determined by
'H NMR (300 MHz, CDCl;, 8): 6.9-7.5 (m, 5H, Ar H), 1.2-2
(m, 2H, CH,). The copolymers were also analyzed qualitatively by
FTIR: 2250 (s; V(C=N)).

Chain Extension of Styrene/Acrylonitrile =~ Copolymer
Macroinitiators with Styrene/Tert-Butyl Acrylate by Nitroxide
Mediated Polymerization. Chain extension was done on the
final SAN copolymer synthesized (with a S molar composition
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of 0.62, see Table VI) in 1,4-dioxane with the same setup
described for the other NMP experiments. A S/t-BA mixture at
a mole 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 40-50 mol % AN).>® The chain extension was
done at 100°C. After approximately 1.5 h, the polymerization
was stopped by cooling the mixture. Once the product was
purified by air drying (due to difficulty in precipitation) and
vacuum dried at 60°C, the #-BA groups were converted to acid
groups (SAN-b-SAA) using a published protocol with trifluoro-
acetic acid.”” The SAN copolymer had a M, of 10 kg mol ™'
and D of 1.23, and the block copolymer had a M, of 36.6
kg mol ™! and D of 1.34 relative to PMMA standards at 40 °C in
THE. The block copolymer was also analyzed qualitatively by
FTIR post-acidification: 1650—1750 cm ™' (s; v(C=0)), 2250 cm ™
(s; V(C=N)), 3000 cm ™! (s: v(COOH)).

Characterization

Proton Nuclear Magnetic Resonance. The composition of all
polymers was determined by "H-NMR (Varian 300 MHz). The
peaks of interest for SAN copolymers were at ~8 = 6.5-7 ppm
for the five styrenic protons and & = 1.2-2 ppm for the back-
bone protons. The peaks of interest for the S/AN/AA terpoly-
mers and SAN-b-SAA were at 8§ =6.5-7 ppm for the five
styrenic protons, 8 = 0.8-2 ppm for the backbone protons, and
8 =3.6 ppm for methyl protons of AA which had been previ-
ously methylated with a trimethylsilyldiazomethane solution.>’
For all polymers, the AN content was calculated using the
backbone CH, protons rather than solely the proton on the a-
carbon.”"?

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 CDCl; to avoid interference with the signal
due to S. CDCl; was used to determine polymer compositions.

Gel Permeation Chromatography. All polymers were analyzed
using a Waters Breeze system equipped with three Styragel col-
umns (molecular weight ranges: HR1: 10°—5 X 10° g mol !,
HR2: 5 X 10*-2 X 10* gmol !, HR3: 5 X 10°—6 X 10° g mol ")
and a guard column. The flow rate was 0.3 mL min~'. The Gel
Permeation Chromatography (GPC) was equipped with a differ-
ential refractive index (RI 2410) detector. All polymers were ana-
lyzed 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 (2 M in
hexanes) to prevent sticking of the acid groups onto the column.””

Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy. A Perkin—Elmer spectrum TWO with UATR accessory
(also from Perkin—Elmer) and diamond as the attenuated total
reflection (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.® The peaks of interest for S/AN/AA
terpolymers and SAN-b-SAA were at v = 1600-1800 cm ™' for the
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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
+BA (further evidence of this was obtained from the "H-NMR
spectrum).”®

Thermal Gravimetric Analysis. A thermal gravimetric analysis
(TGA) Q500 from TA Instruments was used to determine the
minimum degradation temperature and degradation profiles of
the S/AN/AA terpolymers. The analysis was done from nearly
ambient temperature (35-40°C) 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.

Differential Scanning Calorimetry. A differential scanning cal-
orimetry (DSC) Q2000 from TA Instruments was used to
approximate the T, of the S/AN/AA terpolymers. The analysis
for S/AN/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 min~'. The meas-
urements were done in an aluminum #-zero pan and were cali-
brated with an empty aluminum #-zero pan.

Extrusion and Scanning Electron Microscopy. SAN copoly-
mers, the terpolymer S/AN/AA_8, and the block copolymer
SAN-b-SAA were each melt blended with PE-g-GMA in a Haake
MiniLab II 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 times before the product was collected (a total resi-
dence time of 2-3 min). The product was quenched in liquid
nitrogen within the first 10-20 s 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 24 h to ensure the dispersed phase was
etched out. The samples were dried and glued onto aluminum
stubs with cyanoacrylate glue. They were then coated with a
2 nm layer of platinum to make the sample conductive for
scanning electron microscopy (SEM) analysis. A FEI Inspect F-
50 FE SEM was used to analyze the surfaces of the extruded
polymers at 1-2 kV (significant charging occurred at higher set-
tings). Finally, Image] was used to analyze the dispersed phase
size. A minimum of 350 particles was used in determining the
average volume to surface area diameter (D). The particles
were manually selected using the ROI manager rather than let-
ting the software automatically detect particles. The background
was subtracted before adjusting the threshold. (D) of each

blend before and after annealing was calculated using eq. (1).>

_1:4 (1)

Note that #; is the number of particles and D; is the diameter of
the assumed spherical particle. (D), was calculated by assuming
that the particles were spherical (in 3D) and circular (in 2D) so
that their diameter could be extracted from their area.
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Figure 2. lH NMR spectrum of styrene/acrylonitrile/acrylic acid (S/AN/
AA) terpolymer (Sample S_AN_AA_9 from Tables II and III).

Rheology. Sample disks (~0.7 g) of PE-g-GMA, SAN copoly-
mer, and SAN-b-SAA were prepared in a Carver Model 3857
hot press at 200°C. The disks were 1 mm in thickness and
25 mm in diameter. The discs were prepared between poly(te-
trafluoroethylene) plates at a clamping force of 12 tons. The
pressing time was 30 min for PE-g-GMA with quick releases at
10 min intervals to remove any air bubbles. The pressing time
for the remaining samples was 10 min with quick releases at 3-
min intervals. The disks were cooled to room temperature at a
rate of about 35°C min~'. Rheology measurements were per-
formed on the prepared disks 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 var-
ied between 0.01 and 300 s~ .

RESULTS AND DISCUSSION

Synthesis of Styrene/Acrylonitrile Copolymers

S was copolymerized with AN using conventional radical poly-
merization with AIBN as the initiator. These SAN copolymers
would serve as non-reactive dispersed phase for subsequent
blending with PE. The objective was to make copolymers with a
sufficiently high AN content for barrier applications so feed
compositions were varied to confirm its incorporation into the
copolymers. The presented in Table I (Sample
S_AN_Expl).

data is

The compositions were calculated by examining the peak areas
for the styrenic protons of S at 8 = 6.4-7.2 ppm (area given as
‘B”), and the backbone protons of the polymer &= 1.2-2.0
ppm (area given by “A”) using the following previously pub-
lished method'* n=moles of S present in copolymer = 5

m = moles of AN present in copolymer =4 —n.

Fs and Fan were calculated using:

n
Fs=——; Fan=1—F
S= T TAN s
Table I shows that the azeotropic composition (i.e., when initial
monomer feed composition is equal to copolymer composition)
for this system was approximately f,= 0.62, which is very simi-
lar to previous studies.”™®" Table I also shows that varying the

feed composition still results in significant AN incorporation,
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which is in agreement with earlier studies.'"®' With the confir-
mation 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.

Synthesis of Styrene/Acrylonitrile/Acrylic Acid Terpolymers
Initially, methacrylic acid was used with S and AN, but its
incorporation was extremely low (<1% mol). It was hypothe-
sized that the methyl group on the vinyl decreased its reactivity
due to steric hindrance.®> AA was instead used to incorporate
acidic functionality into the SAN copolymer. AA was incorpo-
rated into a terpolymer previously by conventional radical poly-
merization with S and AN.% Tables II and III show the
different feed compositions that were tested to assess how to
obtain an adequate AN content (~40-50 mol %) while at the
same time to obtain a sufficient AA content to aid in reactive
compatibilization (~5 mol %). Figure 2 shows a typical 'H-
NMR spectrum of these terpolymers.

The terpolymer compositions were determined by examining
the peak for the styrenic protons (8 =6.4-7.2 ppm labeled as
B), along with the peak for the methyl protons of AA (after
methylation) (8 = 3.6-3.8 ppm labeled as A), and the backbone
protons (8 =1.2-2.0 ppm labeled as D). The approach is out-
lined below to determine the mole fractions of the monomers
in the terpolymer:

X =moles of S in terpolymer =%

Y= moles of AA in terpolymer = 4;
=D __

Z=moles of AN in terpolymer =3 —X—Y.

The initial experiments (S_AN_AA_1 and 3) resulted in an acid
incorporation in the desired range of 5-10 mol %. As can be
seen from Table III, while the acid content was desirable, the
corresponding AN content was > 60 mol %, which was suffi-
ciently high to be effective as an oxygen and CO, barrier mate-
rial but hopefully not excessively high that processing would be
affected.®* Therefore, a wider study of the ternary system was
conducted to determine a guideline to obtain sufficient AN and
AA compositions. It seems from the small sample set that rather
than decreasing the AN initial concentration and increasing the
S initial concentration, decreasing the AN initial concentration
and increasing the AA initial concentration achieved a more
acceptable AN terpolymer composition. Increasing the AA feed
content, as can be seen by S_AN_AA_9, can result in high acid
terpolymer compositions. However, S_AN_AA_4, 5, and 7 were
satisfactory in controlling both the AA composition and achiev-
ing sufficient AN content in the terpolymer (4-8 mol % AA
and 52-57 mol % AN, respectively). Thermal properties of the
terpolymers were characterized via TGA and DSC. From DSC,
an inflection point indicated that T, is slightly above 100°C.
The Ts of all terpolymers are listed in Table IV.

The Tgs of PAN, poly(styrene) and poly(acrylic acid) homopoly-
mers are 90-100°C, as can be suggested by the terpolymers
listed in Table IV. There is some variation in T, as it is not only
a function of molecular weight and composition, but of mono-
mer sequencing due to possible interactions and/or steric hin-
drance between adjacent monomer units.*>"*" This, along with
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Table III. Characterization of Styrene/Acrylonitrile/Acrylic Acid (S/AN/AA) Terpolymers Synthesized by Conventional Radical Polymerization

Feed composition

Terpolymer composition

Molecular weight distribution

Experiment ID fs.o fano Fs? Fan? Fan? M, (kg mol~1)° pb

S_AN_AA 1 0.44 0.23 0.26 0.07 0.67 42.5 1.65
S_AN_AA_2 0.62 0.21 0.44 0.04 0.52 34.7 1.43
S_AN_AA_3 0.44 0.20 0.21 0.04 0.75 52.0 1.58
S AN_AA 4 0.65 0.20 0.44 0.04 0.52 63.0 1.92
S AN_AA 5 0.74 0.20 0.43 0.04 0.53 554 1.71
S AN_AA 6 0.41 0.25 0.24 0.08 0.68 70.0 1.92
S_AN_AA_7 0.65 0.20 0.35 0.08 0.57 15.6 1.56
S_AN_AA 8° 0.75 0.18 0.67 0.25 0.08 60.1 1.84
S_AN_AA_9° 0.44 0.40 0.67 0.26 0.07 19.4 1.37
S AN_AA 10 0.55 0.30 0.75 0.04 0.21 74.6 1.81

@ Copolymer composition calculated using *H-NMR.

b Obtained by GPC using THF as the mobile with respect to linear PMMA standards at 40°C.
°S_AN_AA 8 and S_AN_AA_9 had similar compositions but S_AN_AA_9 was run to a lower conversion (it thus has a lower molecular weight com-

pared to S_AN_AA_8.

the different chain lengths from each sample, explain the varia-
tion in T, of the synthesized terpolymers. DSC provided rele-
vant information regarding the T, (and therefore, extrusion
temperature), but TGA was also performed to understand the
degradation process of the terpolymers with Figure 3 as a typi-
cal example.

The expected degradation profile of S_AN_AA terpolymers
matches Figure 3. Moisture and residual solvent evaporated at
about 100 °C. Afterwards, AA began to transform presumably to
anhydrides (up to 150 °C) and then to smaller volatilized organ-
ic compounds beyond 150°C.°® S and AN decomposed after
250°C.%° It was important to see the early degradation of AA,
as this puts a constraint on the temperatures that the terpoly-
mers could be extruded.

Synthesis of Styrene/Acrylonitrile Copolymers by NMP

After confirming that AN could be incorporated into a copoly-
mer with S and into a terpolymer with S and AA, controlled
radical polymerization, specifically NMP, was used to synthesize
SAN copolymers with chain-end fidelity (possibility of chain
extension) to incorporate barrier properties in one block and/or

Table IV. Glass transition Temperatures of the Terpolymers

Experiment I.D.  Fg Fan Ty (°C) M, (kg mol™?)
S_AN_AA 1 0.26 0.07 113.9 425
S AN AA 2 044 004 — 347
S_AN_AA 3 021 004 — 52.0
S_AN_AA 4 0.44 0.04 100.3 63.0
S_AN_AA 5 0.43 0.04 82.2 554
S AN _AA 6 049 018 — 700
S AN AA 7 035 008 765 156
S_AN_AA 8 0.67 0.25 87.5 60.1
S_AN_AA 9 0.67 0.26 105.1 194
SANAA 10 075 004 986 746
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functional groups in the other. 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 V shows the reaction formula-
tions and the characterization of the copolymers that were syn-
thesized—various initial compositions were tested to confirm
incorporation of AN in the copolymer macroinitiator.

It can be immediately noticed from Table V that the D of the
copolymers synthesized is significantly lower than the ones syn-
thesized by conventional radical polymerization, as expected.
Furthermore, the copolymer compositions matched well to
those previously reported”® and our earlier results by conven-
tional radical polymerization. Kinetic studies were also per-
formed for each polymerization to see how well the
polymerization mimicked the expected behavior for a controlled
mechanism (i.e., linear M, versus conversion). Typical kinetic
plots for one of the polymerizations are shown in Figure 4.

It can be seen from Figure 4 that over the course of the 5-h
reaction period, the kinetic plot is relatively linear and show a

100%

80%

60% [

Weight (%)

40%

20%

0%

40 140 240 340 440 540
Temperature (°C)

Figure 3. TGA analysis of styrene/acrylonitrile/acrylic acid (S/AN/AA)
terpolymer (Sample S_AN_AA_1 from Table III).
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Feed composition

Characterization

Experiment ID NHS-BB (M) [Slo (M)2 [AN] (M)2 fso FgP M, (kg mol~1) pe

S_AN_NHS-BB-1 0.018 4.34 0.51 0.89 0.93 10.0 1.18
S_AN_NHS-BB-2 0.018 4.04 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 10.6 117
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.
b Calculated using *H-NMR.

¢Obtained by GPC using THF as the mobile phase with respect to PMMA standards at 40°C.

steady consumption of monomers over time, with no indication
of a plateau that would imply dead chains.'®*”7"7% Further-
more, 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.'®”””"”? Otherwise, the kinet-
ic plots demonstrate a linear trend and give an apparent rate
constant (the slope of the In (ﬁ) versus time plot) which can
be used to estimate k,K=3.2-5.8 X 10 > s~ ' where k, is the
propagation rate constant and K is the equilibrium constant. k,
for AN is reported to be 1.5 X 10* L mol~" while for S, k, is

Ea)

[
0 L 1 1 1 L L
0 50 100 150 200 250 300

Time (min)

350

D)

---- Theoretical

2 F { ©Experimental

0.30 0.40 0.50

Conversion

0.10 0.20 0.60

Figure 4. (a) Representative kinetic plot (scaled conversion of In[(1 — x) ]
(x = conversion) versus time) and (b) number average molecular weight M,
versus conversion (bottom) for SAN copolymers with feed composition

S:AN (in mol %) of 70:30.
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reported as 1.8 X 10> L mol ' at the temperature of interest.'®
K for S and AN is 2.2 X 107" mol L™ and 1 X 107" mol L™'
respectively at the temperature of interest.”° It is not surprising
that even though the feed composition was varied, the apparent
rate constant did not vary much since the k,K reported for
both S and AN are approximately equal.”® Acid functionality
was next incorporated to provide the necessary groups for reac-
tive blending.

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).
Using NMP would have provided more chain-to-chain compo-
sitional homogeneity and thus could be more effective in com-
patibilization. Based on the reactivity ratios published in the
literature for this ternary system (raa;s = 0.12, 75aa = 0.63,
Fanyan = 0.68, Fanys = 0.09, ran = 0.34), AA
should have been incorporated readily into the polymer.”” There
is some indication that MEHQ inhibitor plays a role in retard-
ing the polymerization of AA.”> It was not removed prior to
use, however, the same unpurified AA was successfully used pre-
viously with NMP.”” Consequently, we chose to use the block
copolymer so that the SAN segment is ensured and then the
second block consisted of the AA needed for the reactive blend-
ing. The formulation and its characterization are listed in Table
VI. The first block was a SAN block at the azeotropic feed com-
position ~ f, = 0.60. The second block was a S/-BA block at an
initial monomer composition fs, = 0.50. Due to AA’s tendency
to attack the SG1 groups of the initiator, the acid functionality
was incorporated in the form of a protected version of AA,
+-BA. The tert-butyl groups later can be easily removed by acid
hydrolysis, resulting in carboxylic acid functionality.

raa/an = 0.61,

During the kinetic studies, evidence pointed toward a controlled
radical mechanism and the ability to chain extend is confirma-
tion of the chain-end fidelity.'®*””"7* The increase in M, with
a monomodal shift in the molecular weight distribution is a
good indicator of a successful chain growth, as can be seen
from the GPC chromatogram in Figure 5.

A clear shift to the left in the GPC chromatograph, indicative of
higher molecular weight chains, indicates that chain extension
proceeded. There was not excessive skewness, indicative of a low
molecular tail, implying that there was not a significant fraction
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Table VI. Formulation and Characterization of SAN Macroinitator and SAN-b-S/tBA Block Copolymer by Nitroxide Mediated Polymerization

Feed composition

Characterization

Experiment ID INHS-BB] (M)2 [Slo (M2 [ANIg (M)? fso FsP M; (kg mol~1)° pe

S/AN_60/40 0.019 3.43 2.42 060 062 100 1.23

Experiment ID  [S/AN 60/40] (M4 [Slo (M®  [tBAlo M fso FsP Fan® M, (kg mol 1) pe
SIAN-b-S/tBA  0.002 2.02 2.02 050 074 016 36.6 1.34

250:50 wt % ratio of monomers to solvent.
b Calculated using *H-NMR.

“Measured with respect to PMMA standards at 40 °C using THF as the mobile phase.
950:50 wt % ratio of monomers to solvent and the macroinitiator is S/AN_60/40.

of dead chains in the SAN macroinitiator. The #-BA groups
were cleaved with trifluoroacetic acid to yield carboxylic acid
groups, which gave the block copolymer the necessary acid
functionality for reactive extrusion. The first block had a com-
position (S:AN) of 62:38 mol %. With the second block, the
overall copolymer had an AA composition of 10 mol % (~40
AA groups per chain) and an overall 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 con-
tent for the first block and the chain length of the second
block.

Extrusion and SEM Analysis

Prior to extrusion, the SGI group of the S_AN_NHS_BB
copolymers and SAN-b-SAA used in extrusion was cleaved to
increase the thermal stability.32 S_AN_NHS_BB-4, S/AN/AA_8,
and S/AN-b-S/AA were each extruded with PE-g-GMA at
160 °C. Blend miscibility was estimated theoretically by evaluat-
ing the enthalphic interaction parameter (Ypjena)> Which can be
calculated by eq. (2):

v 2
= =—X(d4—0 2
Tblend =Xa/B= JT (84—3p) (2)

where, Yplena is the interaction parameter between PE-g-GMA
(A) and the polymer (B), R is the gas constant, T is absolute
temperature of the blend, v is the molar volume, and & is the
Hildebrand solubility parameter. Ypjeng for each blend was esti-
mated. The & for PE-g-GMA was about 7.90 cal'’? cm ™% while

o

—8/AN macroinitiator

~S/AN-b-S/t-bA

Detector Signal (a.u.)
N w £ w (=} ~ [=-] w

22 23 24 25 26 27 28 29 30 3 32
Elution Time (mins)

Figure 5. GPC chromatograph for chain extension of SAN macro-initiator

with a batch of styrene/t-butyl acrylate (S/t-BA). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the & for non-functional SAN (S_AN_NHS_BB-4) was estimat-
ed as 9.9 cal”> cm™*? and the § for functional SANs were 9.6
cal”? em™*? and 9.7 cal”* em™ 2. Ypiena for all three blends is
quite high, ranging from 0.34 to 0.47, suggesting that the blends
were immiscible.”” The molar volumes were calculated from the
geometric mean molar volume of the individual components
from their density and monomer molecular weights. Further-
more, 8 of the SAN copolymer 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.”

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. It should be noted
that there is not a common solvent between SAN and PE, and
thus any confirmation of chain coupling via GPC cannot be
determined. The SEM images are shown in Figure 6 for blends
involving PE-g-GMA/S_AN_NHS_BB-4 (non-reactive) and PE-
¢-GMA/(S/AN-bD-S/AA) (reactive blend with SAN copolymer
made by NMP) and Figure 7 for the blend involving PE-g-GMA/
(S/AN/AA) (reactive blend with terpolymer made by conventional
radical polymerization). The quantitative analysis in terms of
particle size is shown in Tables VII and VIII.

(D), estimates the ratio of volume to interfacial area. (D), is
used as it relates to the interfacial coverage of the compatibiliz-
ing copolymer around the dispersed phase particle.76 For exam-
ple, (D), can be used to estimate how much graft copolymer is
formed at the interface. Particle size analysis showed that the
reactive blends yielded similar (D), = 1.7 pm (SAN-b-SAA)
and 1.1 pum (S/AN/AA), respectively, while the non-reactive
blend had a (D),,= 3.0 um. It was expected that the acid-epoxy
reaction would generate enough copolymer at the interface to
see a more drastic difference in the domain sizes. Without coa-
lescence prevention, and given the relatively slow kinetics
(<10% conversion within the first 2 min at 180°C) of the acid-
epoxy reaction,* little reaction during extrusion was likely.
However, annealing showed that the reactive blends were suffi-
ciently stable whereas the non-reactive blend dramatically coars-
ened (domain size increased by a factor of 4). Longer extrusion
times or addition of a catalyst might have helped to reduce the
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4ﬂ,l_m 40um

c) d)
Figure 6. SEM images of (a) 70 wt % PE-g-GMA, 30 wt % SAN after extrusion and freeze fracturing, (b) 70 wt % PE-g-GMA, 30 wt % SAN-b-S/AA after,
extrusion and freeze fracturing, (c) 70 wt % PE-g-GMA, 30 wt % SAN post annealing, (d) 70 wt % PE-g-GMA, 30 wt % SAN-b-S/AA post annealing.

b)

Figure 7. SEM images of (a) 70 wt % PE-g-GMA, 30 wt % S/AN/AA_8 after extrusion and freeze fracturing, 70 wt % PE-g-GMA, 30 wt % S/AN/AA_8
post annealing.

Table VII. Particle Analysis of SEM Images for PE-g-GMA Blends with Non-functional SAN and Acid-functional SAN-b-(S/AA) Block Copolymer

Blend ratio
PE-g-GMA SAN-b-S/AA SAN NHS BB-4 Annealing
SEM image (wt %) (wt %) (wt %) conditions (D) s (um)
Figure 5(a) 70 0 30 None 3.0
Figure 5(b) 70 30 0 None 1.7
Figure 5(c) 70 0 30 18 hat 150°C 12.6
Figure 5(d) 70 30 0 18 hat 150°C 1.6
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Table VIII. Particle Analysis of SEM Images for PE-g-GMA blends with S/
AN/AA Terpolymer

Blend ratio
PE-g-GMA  S/AN/AA8  Annealing
sem image  (wt %) (wt %) conditions (D), (nm)
Figure 6(a) 70 30 None 1.1
Figure 6(b) 70 30 18 hrsat 2.1
150°C

reactive blend particle more. A previous study was able to
achieve a 30% conversion with this reaction coupling with a
residence time of 10 min.”” To increase the coupling rate, a cat-
alyst was used to push the conversion to 80%.”

Besides the immiscibility, the interfacial tension of the blends
was estimated using eq. (3).78

r= (%)I/ZXpaka (3)
Here, y is the interaction parameter, k is the Boltzmann constant,
T is the temperature, b is the statistical segment length, and p, is
the average monomer density. The monomer density and the sta-
tistical segment length were estimated using a weighted average
with the weights as the polymer compositions and blend ratios.
The statistical segment lengths b were calculated using tabulated
data” and are given as follows [=] nm (g mol) "%
bpoly(acrylonitrite) = 0.093,  Bpoly(styrene) = 0.068,  bpoly(acrylic acid) =
0.067, bpoly(ethylene) = 0.10. The interfacial tension for the func-
tionalized blends was estimated to be 13 mN m ™' (SAN-5-SAA)
and 14 mN m~ ' (S/AN/AA), and 15 mN m ' for the non-
functional blend. Previous studies have shown that the interfacial
tension for blends containing polyethylene, copolymers of styrene
and acrylonitrile or polymers structurally similar to these varies
significantly depending on composition, blend ratio, and temper-
ature.®*®” These reported values are lower than those approxi-
mated by eq. (3). It should be noted that eq. (3) is a simple model
that assumes symmetric properties for both polymers along with
incompressibility and an infinite degree of polymerization.”®

The interfacial tensions can be used in conjunction with eq. (4),
Taylor’s equation, to compare the theoretical particle size with

the observed domains.”

__ 4T, +1)
*gm, (0, +4)

Here, I is the interfacial tension, ), is the viscosity ratio between the
dispersed phase and the matrix, ¥ is the shear rate, and m,,, is the vis-
cosity of the matrix. The estimated particle size by eq. (4) at a maxi-
mum shear rate of 27 s~ for the functionalized blend (SAN-5-SAA)
and non-functional blend was 0.28 pm and 0.33 pum, respectively.
The shear rate was found using the rotational speed (50 rpm), along
with the known gap distance of about 1.40 mm by eq. (5):

TXDXN

. _ TXDXN 5
Ymax gap distance >

(D) (4)

where D is the diameter of the screw and N is the rotational
speed of the screw.
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These estimates for the reactive and non-reactive blend dis-
persed phase particle sizes are lower than the observed particle
sizes as Taylor’s equation does not take into account coalescence
in the blend. Therefore, the observed particle sizes were com-
pared to Wu’s equation [eq. (6)], a semi-empirical model,
which accounts for coalescence intrinsically.>®

—0.84

(D), =200 ©)

YN

The estimated particle size by eq. (6) at the maximum shear
rate of 27 s~ ! for the functionalized (SAN-b-SAA) and non-
functionalized blends were 20 pum and 25 pm, respectively,
which are higher than the observed data due to the very low
viscosity ratio. Note that Wu’s equation is limiting—it is for

' and dispersed phase concentrations of 15
1

shear rates ~100 s~
wt %. Note that increasing the shear rate to 100 s~
have resulted in calculated particle sizes similar to the
non-reactive blend. Further note that the m,, and m, used in the
predicted equations were obtained from the rheological data
described in the following section.

would

Rheology

The complex viscosity of the non-reactive SAN copolymer
(S_AN_NHS_BB-4), SAN-b-SAA, and PE-g-GMA was measured
at 160°C and is shown below in Figure 8.

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 polymer to PE-
&GMA is approximately 0.03. For the best dispersion, m, ~ 1
should result in the smallest domain sizes.”>”***° Obviously, mix-
ing could have improved with a higher m, and this is due to the rel-
atively 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
1, ~ 0.04 at shear rates ~10-100 s~ ' and the SAN particle size was
stable and (D), ~ 2 um.'® In another study, using the same extrud-
er, we blended a methyl acrylate (MA)/AN/4-para-aminostyrene

10,000
o OPE-g-GMA
g9 4 : osAN
= 2 o OSAN-b-SAA
2 1,000 ° 5
© o} o
o o
> 2 °
G
S 100 } L g
s 8 9 g o
3 * 2 o i
- feg
g 10
3 ; !
1 10 100 1,000

Angular Frequency (s™')
Figure 8. Complex viscosity at 160 °C versus angular frequency measure-
ments for PE-¢g-GMA (blue), non-reactive SAN (orange,
S_AN_NHS_BB-4), and SAN-b-SAA (gray).

sample
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(PAS) terpolymer made by conventional radical polymerization
containing several pendant amine groups into PE-g-MA, and we
obtained sub-micron particle sizes. In this case, m, ~ 0.5 at the
shear rates of interest. There are obviously several factors at play in
compatibilization/mixing of polymer blends: interfacial tension
(and hence interfacial thickness which can limit the amount of
copolymer formed), type of reaction and the rheology of the indi-
vidual components. Here, we showed that the epoxy/acid reaction
(which is easy to incorporate with the respective homopolymers) is
effective at producing stable morphologies of SAN/PE blends with
relatively small particle sizes. These results will serve as impetus for
further work toward orienting SAN domains in the PE for more
effective barrier morphologies and eventually for permeation
testing.

CONCLUSIONS

In this study, AN-containing polymers with and without an
acid functionality were synthesized by NMP. They were each
melt blended with PE-GMA, a poly(ethylene) grafted with
epoxy-functional glycidyl methacrylate, at 160°C at 50 rpm.
The domain size of the SAN dispersed phase was 1.1 um, 1.7
pum, and 3.0 pm when functional (via AA terpolymerization by
conventional radical polymerization, and as a block copolymer
synthesized by NMP), 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
coarsen significantly, indicating that sufficient acid-epoxy cou-
pling reaction occurred to maintain a stable morphology. When
the reactive terpolymer was used as the dispersed phase, it
yielded a smaller domain size in PE-g-GMA than the block
copolymer after initial mixing, but increased slightly after
annealing, perhaps due to the greater compositional heterogene-
ity induced by using conventional radical polymerization.
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