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This work aimed to decrease the water permeability
(Puao) while simultaneously maintaining low oxygen permeability .
(Poy) in ethylene vinyl alcohol (EVOH)-based copolymers by
introducing high levels of backbone regioregularity and stereo-
regularity. Both regioregular atactic and isotactic EVOH samples
with 75 mol % ethylene were prepared by a ring-opening metathesis OOBOC

¢ o

polymerization (ROMP)-hydrogenation-deprotection approach and

then compared to commercial EVOH(44) (containing 44 mol %

ethylene) as a low P, standard with poor water barrier ©"‘OB°°

characteristics (i.e, high Py,0). The high levels of regioregularity

and stereoregularity in these copolymers increased the melting 01 . .
2 o 0.1 1 10 100

temperature (T,,), degree of crystallinity (y.), and glass-transition Py, foo k(1002 day.atm)

temperature (T,) compared to less regular structures. EVOH(44)

demonstrated the highest T, but lower y. and T, values as compared to that of the isotactic polymer. Wide-angle X-ray scattering

showed that semicrystalline EVOH(44) exhibited a monoclinic structure characteristic of commercial materials, while ROMP-

derived polymers displayed an intermediate structure between monoclinic and orthorhombic. Tensile testing showed that isotacticity

resulted in brittle mechanical behavior, while the atactic and commercial EVOH(44) samples had higher tensile toughness values.

Although EVOH(44) had the lowest P, of the samples explored, the atactic and tough ROMP-derived polymer approached this

value of Po, while having a Py, over 3 times lower than that of commercial EVOH(44).

P10 [comil-(100in?.day-atm) "]
>
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functional polyolefins, gas barrier materials, metathesis, semicrystalline, packaging

thylene vinyl alcohol (EVOH) is a commercial copolymer semicrystalline material, so increasing the degree of crystallinity

synthesized by free-radical copolymerization of ethylene (x.) leads to decreases in permeability.”'® Increasing tortuosity
and vinyl acetate, followed by deacylation." It is used primarily in the amorphous regions also hinders diffusion of dissolved
as a barrier packaging material that prevents premature oxygen- molecules.” This is accomplished by decreasing free-volume
induced degradation of food and other goods.” The only through increased level and strength of intermolecular
commercially relevant polymer with lower oxygen permeability interactions, typically with concomitant increases in the glass-
(Po,) than EVOH is poly(vinyl alcohol) (PVOH), but PVOH transition temperature ( Tg) of the material.>'""?
is difficult to process due to low degradation temperatures (T,) Increasing the structural regularity of semicrystalline
and high affinity for water. As expected, the incorporation of polymers through decreases in branching or increases in
ethylene units along the backbone leads to better water regio- and stereoregularity often leads to increases in y,'*
resistance, higher Ty ;/alues, and processability at the cost of intermolecular interactions, and Tg;14 however, free-radical
increased Po, values.” However, at copolymer compositions polymerization offers little control over structural regularity in
necessary for practical oxygen barrier materials (24—48 mol % EVOH synthesis.'> We recently probed the effect of

ethylene),* outer polyolefin layers are typically required to
provide the necessary low Py, values given the high water
permeability of EVOH alone.”

Gas transport across a membrane requires a gas molecule to
dissolve in a material, diffuse through it, and desorb on the
opposite side. Nonpolar gas molecules, such as oxygen, are not
very soluble in polar materials, such as EVOH; polar
molecules, such as water, are highly soluble. Once a gas
molecule is dissolved in the material, increased crystallinity and
decreased free-volume primarily decrease its diffusion rate.’”®
Gas molecules diffuse through amorphous regions of a

regioregularity on the barrier properties of EVOH with high
(75 mol %) ethylene content derived from ring-opening
metathesis polymerization (ROMP) in an attempt to
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Scheme 1. Synthesis of Atactic and Isotactic EVOH from ROMP of 30BocCOE and (R)30BocCOE”
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EVOH(44)-26 is a commercial sample, and PHSOHCOE-78 was prepared in a previous study.”’

simultaneously achieve very low values of Py, by virtue of
regular placement of hydroxyl groups and Py,q from the high
ethylene content, targeting a monomaterlal with both practi-
cally low oxygen and water permeability.'® Those materials
were good water barrier materials, and regioregular polymers
gave decreased P, values compared to those of regioirregular
samples. However, these polymers did not achieve the ultralow
Py, values (high oxygen barrier characteristics) of the
benchmark commercial EVOH. So, we turned our attention
to including both regio- and stereoregularity in the polymers.

The preparation of stereoregular polymers by ROMP is
more challenging due to the difficult monomer synthesis
required. Scherman et al.'” polymerized cis- and trans-5,6-
acetonidecyclooctene, followed by hydrogenation and depro-
tection, to give an EVOH-based polymer with controlled
stereochemistry in each individual repeat unit. Due to the lack
of regioselectivity, however, the polymers would not be
described as stereoregular (e.g., isotactic). Choi and Hong
have recently reported the polymerization of similar strained
monomers based on cyclohexene instead of cyclooctene, along
with routes toward chemical recycling of these polymers
containing higher concentrations of vinyl alcohol.'® Recent
work has utilized regioselective ROMP of (R)- or (S)-3-
substituted cyclooctene and cyclopentene to achieve iso-
tacticity.'”~*' Zhang et al.”' synthesized isotactic ethylene
vinyl acetate from regiospecific ROMP-hydrogenation of 3-
acetoxycyclooctene (3AcCOE), but deprotection was not
performed. Recently, Guillory et al.”> synthesized and
polymerized (R)- and (S)-3-(tert-butyl-dimethylsiloxy)-
cyclopentene, followed by hydrogenation and deprotection,
to give regioregular, isotactic EVOH with hydroxyl groups
located every five carbons along the backbone (60 mol %
ethylene content); however, the barrier properties of these
materials were not examined. Further work was recently
reported by Tashiro et al.*® on the detailed analysis of the
crystal structure of this polymer. In this work, we investigate
the barrier properties of a regioregular, isotactic EVOH
polymer with 75 mol % ethylene to compare the barrier
performance with atactic and regiorandom derivatives with the
hypothesis that even higher degrees of order in the polymeric
backbone will lead to enhanced intermolecular interactions,
higher levels of crystallinity, higher glass-transition temper-
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atures, and even higher water and oxygen barrier properties in
a single material.

We prepared racemic 3-tert-butoxycarbonate-cyclooctene
(30BocCOE) via protection of 3-hydroxycyclooctene”' with
Boc anhydride. Palladium-catalyzed substitution of (S)-
30BocCOE with sodium benzenesulfinate by Pd,(dba);
CHCl; and the (R,R)-DACH-phenyl Trost ligand allowed
for the isolation of (R)30BocCOE”"** with >99% ee by
Mosher ester analysis (Figures S.5—S.9).>° Using the Grubbs
Second Generation catalyst (G2) in toluene-dg, the polymer-
ization of 3700 equiv of 30BocCOE was complete after 70
min, with first-order dependence on 30BocCOE (Figures
S.10—S.12). Interestingly, this polymerization occurred faster
than that of 3AcCOE, despite the steric bulk of the fert-butyl
group (Figure S.13). This could be due to the increased
distance between the bulky alkyl group and the catalyst by
virtue of the extra oxygen atom in the carbonate as compared
with the acetate.

30BocCOE and (R)30BocCOE were successfully poly-
merized by G2 in the presence of cis-4-octene as a chain-
transfer agent with full conversion and high isolated yields to
give polyalkenamers P30BocCOE and P(R)30BocCOE
(Scheme 1, Table S.1). Both samples had high regioregularity
(>99% HT) and >90% E stereochemistry, as expected.'””’
After hydrogenation and deprotection (Scheme 1), PMMA-
relative molar mass values were measured by size-exclusion
chromatography (SEC) in hexafluoroisopropanol (HFIP)
(Table S.2). Additionally, we compared the samples
synthesized in this study to a commercial EVOH(44) polymer
(44 mol % ethylene) made by free-radical copolymerization as
well as a regiorandom polymer made by ROMP-hydro-
genatlon -deprotection of SAcCOE as reported in our previous
study The structures, names, and molar masses in kg-mol™ !
of these polymers are provided in Scheme 1.

Although the isotactic polymer was soluble at low
concentrations in HFIP and TFA-d for SEC and NMR
analysis, respectively, we were unable to achieve reasonable
concentrations necessary for drop-casting (typically >10 mg:
mL™'). As such we turned to melt-processing methods.
Cerrada et al”® have demonstrated that melt-processing
EVOH copolymers containing 29, 32, and 44 mol % ethylene
with a low cooling rate can result in a monoclinic crystal
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Table 1. Thermal and Mechanical Properties of ROMP-Derived and Commercial EVOH Polymers®”

Ty (°C)* T, (°C)° T, (°C)°
PHSOHCOE-78 419 83 120
PH30HCOE-59 431 88 140
PH(R)30HCOE-58 439 106 174
EVOH(44)-26 331 97 188
p (gmL™") E (GPa)*
PHSOHCOE-78 1.18 0.63"
PH30HCOE-59 1.07 0.94
PH(R)30HCOE-58 111 1.0
EVOH(44)-26 123 1.8

AH,, (Jg7)° x T. (°C)* AH, (Jg)*
39 0.16 100 42
58 0.23 121 64
92 0.37 157 98
72 0.35 167 65
&, (%)% o, (MPa)® Toughness®
260" 4.6" 33"
37 58 17
3.2 19 0.54
12 41 4.8

“Data was collected on melt-pressed and annealed samples unless specified by footnote . “Data obtained from TGA (10 °C-min”), N,
atmosphere, 5% mass loss). “Data obtained from DSC (10 °C-min”", first heating cycle). “Calculated with AH,, [y. = (AH,./ AHf(loo))~100].27
AH(10p) (enthalpy of fusion for a 100% crystalline polymer) was calculated for each polymer type based on weight fraction (w) and literature

AHf(loo) values [AHf,mo = WPE(AHf(IOO), PE) + WPVOH(AHf(IOO), PVOH)]

28

“Data obtained from DSC (10 °C-min~", cooling cycle).’Determined by

Archimedes method using a Mettler-Toledo scale. $Data obtained from a Shimadzu AGS-X (1 mm-min '), reported as an average of five replicates
per sample type, excluding outliers. "Data recorded from previous study of films drop-cast from HFIP, followed by slow evaporation and annealing

at 85 °C for 2 h.

structure, leading to higher levels of hydrogen-bonding
between chains. We melt-pressed powdered samples of each
polymer at 15000 psig (103 MPa) for 3 min, 15 °C above
their respective T, values, then cooled the samples in the press
at a rate of ~25 °C-min™' to room temperature, resulting in
films with thicknesses around 100 ym that were then annealed
at 115 °C for 2 h under inert atmosphere, except
PHSOHCOE, which was annealed at 85—90 °C for 2 h due
to its lower melting temperature (T,, = 120 °C). All films
exhibited high T, 5, values that were far above their respective
melting T, values by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) (Table 1, Figure 1),
respectively. DSC of the films post processing (Table 1)
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Figure 1. Heating (solid lines) and cooling (dashed lines) cycles from
DSC (10 °C-min™") of melt-pressed polymers. Traces were shifted
vertically for clarity.
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showed that regiorandom PHSOHCOE-78 had the lowest Ty
T, enthalpy of melting (AH,,), and, as a result, lowest y..
Regioregular, atactic PH30OHCOE-59 had higher values of T,
T,, AH,, and y, in comparison to the regiorandom sample.
Isotacticity in the PH(R)30OHCOE-58 sample led to even
further increases in these values. Although commercial
EVOH(44)-26 had a high T, comparable to isotactic polymers
and the highest T, of all samples due to its lower ethylene
content, it exhibited y. values between those of PH3OHCOE-
59 and PH(R)30HCOE-58. Values of T. and AH, trended
well with the values from the corresponding melting
transitions. While PH3OHCOE-59 had the lowest density
(p), followed by PH(R)30OHCOE-$8, regiorandom PHSOH-
COE-78 had the second highest p, which was unexpected due
to its lower y. and lack of structural regularity. Only
EVOH(44)-26 had a higher p, which is again attributed to
higher vinyl alcohol content (56 mol % vinyl alcohol).

The crystal structure of EVOH depends on the copolymer
composition, with ethylene-rich polymers exhibiting an
orthorhombic crystal structure, vinyl alcohol-rich polymers
exhibiting a monoclinic crystal structure induced by
intermolecular hydrogen-bonding, and the intermediate region
exhibiting an intermediate or “pseudohexagonal” crystal
structure between the two crystal types, which is composition-
and processing-dependent.”***”** We were unable to
determine the crystal structure of our ROMP-derived polymers
from nonoriented samples, so the WAXS patterns after
comparable processing histories were compared to literature
EVOH scattering patterns (Figure 2). The EVOH(44)-26
sample exhibited a monoclinic crystal structure when
compared to a polymer with a similar copolymer composition
(Figure S.43).”° However, the ROMP-derived polymers
appeared to be exhibiting the intermediate “pseudohexagonal”
structure based on the broadened appearance of the lowest g
reflections between 1.20—1.65 A™' (Figure S.42, 8—11° on 20
axis), caused by the merging of [101], [101], and [200]
reflections of the monoclinic crystal structure as the ethylene
content increases.”” PH3OHCOE-59 and PH(R)30HCOE-58
had a low-angle peak from the [100] plane of the monoclinic
crystal structure, indicating that the polymers had some
monoclinic character. Unlike the isotactic polymer, PH3OH-
COE-59 had very sharp peaks near 2.25 and 3.29° A™" on the g
axis that initially appeared to be from impurities (Figure S.44).
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Figure 2. 1D WAXS of melt-pressed ROMP-derived and commercial
EVOH. Traces are shifted vertically for clarity. PH(R)OHCOE-S8
and EVOH(44)-26 were analyzed at Argonne National Lab (1 =
0.729 A), and PH30HOE-59 was analyzed at UMN with a Mo source
(A =0.711 A).

Another sample of this material was analyzed to rule out
impurities; some peaks were still present but less pronounced
and broadened. When compared to literature peaks from
PVOH, these aligned well with the [002] and [401] reflections
from the monoclinic crystal structure; see Figures S.45—S.49.
Comparatively, the isotactic polymer had numerous peaks
located beyond 1.65 A™' that could align with monoclinic or
orthorhombic structures, again pointing to a more inter-
mediate structure (Figures S.50—S.54). Previous work on
isotactic PVOH has shown that intermolecular hydrogen-
bonding is reduced with increasing isotacticity, but the
polymers in our study are rich in ethylene, making direct
comparisons to this work challenging with increased distance
between hydroxyl groups along the chain.’’ WAXS of
PHSOHCOE-78 has been previously reported and appears
to adopt the discussed intermediate crystal structure.'®

Two thermal transitions, T, and T,,, are evident by DMTA
upon the precipitous decreases in storage modulus (E’)
(Figure S.55). T, is noted by the maximum value of tan(d)
near the first E' drop (Figure S.56), and while the values from
DMTA roughly correlated to those from DSC, they were lower
and in the range of 44—54 °C (Table S.3). T, values were very
similar to those from DSC, but only EVOH(44)-26 exhibited
the expected crossover of E’ and the loss modulus (E”). The
atactic and isotactic 3-substituted samples displayed a drop in
both moduli, but no crossover, indicative of a lack of terminal
flow. Although this could be due to cross-linking, this result
was observed in our previous study and was attributed to a
potential hydrogen-bonding eftect made possible by linear
chains with regular spacing between —OH groups.'® This is
supported by POM (see POM video of EVOH(44)-26, POM
video of PH30OHCOE-59, and POM video of PH(R)-
30HCOE-58 in Supporting Information), where birefringence
is observed above T,

The processing protocol used in this work (melt-press
followed by cooling in press) led to different tensile properties
of EVOH(44)-26 and PH30OHCOE-59 compared to our
previous reports on drop-cast films, with samples exhibiting
higher values of Young’s Modulus (E), toughness, strain-at-
break (e,), and stress-at-break (o},) (Table 1, Figure $.57).°In
fact, some trials of EVOH(44)-26 exhibit yield point and
ductile behavior. PH(R)30HCOE-58 had lower values of
toughness, &, and o, compared to the atactic and commercial
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samples; however, this sample exhibited moderate values of E
between PH3OHCOE-59 and EVOH(44)-26. E trended well
with y, as expected. Due to material limitations, we did not
measure the tensile properties of melt-pressed PHSOHCOE-
78 and report the tensile data from our previous study of films
drop-cast from HFIP, followed by slow evaporation and
annealing at 85 °C for 2 h in Table 1.t

Py, and Py, values were determined from the oxygen and
water transmission rates (Figure 3, Table S.4). EVOH(44)-26
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Figure 3. Po, vs Py,o for EVOH(44)-26 (black square),
PH30OHCOE-59 (blue circle), PH(R)OHCOE-58 (green triangle),
and PHSOHCOE-78 (red diamond) processed by melt-pressing for 3
min, then cooling to room-temperature in press. Photo of
representative film (PHSOHCOE-78) shown to demonstrate
flexibility. Two trials were tested per sample type; each sample type
has two points representing these two trials.

still exhibited the lowest Po, [0.71 cc:mil-(100 in*-day-atm)™*]
. However, the Po, of PH30OHCOE-59 [1.2 cc'mil-(100 in*
day-atm)~'] was only about 50% higher than EVOH(44)-26
using these processing conditions, and one sample achieved 0.9
ccmil-(100 in*day-atm)™'. These values were significantly
lower than in our previous study on drop-cast films that were
quickly pressed to remove pinholes, despite PH3OHCOE-59
having lower values of T, y, and p than the corresponding
PH30HCOE-215 sample.'© We hypothesize that cooling
slowly in the melt-press allowed more intermolecular hydro-
gen-bonds to form before chain mobility is decreased below
the T, and T,. This is supported by DMTA and POM, where
the lack of moduli crossover and birefringence above T, are
present below the molar mass threshold where these effects
were observed previously. Additionally, the crystal structure
showed more peaks potentially from the monoclinic structure,
supporting the idea of increased hydrogen-bonding.*”**
Interestingly, PH(R)30HCOE-58 had a higher average value
of Py, [6.4 ccmil-(100 in*day-atm)™'], although close to that
of PH30OHCOE-59, despite having higher values of Ty Xo and
p- Higher values of y, are not always indicative of low Pg,; for
examgle, high-density polyethylene has a very high y, but high
P02.7’ ® Previous literature comparing isotactic and atactic
PVOH showed that isotactic polymers likely have lower y. and
lower intermolecular hydrogen-bonding due to the higher
ability of intramolecular hydrogen-bonding between adjacent
hydroxyl groups; however, the spacing between hydroxyl
groups along the backbone in these EVOH samples would not
allow for intramolecular hydrogen-bonding between adjacent
groups.”™** This result coupled with the past literature
suggests that the more complex monomer synthesis required
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to make isotactic polymers is not necessary to achieve low
values of Po,. PHSOHCOE-78 that has been melt-pressed had
the highest P, with the lowest . and T,.

Finally, Py,o was quite similar for PH3OHCOE-59 and
PH(R)30HCOE-S8. A slightly lower Py,o was observed for
PHSOHCOE-78, which was not observed in our previous
study on drop-cast films.'® However, EVOH(44)-26 had a
Pyyo over 3 times higher due to its higher vinyl alcohol
content. Remarkably, with this melt-processing method,
PH30HCOE-59 can achieve Py, values nearly as low as
EVOH(44)-26 while maintaining lower Py, than EVOH (44)-
26, opening up possibilities for a monomaterial with both high
water and oxygen barrier properties for a next-generation
package through macromolecular design.

In conclusion, atactic and isotactic regioregular EVOH
polymers with 75 mol % ethylene were made from ROMP-
hydrogenation-deprotection of a novel ROMP monomer,
30BocCOE. DSC showed that regioregularity and isotacticity
increased Ty, Yo and T, in the ROMP-derived polymers, but
WAXS data were less conclusive. Despite this, oxygen
permeability was lower in the atactic sample compared to
the isotactic sample. However, the atactic sample had a value
of Py, approaching that of commercial EVOH(44)-26 while
maintaining a Py, value over 3 times lower. This shows that
structural regularity and melt-processing together can furnish a
monomaterial with competitive oxygen permeability but
greatly improved water permeability, eliminating difficulties
in recycling multilayer barrier packaging. In the future, more
work could be done to investigate the crystal structure of the
ROMP-derived polymers from drawn fibers to determine the
nature of P, differences from intermolecular hydrogen-
bonding, similar to that of Tashiro et al?®

The data that support the findings of this study will be openly
available in the Data Repository at the University of Minnesota
(DRUM): https://doi.org/10.13020/qhy9-7196.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00006.

Experimental details, NMR spectra, NMR kinetics data,
IR data, SEC data, TGA traces, additional 1D and 2D
scattering data and figures, additional rheology tensile
and gas barrier data (PDF)

POM video of EVOH(44)-26 (MP4)

POM video of PH3OHCOE-59: heating (MP4)

POM video of PH(R)30HCOE-58: heating (MP4)

Marc A. Hillmyer — Department of Chemistry, University of
Minnesota, Minneapolis, Minnesota 55455, United States;
orcid.org/0000-0001-8255-3853; Email: hillmyer@

umn.edu

Claire E. Dingwell — Department of Chemistry, University of
Minnesota, Minneapolis, Minnesota 55455, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acspolymersau.4c00006

212

C.ED. and M.AH. contributed to project conception,
experimental approach, and manuscript preparation. C.E.D.
performed described experiments unless specified otherwise in
the acknowledgments.

The authors declare no competing financial interest.

All rheology was carried out in the College of Science and
Engineering Polymer Characterization Facility, University of
Minnesota, which has received capital equipment funding from
the NSF through MRSEC. WAXS was carried out in the
Characterization Facility, University of Minnesota, which
receives partial support from the NSF through MRSEC. We
would like to thank Dr. Victor Young (UMN X-ray
Crystallographic Laboratory) for conducting room-temper-
ature WAXS experiments and Donald Massey for performing
barrier measurements in the Center for Flexible Packaging,
Clemson University. We would also like to thank Daniel
Krajovic for conducting WAXS experiments at Argonne
National lab, Marianne Meyersohn for assistance with
replotting graphs, and Brenden Hoehn for assistance with
DRUM submission.

(1) Mokwena, K. K.; Tang, J. Ethylene Vinyl Alcohol: A Review of
Barrier Properties for Packaging Shelf Stable Foods. Critical Reviews in
Food Science and Nutrition 2012, 52 (7), 640—650.

(2) Koros, W. J. Barrier Polymers and Structures: Overview. Barrier
Polymers and Structures 1990, 423, 1-21.

(3) Maes, C.; Luyten, W.; Herremans, G.; Peeters, R.; Carleer, R;;
Buntinx, M. Recent Updates on the Barrier Properties of Ethylene
Vinyl Alcohol Copolymer (EVOH): A Review. Polym. Rev. 2018, 58
(2), 209—246.

(4) Kuraray. EVAL Resins: The Better Barrier for Food Applications,
2015. http://www.chemwinfo.com/private_folder/Uploadfiles2015_
Feb/Kuraray EVOH_4 Food.pdf (accessed 2022—07—06).

(5) Blackwell, A. L. Ethylene Vinyl Alcohol Resins as a Barrier
Material in Multi-Layer Packages. Journal of Plastic Film & Sheeting
1985, 1 (3), 205—214.

(6) Ghosal, K; Freeman, B. D. Gas Separation Using Polymer
Membranes: An Overview. Polym. Adv. Technol. 1994, S (11), 673—
697.

(7) Salame, M.; Steingiser, S. Barrier Polymers. Polym.-Plast. Technol.
Eng. 1977, 8 (2), 155—175.

(8) Lagaron, J. M.; Catala, R;; Gavara, R. Structural Characteristics
Defining High Barrier Properties in Polymeric Materials. Mater. Sci.
Technol. 2004, 20 (1), 1-7.

(9) Michaels, A. S.; Vieth, W. R;; Barrie, J. A. Solution of Gases in
Polyethylene Terephthalate. J. Appl. Phys. 1963, 34 (1), 1-12.

(10) Michaels, A. S.; Vieth, W. R.; Barrie, J. A. Diffusion of Gases in
Polyethylene Terephthalate. J. Appl. Phys. 1963, 34 (1), 13—20.

(11) Ito, K; Hong-ling, L.; Saito, Y.; Yamamoto, T.; Nishihara, Y.;
Ujihira, Y.; Nomura, K. Free-Volume Study of Ethylene - Vinyl
Alcohol Copolymer Evaluated through Positronium Lifetime
Measurement. Journal of Radioanalytical and Nuclear Chemistry
2003, 255 (3), 437—441.

(12) Matteucci, S.; Yampolskii, Y.; Freeman, B. D.; Pinnau, L
Transport of Gases and Vapors in Glassy and Rubbery Polymers.
Materials Science of Membranes for Gas and Vapor Separation 2006, 1—
47.

(13) Bower, D. I. Regular Chains and Crystallinity. An Introduction
to Polymer Physics 2002, 87—116.

https://doi.org/10.1021/acspolymersau.4c00006
ACS Polym. Au 2024, 4, 208-213


https://doi.org/10.13020/qhy9-7196
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00006?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00006/suppl_file/lg4c00006_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00006/suppl_file/lg4c00006_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00006/suppl_file/lg4c00006_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00006/suppl_file/lg4c00006_si_004.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+A.+Hillmyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8255-3853
https://orcid.org/0000-0001-8255-3853
mailto:hillmyer@umn.edu
mailto:hillmyer@umn.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+E.+Dingwell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00006?ref=pdf
https://doi.org/10.1080/10408398.2010.504903
https://doi.org/10.1080/10408398.2010.504903
https://doi.org/10.1021/bk-1990-0423.ch001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15583724.2017.1394323
https://doi.org/10.1080/15583724.2017.1394323
http://www.chemwinfo.com/private_folder/Uploadfiles2015_Feb/Kuraray_EVOH_4_Food.pdf
http://www.chemwinfo.com/private_folder/Uploadfiles2015_Feb/Kuraray_EVOH_4_Food.pdf
https://doi.org/10.1177/875608798500100304
https://doi.org/10.1177/875608798500100304
https://doi.org/10.1002/pat.1994.220051102
https://doi.org/10.1002/pat.1994.220051102
https://doi.org/10.1080/03602557708545034
https://doi.org/10.1179/026708304225010442
https://doi.org/10.1179/026708304225010442
https://doi.org/10.1063/1.1729066
https://doi.org/10.1063/1.1729066
https://doi.org/10.1063/1.1729054
https://doi.org/10.1063/1.1729054
https://doi.org/10.1023/A:1022551525468
https://doi.org/10.1023/A:1022551525468
https://doi.org/10.1023/A:1022551525468
https://doi.org/10.1002/047002903X.ch1
https://doi.org/10.1017/CBO9780511801280.005
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(14) Lodge, T. P; Hiemenz, P. C. Glass Transition. Polymer
Chemistry 2020, 533—580.

(15) Odian, G. Principles of Polymerization, 4th ed.; Wiley-
Interscience: Hoboken, NJ, 2004.

(16) Dingwell, C. E.; Hillmyer, M. A. Regiospecific Poly(Ethylene-
Co-Vinyl Alcohol) by ROMP of 3-Acetoxycyclooctene and
Postpolymerization Modification for Barrier Material Applications.
ACS Applied Polymer Materials 2023, S (3), 1828—1836.

(17) Scherman, O. A.; Walker, R;; Grubbs, R. H. Synthesis and
Characterization of Stereoregular Ethylene-Vinyl Alcohol Copolymers
Made by Ring-Opening Metathesis Polymerization. Macromolecules
2005, 38 (22), 9009—9014.

(18) Choi, K.; Hong, S. H. Chemically recyclable oxygen-protective
polymers developed by ring-opening metathesis homopolymerization
of cyclohexene derivatives. Chem. 2023, 9 (9), 2637—2654.

(19) Kobayashi, S.; Pitet, L. M.; Hillmyer, M. A. Regio- and
Stereoselective Ring-Opening Metathesis Polymerization of 3-
Substituted Cyclooctenes. J. Am. Chem. Soc. 2011, 133 (15), $794—
5797.

(20) Martinez, H.; Mir6, P.; Charbonneau, P.; Hillmyer, M. A.;
Cramer, C. J. Selectivity in Ring-Opening Metathesis Polymerization
of Z-Cyclooctenes Catalyzed by a Second-Generation Grubbs
Catalyst. ACS Catal. 2012, 2 (12), 2547—2556.

(21) Zhang, J.; Matta, M. E.; Martinez, H.; Hillmyer, M. A. Precision
Vinyl Acetate/Ethylene (VAE) Copolymers by ROMP of Acetoxy-
Substituted Cyclic Alkenes. Macromolecules 2013, 46 (7), 2535—2543.

(22) Guillory, G. A;; Marxsen, S. F.; Alamo, R. G.; Kennemur, J. G.
Precise Isotactic or Atactic Pendant Alcohols on a Polyethylene
Backbone at Every Fifth Carbon: Synthesis, Crystallization, and
Thermal Properties. Macromolecules 2022, SS (15), 6841—6851.

(23) Tashiro, K; Guillory, G. A.; Marxsen, S. F.; Kennemur, J. G;
Alamo, R. G. Crystal Structures of Isotactic and Atactic Poly(1-
pentamethylene alcohol). Macromolecules 2023, 56 (15), 5993—6002.

(24) Gais, H.-J; Jagusch, T.; Spalthoff, N.; Gerhards, F.; Frank, M.;
Raabe, G. Highly Selective Palladium Catalyzed Kinetic Resolution
and Enantioselective Substitution of Racemic Allylic Carbonates with
Sulfur Nucleophiles: Asymmetric Synthesis of Allylic Sulfides, Allylic
Sulfones, and Allylic Alcohols. Chemistry A European Journal 2003, 9
(17), 4202—4221.

(25) Hoye, T. R;; Jeffrey, C. S.; Shao, F. Mosher Ester Analysis for
the Determination of Absolute Configuration of Stereogenic (Chiral)
Carbinol Carbons. Nat. Protoc. 2007, 2 (10), 2451—245S8.

(26) Cerrada, M. L.; Pérez, E.; Perefia, J. M.; Benavente, R. Wide-
Angle X-Ray Diffraction Study of the Phase Behavior of Vinyl
Alcohol—Ethylene Copolymers. Macromolecules 1998, 31 (8), 2559—
2564.

(27) Blaine, R. L. Thermal Applications Note: Polymer Heats of
Fusion. TA Instruments, 2002. https://www.tainstruments.com/pdf/
literature/TN048.pdf (accessed 2022—07—05).

(28) Faisant, J. B.; Ait-Kadi, A;; Bousmina, M.; Deschénes, L.
Morphology, Thermomechanical and Barrier Properties of Poly-
propylene-Ethylene Vinyl Alcohol Blends. Polymer 1998, 39 (3),
533—548.

(29) Takahashi, M.; Tashiro, K.; Amiya, S. Crystal Structure of
Ethylene—Vinyl Alcohol Copolymers. Macromolecules 1999, 32 (18),
5860—5871.

(30) Matsumoto, T.; Nakamae, K.; Ogoshi, N.; Kawasoe, M.; Oka,
H. The Crystallinity of Ethylene-Vinyl Alcohol Copolymers. Kobunshi
Kagaku 1971, 28 (315), 610—617.

(31) Assender, H. E; Windle, A. H. Crystallinity in Poly(Vinyl
Alcohol) 2. Computer Modelling of Crystal Structure over a Range of
Tacticities. Polymer 1998, 39 (18), 4303—4312.

(32) Bunn, C. W. Crystal Structure of Polyvinyl Alcohol. Nature
1948, 161 (4102), 929-930.

(33) Benham, E.; McDaniel, M. Ethylene Polymers, HDPE. In
Encyclopedia of Polymer Science and Technology; John Wiley & Sons,
Ltd, 2010.

(34) Harris, H. E.; Kenney, J. F.; Willcockson, G. W.; Chiang, R;
Friedlander, H. N. Structure—Property Relationships of Poly(Vinyl

213

Alcohol). II. The Influence of Molecular Regularity on the
Crystallization—Dissolution Temperature Relationships of Poly(Vinyl
Alcohol). Journal of Polymer Science Part A-1: Polymer Chemistry 1966,
4 (3), 665—677.

(35) Kenney, J. F.; Willcockson, G. W. Structure—Property
Relationships of Poly(Vinyl Alcohol). III. Relationships between
Stereo-Regularity, Crystallinity, and Water Resistance in Poly(Vinyl
Alcohol). Journal of Polymer Science Part A-1: Polymer Chemistry 1966,
4 (3), 679—698.

https://doi.org/10.1021/acspolymersau.4c00006
ACS Polym. Au 2024, 4, 208-213


https://doi.org/10.1201/9780429190810-12
https://doi.org/10.1021/acsapm.2c01918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c01918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c01918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050686l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050686l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050686l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2023.05.038
https://doi.org/10.1016/j.chempr.2023.05.038
https://doi.org/10.1016/j.chempr.2023.05.038
https://doi.org/10.1021/ja201644v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201644v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201644v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300549u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300549u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300549u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma400092z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma400092z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma400092z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c01090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200204657
https://doi.org/10.1002/chem.200204657
https://doi.org/10.1002/chem.200204657
https://doi.org/10.1002/chem.200204657
https://doi.org/10.1038/nprot.2007.354
https://doi.org/10.1038/nprot.2007.354
https://doi.org/10.1038/nprot.2007.354
https://doi.org/10.1021/ma9705127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9705127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9705127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.tainstruments.com/pdf/literature/TN048.pdf
https://www.tainstruments.com/pdf/literature/TN048.pdf
https://doi.org/10.1016/S0032-3861(97)00313-3
https://doi.org/10.1016/S0032-3861(97)00313-3
https://doi.org/10.1021/ma990521a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma990521a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1295/koron1944.28.610
https://doi.org/10.1016/S0032-3861(97)10297-X
https://doi.org/10.1016/S0032-3861(97)10297-X
https://doi.org/10.1016/S0032-3861(97)10297-X
https://doi.org/10.1038/161929a0
https://doi.org/10.1002/0471440264.pst408.pub2
https://doi.org/10.1002/pol.1966.150040320
https://doi.org/10.1002/pol.1966.150040320
https://doi.org/10.1002/pol.1966.150040320
https://doi.org/10.1002/pol.1966.150040320
https://doi.org/10.1002/pol.1966.150040321
https://doi.org/10.1002/pol.1966.150040321
https://doi.org/10.1002/pol.1966.150040321
https://doi.org/10.1002/pol.1966.150040321
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

