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ABSTRACT: Ethylene vinyl alcohol (EVOH) is an oxygen barrier m
polymer used to prevent premature degradation of food, OAC ) s

pharmaceuticals, and other products due to its semicrystallinity, = 1 Regioregularity 1 Crystallinity

strong intermolecular interactions, and consequently low free | Oz Permeability
volume. EVOH is made using traditional free-radical copolymeriza-

tion, which leads to little structural regularity. We utilized ring- o

opening metathesis polymerization (ROMP) to determine how / B e
regioregularity impacts the barrier properties of EVOH-related Q —

materials. A regioregular (head-to-tail) polymer was synthesized | Regioregularity | Crystallinity
from ROMP of 3-acetoxycyclooctene, followed by hydrogenation OAc 1 O, Permeability

and deacylation to give a linear, highly regioregular EVOH

(PH30OHCOE) containing the equivalent of 75 mol % ethylene units. The same process was carried out with S-acetoxycyclooctene,
but the resulting polymer (PHSOHCOE) is regiorandom. Both polymers were compared to an industry benchmark, EVOH-44,
containing 44 mol % ethylene units. After processing, differential scanning calorimetry showed that the semicrystalline PH3OHCOE
had a higher melting temperature and enthalpy of melting compared to semicrystalline PHSOHCOE, indicating that PH3OHCOE
is more crystalline. This was confirmed by wide-angle X-ray scattering (WAXS). WAXS, rheological studies, and polarized optical
microscopy showed that PH3OHCOE has a more well-defined crystal structure, a higher degree of hydrogen-bonding between
—OH groups, and a higher glass transition temperature compared to PHSOHCOE. These differences were also highlighted in their
tensile behavior, where PH3OHCOE and EVOH-44 exhibited brittle failure compared to the ductile behavior observed for
PHSOHCOE. Oxygen barrier testing demonstrated that regioregular PH3OHCOE had an oxygen permeability more than a factor
of 3 lower than regiorandom PHSOHCOE but still higher than EVOH-44, while water barrier testing showed that PH3OHCOE had
the lowest water permeability, more than 6 times lower than EVOH-44. These results highlight the importance of regioregularity on
the barrier properties of EVOH-like materials and show that structural regularity can lower oxygen permeability while maintaining
low water permeability at the low vinyl alcohol content.

KEYWORDS: functional polyolefins, gas barrier, metathesis, semicrystalline, packaging

Bl INTRODUCTION moisture resistance, stability, and mechanical properties in this
Exposure of foo 4" and pharmaceuticalsz to oxygen can cause class of materials.” Even so, barrier packaging materials made
degradation to occur faster than their timescale for use. As with EVOH, usually containing 24—48 mol % ethylene units,
such, oxygen barrier packaging materials are used to prevent typically require hydrophobic outer polyolefin layers in
early expiration, extend product lifetime, and avoid waste.” A multilayer packaging.” When such EVOH compositions are
widely used oxygen barrier material is termed ethylene vinyl placed in a humid environment, their oxygen permeability
alcohol (EVOH), a semicrystalline polyethylene (PE) and increases. %11

poly(vinyl alcohol) (PVOH) copolymer made by free-radical Many structural characteristics affect polymer barrier

copolymerization of ethylene and vinyl acetate, followed by
deacylation.” The microstructure is poorly controlled, and the
polymers are branched as a result of this technique.” While

properties. These can be best understood through the

PVOH homopolymer has better oxygen barrier properties than Received:  November 3, 2022
EVOH, PVOH has poor water barrier properties and is AccePted: January 30, 2023 Q’V‘
difficult to process due to low degradation temperatures.”” In Published: February 28, 2023 f iy

contrast, PE has high water barrier properties and good A
processability but poorer gas barrier properties.” Thus, e —

incorporation of ethylene repeat units in EVOH improves
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Scheme 1. ROMP of 3- and SAcCOE, Followed by Hydrogenation and Deprotection to Give PH3- and PHSOHCOE***
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“Regioregularity and stereoregularity were calculated using 'H NMR integrations of peak assignments made by Zhang et al.*®

solution—diffusion theory of gas molecule permeation. First,
the gas molecule must dissolve in the material, and then, it
must diffuse through the material from one side to the
other."”'? Oxygen is nonpolar and is poorly soluble in polar
materials like EVOH.'* Once dissolved, a gas molecule will
diffuse preferentially through the amorphous phase of a
semicrystalline polymer.'”'® Therefore, an increasing degree
of crystallinity (y.) nearly always improves barrier proper-
ties.”'>'” As for the amorphous phase in semicrystalline
polymers, lower fractional free volume decreases oxygen
diffusion.'® Structural characteristics such as strong intermo-
lecular interactions and high glass transition temperature (Tg)
can improve barrier properties through decreases in fractional
free volume."” These characteristics are also observed for
EVOH due to its hydrogen-bonding hydroxyl groups along the
backbone.” In EVOH, exposure to water causes its hydrogen-
bonding groups to be disrupted by water molecules, decreasing
intermolecular (i.e., polymer-polymer) interactions and Tyasa
result of increasing free volume.'

Using a controlled polymerization method to synthesize
EVOH-like materials could further improve barrier properties.
Factors like y. and strength of intermolecular interactions are
generally increased by structural regularity and decreased levels
of branching.”® Ring-opening metathesis polymerization
(ROMP) allows for the controlled polymerization of cyclic
alkenes, and the high functional group tolerance associated
with ruthenium-catalyzed ROMP reactions allows monomers
with polar functional groups to be polymerized.”’ ROMP of
cyclic monomers like cyclooctene and cyclopentene also
affords linear high-density polyethylene post-hydrogenation.””
For example, Ramakrishnan and Chung™ polymerized 5-
diethylboranecyclooctene, followed by oxidation, to generate a
regiorandom terpolymer of ethylene, vinyl alcohol, and
butadiene. The resulting double bonds could also undergo
hydroboration—oxidation to afford linear EVOH. Hillmyer et
al.”* utilized a direct approach to synthesize the same
terpolymer through the polymerization of S-hydroxycyclooc-
tene. Ramakrishnan® also performed hydroboration—oxida-
tion directly on poly(cyclooctene) to generate EVOH from
ROMP. Scherman et al.*® polymerized a cis- and trans-5,6-
acetonidecyclooctene followed by hydrogenation and depro-
tection to give stereoregular EVOH with head-to-head (HH)
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hydroxyl groups. Scherman et al.”’ also polymerized a bicyclic
cyclopentene monomer functionalized at the 3 and S positions
with a cyclic silicon-protected diol by ROMP, followed by
hydrogenation and deprotection, to give regioregular EVOH.
Tuba et al.”® studied ROMP of 3-hydroxycyclopentene
without protecting groups; however, the resulting polymer
had a low molar mass, and hydrogenation was not attempted
on the ROMP-derived material. Very recently, Guillory et al.*
reported stereo- and regioregular EVOH made by ROMP of 3-
tert-butyldimethylsiloxycyclopentene and its enantiomerically
pure derivatives. These polymers all displayed varying thermal
properties due to their differing ethylene and vinyl alcohol
concentrations, regio- and stereochemistry, and degrees of
hydrogenation. In all cases, however, the oxygen or water
barrier properties of these materials were not probed (polymer
compositions summarized in Table S1).

The addition of substituents to the 3-position of cyclooctene
gives regioregular head-to-tail (HT) polymers upon
ROMP.*>’" Martinez et al.*” attribute this to unfavorable
steric interactions between the substituent at the 3-position
and the N-heterocyclic carbene ligand of the metathesis
catalyst. Zhang et al.’”® then demonstrated that the polymer-
ization of 3-acetoxycyclooctene (3AcCOE) is regioselective
compared to the polymerization of S-acetoxycyclooctene
(SAcCOE). Upon hydrogenation, the resulting polymer
derived from 3AcCOE showed crystallinity by differential
scanning calorimetry (DSC) analysis, whereas that derived
from SAcCOE is amorphous. These vinzl acetate/ethylene
(VAE) polymers are precursors to EVOH.” As regioregularity
increases, y. should increase, as well as oxygen barrier
properties of two compositionally identical polymers.

We aimed to investigate if, through control of structural
regularity in this class of copolymers, we can achieve low
oxygen permeability at lower levels of hydroxyl group
incorporation along the backbone of the polymer as compared
to typical EVOH materials. Improving oxygen permeability
while maintaining water resistance can decrease the need for
multilayer systems in barrier packaging, which require more
energy to make, generate more waste, and are harder to recycle
than single-layer films.>* To this end, we synthesized
regioregular poly(3-acetoxycyclooctene) (P3AcCOE) with
high molar mass by ROMP, followed by hydrogenation to

https://doi.org/10.1021/acsapm.2c01918
ACS Appl. Polym. Mater. 2023, 5, 1828—1836


https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c01918/suppl_file/ap2c01918_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01918?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01918?fig=sch1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c01918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Table 1. Yield, Molar Mass, and Density Data for ROMP-Derived and Commercial Polymers

isolated yield (%) M, (kg:mol~
P3AcCOE 53 351¢
PSAcCOE 99 794
PH3AcCOE 90 274%
PHSAcCOE 86 94
PH30OHCOE 87 2157
PHSOHCOE >99 78%
EVOH-44 26"

D)

M,, (kg-mol™") b p (grem™)°
556 1.6
119¢ 1.5%
4394 1.6%
1527 1.6 -
7720 3.6° 115 + 0.11¢
175° 23" 1.08 + 0.01¢
69" 2.6° 1.26 + 0.05°

“Determined by THF-SEC (1.0 mL-min~!, 25 °C) using MALS analysis. “Determined by HFIP-SEC (0.35 mL-min, 40 °C) using PMMA
standards. “Determined using a Mettler-Toledo scale according to Archimedes’ principle. Measurement repeated three times per sample type, result
presented as an average with standard deviation. “Determined from melt-processed films. “Determined from solvent-cast films.

remove backbone unsaturation. The resulting polymer was
then deacylated under basic conditions to generate a linear
ethylene vinyl alcohol polymer containing 75 mol % ethylene
units. As a control, regiorandom poly(S-acetoxycyclooctene)
(PSAcCOE) was also prepared by ROMP, followed by
hydrogenation and deacylation. The resulting materials were
solvent-cast into thin films and thermally annealed for thermal
analysis, wide-angle X-ray scattering (WAXS), mechanical
analysis, and barrier testing. Additionally, a commercial
EVOH-44 copolymer with 44 mol % ethylene units was
processed and analyzed alongside the polymers synthesized in
this study as an industrially relevant benchmark.

B RESULTS AND DISCUSSION

Ring-Opening Metathesis Polymerization. High molar
mass P3AcCOE and PSAcCOE were synthesized based on
literature procedures® (Scheme 1). Despite identical reaction
conditions and catalyst loading, P3AcCOE had a lower isolated
yield (53%), compared to that of PSAcCOE (99%). P3AcCOE
also had a higher molar mass by size-exclusion chromatography
(SEC) (Table 1). While P3AcCOE showed a number average
molar mass (M,) value by multi-angle light scattering (MALS)
analysis of 351 kg:mol ™!, PSAcCOE exhibited an M, of 79 kg-
mol ™!, To determine the cause of these differences, monomer
conversion studies were performed using proton nuclear
magnetic resonance ('H NMR) spectroscopy and size-
exclusion chromatography (SEC). While the polymerization
of SAcCOE reached full conversion in 10 min, the polymer-
ization of 3AcCOE only reached 87% conversion after 24 h
(Figures $22—S24), which helps to explain the differences in
isolated polymer yield. Additionally, the polymerization of
3AcCOE led to consistently increasing molar mass over time,
while that of SAcCOE initially showed increasing molar mass,
followed by a decrease and plateau in molar mass (Figures
$25—-S528). Intramolecular cross-metathesis can result in an
increase in putative cyclic oligomer content and a decrease in
the resulting molar mass.””>> Upon analysis of the 24 h
aliquots from the conversion studies by SEC, the P3AcCOE
sample was estimated to have 4% cyclic oligomers, while the
PSAcCOE level was estimated at 7% cyclic oligomers (Figures
S29 and S30). Due to the steric hindrance of the reactive olefin
by the OAc group in the 3-position, cross-metathesis reactions
might occur less frequently in the P3AcCOE sample compared
to the unhindered PSAcCOE sample. However, further loss of
linear polymer likely occurred during polymer precipitation, as
7% of the polymer sample being attributed to cyclic oligomers
would not be enough to account for the difference between
conversion (87%) and yield (53%). Both had relatively low
dispersity (D) values that were less than 2.

1830

Regioregularity was determined by 'H NMR analysis
according to literature assignments.”” P3AcCOE was deter-
mined to be 96% HT and 96% E, which compares well to
results from previous studies.’”***® PSAcCOE had no
discernable peaks for HT, HH, or tail-to-tail (TT) protons
in the '"H NMR spectrum (Figure S3). Instead, the peaks
appeared as a broad multiplet, indicating a regiorandom
polymer. However, two multiplets can be discerned for E and
Z arrangements of the backbone alkene (80% E). The
differences in regiochemistry are especially prominent in the
olefinic region of the *C NMR spectrum (Figure 1). While

b as be
_ E
\<\a/%/\oqc\/t Al
Z

135 134 133 132 131

ppm

130 129 128

Figure 1. Olefinic region of the *C NMR spectrum in CDCl; for
P3AcCOE (top, blue) and PSAcCOE (bottom, red).

only two peaks were observed for P3AcCOE for the HT/E
microstructure, all eight possible peaks for HT/HH/TT and
E/Z were observed for PSAcCOE.** This confirms the high
regioregularity of P3AcCOE and the lack of regioregularity in
PSAcCOE.

Hydrogenation and Deprotection. After polymerization,
chemical hydrogenation was used to saturate the backbone
olefins (Scheme 1). This reaction was achieved with high
conversion (>99%) and high isolated yields (>85%) for both
polymers. The molar mass differences were still present upon
SEC analysis (Table 1). The M, for the hydrogenated polymer,
PH3AcCOE, decreased from 351 to 274 kg-mol™' while
retaining a low dispersity. The M, for PHSAcCOE increased
slightly as compared to the precursor to 94 kg-mol™. It is
unclear why the molar mass decreased after hydrogenation of
P3AcCOE. Following hydrogenation, deacylation was used to
reveal hydroxyl groups along the backbone (Scheme 1).
Sodium methoxide in methanol was added to the polymer in
tetrahydrofuran (THF), followed by acidification with acidic
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methanol.>” Fourier transform infrared (FT-IR) spectroscopy
was used to characterize polymers before and after deacylation
(Figure 2). Although NMR spectroscopy was also used to

—— PH30OHCOE
—— PH3AcCOE

Transmittance (arbitrary linear scale)

—— PH50HCOE
—— PH5AcCOE

4000 3000

T T
2000 1000

Wavenumbers (cm™')

Figure 2. FT-IR spectra overlay before and after deprotection of (a)
PH3ACcCOE and (b) PHSAcCOE. Traces shifted vertically for clarity.

confirm polymer structure (Figures S13—520), FT-IR more
clearly showed changes in the backbone functional group. For
reactions of both PH3AcCOE (Figure 2a) and PHSAcCOE
(Figure 2b), an intense peak before the reaction can be seen at
1732 cm™, corresponding to the C=0 stretch of the ester
group. After the deacylation reaction, this peak is absent and a
broad signal at 3332 cm™ appeared, corresponding to —O—H
stretches.

Post isolation, the resulting polymers (PH3OHCOE and
PHSOHCOE) were white powders insoluble in most organic
solvents. Characterization by SEC using hexafluoroisopropanol
(HFIP) as the mobile phase was used to estimate molar mass
(Table 1). The M, for PH3OHCOE was measured to be 215
kg'mol™" relative to PMMA standards. The dispersity also
increased to 3.6. Although MALS may slightly overestimate M,
and underestimate dispersity, the large difference in dispersity
could be due to polymer interaction with the column, which
was supported by an unfortunate increase in column pressure
following the measurement. A similar trend, although to a
lesser extent, was observed for PHSOHCOE. The relative M,
for PHSOHCOE was 78 kg'mol ™', and the dispersity was 2.3.
The ROMP-derived polymers were also compared to a
commercial polymer, EVOH-44 (44 mol % ethylene), with a
M, of 26 kg'mol™" using the same technique. A polymer with
75 mol % ethylene content to match the ROMP-derived
polymers in this study was not readily available since lower
vinyl alcohol content polymers prepared by radical polymer-
ization methods typically lead to poor oxygen barrier
properties and thus are not as practically useful.'® The
densities of these samples were measured by the Archimedes’
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principle (Table 1). EVOH-44 was found to have the highest
density, followed by PH3OHCOE, then PHSOHCOE. This
preliminarily suggests that EVOH-44 has a higher y, or a lower
free volume with more tightly packed chains compared to
PH3OHCOE, followed by PHSOHCOE.**

Thermal Characterization. DSC was used to investigate
the thermal transitions in PH3OHCOE, PHSOHCOE, and
EVOH-44. Analysis was performed on thin films made by
drop-casting from HFIP, followed by annealing the films at 85
°C for 2 h. Figure 3a shows the first heating cycle after this

— PH30OHCOE
— PH50HCOE
— EVOH-44

a

Heat Flow (endo up)

T T
100 150

Temperature (°C)

200

Figure 3. DSC traces with (a) first heating cycle (10 °C-min™") and
(b) first cooling cycle (10 °C-min") of solvent-cast thin films. Traces
shifted vertically for clarity.

annealing step for PH3OHCOE, PHSOHCOE, and EVOH-
44; Figure 3b shows the first cooling cycle and summarizes the
results. No clear T, was observed in the DSC trace of the
solvent-cast polymers. PHSOHCOE has a lower melting
temperature (T,,) of 128 °C and a lower enthalpy of melting
(AH,,) of 81 J-g~' compared to PH30OHCOE (151 °C and
113 J-g™!, respectively) after this thermal history. EVOH-44
had a higher T,, of 181 °C due to its lower ethylene content,
but a lower AH,, of 70 J-g~' compared to the ROMP-derived
polymers. These values were used to estimate y. (Table 2);
PH3OHCOE showed the highest y,, followed by EVOH-44,
then PHSOHCOE.

Changes in molar mass can also result in changes of y,
although typically at much lower molar masses than those used
in this study.” Thus, to explore the origins of the differences in
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Table 2. Thermal Transitions from TGA, DSC, DMTA, and
Crystallinity Data from WAXS of PHOHCOE Polymers and
EVOH-44

EVOH-44 PH5SOHCOE PH30HCOE
T, (°C)" 331 419 418
T, (°C)? 181 128 151
AH,, (J-.g™")" 70 81 113
T. (°C)* 148 104 124
AH, (Jgh)° 32 66 66
7. (%)° 34 33 46
Zc (%)° 36 43 46
T, (°CY 40 45 82
T, (°C) 93 94 9

“Determined by TGA at 5% mass loss in N, (10 °C-min™').
*Determined by DSC of solvent-cast film from the first heating cycle
(10 °C'min™"). “Determined by DSC of solvent-cast film from the
first cooling cycle (10 °C-min~'). “Calculated from AH, [y, =
(AH,,/AHg00))-100]. AHgq0) (enthalpy of fusion for a 100%
crystalline polymer) was calculated for each polymer type based on
weight fraction (w) and literature AHj,q0) values* [AH;g =
wp(AHg100)p8) + Wevor(AHg100)pvom) - ® “Determined by fitting
peaks to a Gaussian model to determine area under crystalline peaks
and amorphous halo. y, = area of crystalline peaks/(area of crystalline
peaks + area of amorphous halo). /Determined using DMTA by
taking the maximum of tan(§) in the region between 25 and 100 °C.
#Determined by DSC of melt-pressed and quenched film from the
first heating cycle (10 °C-min™").

crystallinity when comparing PH3OHCOE and PHSOHCOE,
we prepared a lower molar mass derivative of PH3OHCOE by
polymerizing 3AcCOE with cis-4-octene as a chain-transfer
agent, targeting the molar mass of PHSOHCOE (78 kg
mol™"). This was followed by hydrogenation and deacylation.
Due to previously mentioned column interactions between
PH3OHCOE and the HFIP-SEC, molar mass was determined
at the previous step (PH3AcCOE) by THF-SEC. The
modified PH3OHCOE polymer had an estimated M, value
of 71 kg'mol " and a D value of 1.4. This polymer was cast into
a thin film from HFIP and thermally annealed in the same
manner as the previous films, then analyzed by DSC to
compare AH,, values (Figure S34, Table S2). The T, was 149
°C and the AH,, was 109 J-g", still considerably higher than
that of PHSOHCOE. This is consistent with regioregularity of
this polymer being the main factor associated with higher levels
of crystallinity (y.) and a higher melting point.

Wide-Angle X-Ray Scattering. 1D WAXS was also used
to explore the structure and y, for the solvent-cast samples
(Figure 4). All three samples showed relatively sharp peaks,
consistent with their semicrystalline nature. After integrating
the amorphous halo and the crystalline peaks, y. can be
estimated from the ratio of crystalline area to the total area of
all peaks.*”*" Peak fitting software was used to deconvolute the
crystalline peaks and amorphous contributions with Gaussian
fits. These were then integrated for y. calculations (Figures
$35—S40). While y, values matched closely for PH3OHCOE
and EVOH-44 to values obtained by DSC, PHSOHCOE had a
higher y. value from WAXS, although still lower than
PH30HCOE.

Differences in scattering patterns were also observed
between the different samples (Figure 4). Previous literature
reported that EVOH copolymers with higher vinyl alcohol
content exhibit a monoclinic crystal structure, while those with
higher ethylene content exhibit an orthorhombic crystal
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Figure 4. 1D WAXS of commercial EVOH-44 (bottom, black),
PHSOHCOE (middle, red), and PH3OHCOE (top, blue). Traces
shifted vertically for clarity.

structure. However, a pseudohexagonal crystal structure has
been observed in a transition region between the copolymer
compositions that define the monoclinic and orthorhombic
regions and typically exhibits fewer X-ray reflections.””** The
exact copolymer composition for this transition region has
been reported to be 20—60 mol % vinyl alcohol content in one
publication® and 14—27 mol % vinyl alcohol content in
another,** although processing conditions will also impact the
observed crystal structure.”® All being equal, the ROMP-
derived polymers in this study should lie in the pseudohex-
agonal region with 25 mol % vinyl alcohol content, which has
just one strong crystalline peak in this 26 range at 24° (d = 4.3
A).** However, the PH3OHCOE sample showed several sharp
WAXS peaks, more than expected as compared to typical
pseudohexagonal EVOH samples. Although the exact crystal
structure for these polymers was not determined independ-
ently, the observed scattering peaks can be compared to
literature values to obtain more information.

Both PH3OHCOE and PHSOHCOE have peaks at 11.1° (d
= 8.7 A) and 10.5° (d = 9.8 A), respectively, where these d-
spacings both roughly correspond to the distance between
hydroxyl groups (~10 A) along the planar zigzag chain
(Figure S44). This also correlates well to the [100] plane of
the monoclinic unit cell for EVOH." By setting this peak to
the [100] plane, theoretical monoclinic reflections can be
compared to the experimental data (Figures S46 and $47).
Although the perfect agreement was not achieved, PH30OH-
COE had a very similar experimental 1D WAXS pattern to a
monoclinic EVOH copolymer with 62.9 mol % vinyl alcohol
content.”> PHSOHOE only has one additional reflection at
24.2° (d = 43 A), consistent with more pseudohexagonal
character and less monoclinic character compared to
PH3OHCOE. Based on the breadth of the reflections, the
largest scattering peak for PHSOHCOE could include peaks
associated with both monoclinic and pseudohexagonal
structures. This could explain the discrepancy between y,
values obtained from DSC and WAXS for PHSOHCOE;
such complicated patterns can render peak deconvolution less
precise. Additionally, PH3OHCOE and PHSOHCOE were
compared to literature reflections for orthorhombic EVOH,
but the peaks were not consistent with an orthorhombic
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structure (Figures S48 and $S49). Chain alignment by uniaxial
stretching of thin films above their T, was attempted to further
elucidate information about the crystal structure, but no
significant changes in the WAXS data were observed.

To form a monoclinic crystal structure in EVOH polymers,
regular hydrogen bonding between —OH groups from different
chains is necessary.”” High vinyl alcohol content ensures that
this is possible in statistical copolymers, but as vinyl alcohol
content decreases, the number of nonhydrogen-bonded —OH
groups increases.””"” We hypothesize that the precise and
regular structure of PH3OHCOE, where —OH groups are
located every eight carbons along the backbone, allows for
more hydrogen bonds to be formed and for a monoclinic
crystal structure to be observed at this relatively low vinyl
alcohol content. Interestingly, the commercial EVOH-44
appears to fit the pseudohexagonal structure, despite having
higher vinyl alcohol content.

Mechanical Properties. Understanding the mechanical
behavior of these polymers is important to determine
processing parameters and potential applications. To analyze
mechanical behavior, dynamic mechanical thermal analysis
(DMTA) was used to observe changes in the extensional
moduli of the solvent-cast films over a temperature range
(Figure S). In all three traces, two thermal transitions were
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Figure S. Extensional DMTA (S °C-min~}, 0.1% strain, 1.0 Hz) of
commercial EVOH-44 (black square), PHSOHCOE (red circle), and

PH3OHCOE (blue triangle). Filled symbols represent storage
modulus (E’), and open symbols represent loss modulus (E”).

observed: T, and T,,. T, is shown by an increase in E” (loss
modulus), a drop in E’ fstorage modulus), and a maximum in
tan(5). Below T, EVOH-44 has the highest E’, followed by
PHSOHCOE, then PH3OHCOE, indicating a higher material
stiffness at room temperature for EVOH-44. The opposite
trend was observed for the value of T,, where EVOH-44 has
the lowest Ty followed by PHSOHCOE, then PH30OHCOE.
However, the values are significantly lower than the values
obtained from DSC (Figure $82, Table S5), although the trend
remains the same. Above T,, PH3OHCOE and PHSOHCOE
have similar moduli values, but the value of E’ for EVOH-44
drops below that of the synthesized polymers, indicating a
softer material above T,. The second transition, T, occurs
with a decrease in both moduli, with E’ crossing below E”. The
T, values match well to DSC results for all three polymers;
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however, the E' and E” of PH3OHCOE decrease but never
crossed up to the highest temperature probed. This effect was
also observed by shear rheology above T, (Figures S54—S67).
This behavior could indicate material cross-linking; however,
the material was still soluble in HFIP after the experiment
when stopped at 170 °C. DSC analysis did show an exotherm,
potentially due to a putative cross-linking reaction, at a higher
temperature of 200 °C (Figure S68). However, this reaction
occurs above the temperature range for these DMTA
experiments. This high-temperature exotherm can be mitigated
through the addition of antioxidant butylated hydroxytoluene
(BHT) (Figure S69). To confirm the sample was not
undergoing a cross-linking reaction, the DMTA experiment
was repeated with and without BHT (Figure S70), but no
difference was observed.

To determine if molar mass was affecting this behavior at
T,, a molar mass series of PH3OHCOE was synthesized
(Table S3), processed by solvent-casting, then compared using
the same DMTA experiment (Figure S71). A moduli crossover
was observed in lower molar mass samples (20 and 71 kg-
mol™") but not in higher molar mass samples (119 and 215 kg-
mol™!). Variable-temperature WAXS was then used to
determine if there was any ordered structure (e.g, liquid
crystallinity) in the polymer melt that could be responsible for
the lack of moduli crossover at T, (Figures $72—S78). All four
polymers showed the disappearance of crystalline peaks after
their respective T, leaving only peaks from the Kapton used
to mount the sample. We also looked to polar optical
microscopy (POM) to observe the polymers from 25 to 225
°C (Supporting Information Videos). While both PH30OH-
COE and PHSOHCOE show expected birefringence from 25
°C to their respective T, PH3OHCOE continues to exhibit
birefringence above 200 °C. This effect also appears to be
molar mass dependent, where the birefringent areas of the 20
and 71 kg'mol™ polymers disappear at their T,. Intermo-
lecular hydrogen bonding can have a drastic effect on the
rheological properties of polymers, typicallgy increasing the
temperature at which flow is observed.’’ As discussed
previously, the WAXS data support that the regioregularity
of PH30OHCOE allows for high hydrogen-bonding ability of
—OH groups and a more monoclinic-type crystal structure.
This high extent of hydrogen bonding could lead to the lack of
flow at the T, and continued birefringence above T, in POM.
While the material should flow at a higher temperature (~215
°C based on POM) in this case, the putative high-temperature
cross-linking reaction observed in Figure S68 could prevent the
material from reaching terminal flow.

Tensile testing results for the solvent-cast films are shown in
Figure 6 and summarized in Table S4. While the molar masses
for these polymers are different, we hypothesize changes in
molecular structure impact the properties more significantly
than the changes in molar mass above a critical value. Young’s
modulus (E) was highest for EVOH-44 at 1.5 GPa, followed by
PHSOHCOE at 0.63 GPa, then PH30OHCOE (215 kg'mol™")
at 0.28 GPa. These data corroborate the trend in E’ observed
by DMTA at room temperature. Although an increase in
crystallinity can result in an increase in stiffness and modulus,
changes in the crystal structure, morphology, and copolymer
composition also affect mechanical properties.”' —>* PH30H-
COE has a lower toughness value of 0.4 MJ-m™ and a lower
stress-at-break (o) of 3.7 MPa, compared to 0.7 MJ-m™> and
18 MPa for EVOH-44, respectively. Both samples exhibit
brittle behavior upon breaking. However, the strain-at-break
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Figure 6. Tensile testing (1 mm'min~') of commercial EVOH-44
(black line), PHSOHCOE (red dot), and PH30OHCOE (blue dash).
X marks material failure. The low-strain region is expanded for easier
Young’s modulus comparison.

(&) is slightly lower for EVOH-44 at 4.1% compared to
PH30OHCOE at 9.9%. Interestingly, PHSOHCOE exhibits
ductile behavior, unlike the other two samples. A yield point
was observed at 3.6% strain and 12 MPa. PHSOHCOE also
exhibited a much higher &, of 260%, leading to a significantly
higher toughness of 33 MJ-m™ compared to EVOH-44 and
PH3OHCOE. Despite these characteristics, this sample slowly
tore in the grips, leading to a o}, of 4.6 MPa, similar to that for
PH30OHCOE.

Barrier Testing. To determine the oxygen permeability
(Po,) of the polymer samples, the oxygen transmission rate
was measured using oxygen as the test gas and nitrogen as the
carrier gas at 0% relative humidity. During gas barrier
measurements, small pinhole defects in polymer films can
artificially raise permeability values. To remove these defects,
we briefly processed the solvent-cast film samples in a melt-
press 15 °C above their respective T, values at 15,000 psig
(103 MPa) for 10 s. The resulting films were then quenched in
a water-cooled press to cool to room temperature and
annealed at 85 °C for 2 h. The thermal properties of these
polymers are shown in Figure S82 and Table S5, where the
crystallinity of EVOH-44 surpasses that of the ROMP-derived
polymers, affirming density results in Table 1. Additionally, a
T, is apparent in the heating trace of these samples (Table 2).

Permeability was calculated from the transmission rate by
accounting for film thickness and gas pressure. The results of
this test are shown in Figure 7a and Table S6 and list the
average of two measurements per sample type. With the
highest y, EVOH-44 showed the lowest Py, of 0.24 cc-mil-
(100 in*-day-atm)~!. This is consistent with previous
permeability measurements for EVOH copolymers.”® For the
ROMP-based polymers, PH3OHCOE (215 kg'mol™") exhibits
a lower Pg, of 11 ccmil-(100 in*day-atm)™" compared to
PHSOHCOE at 36 ccmil-(100 in*-day-atm)~'. PH3OHCOE
has a higher . and T, compared to PHSOHCOE. Addition-
ally, the increased hydrogen bonding indicated by WAXS and
DMTA can also decrease the fractional free volume in
PH3OHCOE. The P, difference between these polymers is
likely due to the combined effect of enhanced crystallinity and
lower free volume in the regioregular polymer.
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The water permeability (Py,) was also measured from the
water vapor transmission rate under 90% relative humidity
accounting for film thickness (Figure 7b, Table S6), where
each value is an average of two measurements per sample type.
In this case, samples were melt-pressed from powder at 15 °C
above their respective T, under 15,000 psig for 3 min followed
by cooling to room temperature in the press at a rate of 25 °C-
min~". The samples were then annealed at 85 °C for 2 h.
PH3OHCOE with a lower molar mass (71 kg/mol) was used
due to low sample availability. As expected, EVOH-44 has the
highest Py, of 4.7 cc-mil- (100 in*-day-atm) ™" due to its higher
vinyl alcohol content (water is more soluble in materials with
more polar hydroxyl groups). While PH3OHCOE and
PHSOHCOE have more similar Py, values, PH3OHCOE
still has a lower average Py, of 0.7 cc'mil-(100 in*day-atm) ",
which was a factor of about 6 lower than EVOH-44. We
attribute this to similar factors as those stated above (higher y,,
T, and intermolecular interactions).

B CONCLUSIONS

Regioregular PH3OHCOE and regiorandom PHSOHCOE
were synthesized by ROMP of their respective monomers,
followed by hydrogenation and deacylation. Although molar
mass discrepancies are present between these samples, we
determined that at high values, molar mass did not influence
AH,,. By DSC, PH30HCOE had the highest y,, followed by
PHSOHCOE, then commercial EVOH-44 after solvent-
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casting. WAXS generally showed similar values of y, and that
PH30HCOE had more monoclinic crystal structure character
compared to PHSOHCOE. Although DMTA showed T, and
T,, transitions for all polymers, PH3OHCOE did not show
moduli crossover at T,, at high molar masses (>100 kg-mol™").
This effect was attributed to the high hydrogen-bonding ability
from regular placement of —OH groups along the backbone.
Tensile testing confirmed the moduli exhibited by DMTA,
with a decreasing trend in moduli from EVOH-44,
PHSOHCOE, and then PH3OHCOE. While EVOH-44 and
PH3OHCOE exhibit brittle failure at low strain, PHSOHCOE
is a ductile material with a yield point, high toughness, and
high strain at break. Finally, barrier testing measurements
confirmed our hypothesis that regioregularity decreases Pg,,
with this value being lower for PH30OHCOE than
PHSOHCOE. EVOH-44 still exhibits the lowest Py, due to
its higher vinyl alcohol content and higher y. after melt-
pressing. However, EVOH-44 has a much higher Py,
compared to PH3OHCOE and PHSOHCOE. These results
demonstrate that through increased structural regularity, P,
can be decreased in EVOH films with low vinyl alcohol
content while maintaining low Py,. Further structural
improvements could lead to high-performing single-layer
EVOH barrier materials.
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