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Unfunctionalized vinyl-addition polynorbornene (VAPNB) possesses many outstanding properties such as high thermal,
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chemical, and oxidative stability. These features make VAPNB a promising candidate for many engineering applications.

However, VAPNB has a small service window between its glass transition temperature (Tg) and decomposition temperature

(Tq), and it cannot be readily processed in a melt state. In this work, we demonstrate that the service window of VAPNBs can

be tailored through the use of norbornene monomers bearing alkyl, aryl, and aryl ether substituents. The vinyl addition

homopolymerization and copolymerization of these functionalized norbornyl-based monomers yielded VAPNBs with high

T¢'s (> 150 °C) and large service windows (T4 - Tg > 100 °C), which is comparable to other commercial engineering

thermoplastics. To further establish the feasibility of melt processing, a functionalized VAPNB material with Tz = 209 °C and

a service window of 170 °C was successfully extruded and molded into bars. Subsequent characterization of the bars by

dynamic mechanical analysis (DMA), nuclear magnetic resonance spectroscopy (NMR), and gel permeation chromatography

(GPC) revealed only minor signs of polymer degradation. These studies suggest that substituted VAPNBs could be developed

into a new class of engineering thermoplastics that is compatible with workhorse melt processing techniques such as

extrusion and injection molding, as well as emerging techniques such as extrusion-based 3D printing.

Introduction

Unfunctionalized vinyl-addition polynorbornene (VAPNB)
possesses many outstanding properties, such as high thermal,
chemical, and oxidative stability,! as well as low birefringence,?
a low dielectric constant,? 4 and low moisture absorbance.5 ©
These properties make VAPNB a promising candidate for many
engineering and high-performance applications. However,
unfunctionalized VAPNB has limited solubility
solvents,”- 8 mechanical brittleness,® and a small service window
between its glass transition (7g) and decomposition
temperatures (Tg),” all of which limit its processability.? Several
studies have shown that the homopolymerization and/or
copolymerization of norbornyl monomers bearing polar or
nonpolar substituents can improve both polymer solubility and
mechanical properties.3 10-14 Such functionalized VAPNBs can
solution processed into mechanically robust,
freestanding films that are suitable for a variety of potential

in organic

often be

applications, including gas separations,? 10. 13, 15 pervaporation
membranes,!! ion-exchange membranes,® 17 high-frequency
interconnects,2 and nonlinear-optical devices.? In contrast, in
the fields of extrusion, injection molding, film blowing, or 3D
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printing, where commercial thermoplastics!8-23 are widely used,
studies of improving VAPNB melt
processability by employing substituted norbornene monomers

few comprehensive

exist in the peer-reviewed literature.1* 24

To facilitate the melt processing of VAPNBs, their glass
transition temperature (Tg) must be lowered while maintaining
a high decomposition temperature (T4) to establish a broad
service window and enable melt flow without decomposition.
Indeed, prior reports have demonstrated that certain
functionalized VAPNBs may exhibit depressed Tg's while
simultaneously maintaining high Tg's,10 12-14, 16, 17, 25 gnd
companies such as BFGoodrich and Promerus have
commercialized several VAPNB derivatives with Tgs well below
that of unsubstituted VAPNB.2 3.6, 26-29 A5 an example, Goodall
and coworkers showed that copolymerization of alkyl-
substituted norbornenes and unsubstituted norbornene could
be used to fine-tune VAPNB Tg2> suggesting that melt
processable VAPNBs may be accessed through -careful
substituent choice. This was also demonstrated by another
recent report by Kim, Park, Huh and coworkers.1* However, the
overall relationships between thermal properties and molecular
design are difficult to infer from current literature due to broad
variability in the synthetic and thermal characterization
methods used.% 7 & 11, 15 30, 31 For example, polymer
microstructure (i.e. stereoregularity, tacticity) may be strongly
influenced by the type of catalyst used, and these attributes
may impact resultant thermal properties.: 2 32 Additional
complications arise in that commonly employed techniques for
characterization of Tg, such as differential scanning calorimetry
(DSC),8 spectroscopic ellipsometry,33 and dynamic mechanical
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analysis (DMA),12 13, 15 often produce values that do not agree
well with one another, particularly as each method probes a
different property.

To provide fundamental insight
substituent structure may be used to tailor VAPNB T; and
service window (T4 - Tg), we examined a systematic series of
substituted VAPNB homopolymers and copolymers bearing
polar and/or nonpolar functional groups. To ensure consistency
and comparability of results, all polymers were synthesized
using a single catalyst/activator system3* under identical
reaction conditions. The T4 of each polymer was measured by
thermogravimetric analysis (TGA), and Ty was measured using
DMA. For a few selected polymers, these T, values were then
compared to those measured using DSC and spectroscopic
ellipsometry. Copolymer T values compared to
predictions based on homopolymer values using either the Fox
or Gordon-Taylor equations, providing insight into the
predictive capability of these simple correlations when
substituents differing in structure and intermolecular
interactions (e.g., London dispersion forces, n-nt stacking, and
dipole-dipole interactions) are introduced.

Though melt processing of VA-PNBs remains virtually
unexplored in the peer-reviewed literature, recent work by Kim,
Park, Huh and coworkers used melt pressing to prepare thin
samples of unsubstituted-co-alkyl-substituted VAPNBs for
tensile testing.1* However, to the best of our knowledge, there
are no literature examples in which melt extrudability is
demonstrated. While a broad service window is required for
thermal processing, this condition is not sufficient to establish
processability by techniques such as melt extrusion. Therefore,
to conclude our study, we selected a substituted VAPNB with a
broad service window (Tq - Tg = 200 °C) for extrusion tests. We
found that this substituted VAPNB exhibited melt processability
similar to that of polystyrene (PS), and characterization of the
extruded material by GPC, NMR spectroscopy, and DMA
showed negligible signs of polymer degradation. These studies
demonstrate that substituted VAPNBs may be engineered to
enable their processing by workhorse techniques such as

into how monomer

were

extrusion, thereby potentially broadening the application scope
of this class of high-performing polyolefin-based materials.

Experimental Section

General Materials and Methods. All
conducted under an inert atmosphere using an MBraun
glovebox and a dry nitrogen atmosphere, unless noted
otherwise. Synthesized monomers were purified via sequential
distillations (= 98% purity, via GC) unless otherwise noted,
degassed via freeze—pump-thaw (x3), and stored over 3 A
molecular sieves in a glovebox prior to use. Dicyclopentadiene,
hydroquinone, 1-hexene, 1l-octene, and sodium borohydride
were purchased from Acros Organics and used as received. 1-
Decene and 1-dodecene were purchased from TCI America and
used as received. 5-Norbornene-2-carboxaldehyde and benzyl
bromide were purchased from Alfa Aesar and used as received.
Sodium hydride, allylmagnesium chloride solution (2.0 M in
THF), and (2-bromoethyl)benzene were purchased from Sigma-

reactions were
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Aldrich and used as received. Hexane, ethyl acetate, methanol,
and chloroform were purchased from Fisher Scientific and used
as received. Dichloromethane for polymerizations
purchased from Fisher Scientific and purified using an
Innovative Technologies PureSolv Solvent Purification System
and degassed via freeze-pump-thaw (x3) prior to use. The
catalyst (n3-allyl)Pd(i-PrsP)Cl was synthesized according to
literature procedure and stored in a glovebox prior to use.34 This
catalyst is commonly used for vinyl-addition polymerization of
norbornene-based monomers. 1. 15 17, 31 Lithium
tetrakis(pentafluorophenyl)borate ethyl etherate (LiBArf,) was
obtained as a gift from Boulder Scientific and used as received.
Monomers M1-M4 were synthesized according to prior
literature reports with only minor modifications.3> 36 The
intermediate 5-phenyl-1-pentene,3? 5-norbornene-2-
methanol3® and 5-benzyloxymethyl-2-norbornene (M6)3840
were synthesized according to prior literature reports and all
characterization matched those previously reported. PS (M,, ~
350 kg/mol, M, ~ 170 kg/mol) was purchased from Sigma
Aldrich and used as a comparison sample for thermal
characterization, melt processing, and mechanical
characterization.

Synthesis of 5-butyl-2-norbornene (M1). Monomer M1 was
synthesized following a modified literature procedure.3> 3¢ 1-
Hexene (4.0 g, 47.5 mmol), dicyclopentadiene (2.5 g, 18.9
mmol), and hydroquinone were added to a 50 mL glass pressure
tube with a stir bar. The pressure tube was sealed and heated
to 240 °C for 3 h with stirring. After cooling, the mixture was
purified by two sequential distillations at reduced pressure (10
torr, 88-90 °C) to yield 0.58 g of monomer M1 (10.3% yield) as a
75:25). All
characterizations matched prior literature reports.3>

Synthesis of 5-hexyl-2-norbornene (M2). Monomer M2 was
synthesized following the procedure described for M1. The
crude mixture of M2 was purified by two sequential distillations
at reduced pressure (4 torr, 113-115 °C) to yield 1.11 g of
monomer M2 (16.5% vyield) as a mixture of endo:exo isomers
79:21). All
literature reports.*!

Synthesis of 5-octyl-2-norbornene (M3). Monomer M3 was
synthesized following the procedure described for M1. The
crude mixture of M3 was purified by two sequential distillations
at reduced pressure (4 torr, 132-134 °C) to yield 1.11 g of
monomer M3 (17.0% vyield) as a mixture of endo:exo isomers
(endo:exo =79:21).H NMR (CDCls, 293 K, endo isomer): & (ppm)
= 6.10 (1H, dd), 5.91 (1H, dd), 2.75 (2H, m), 1.96 (1H, m), 1.83
(1H,m), 1.39 (1H, m), 1.35-1.22 (12H, m), 1.19 (1H, m), 1.07 (2H,
m), 0.88 (3H, t), 0.48 (1H, ddd). 3C NMR (CDCls, 293 K, endo/exo
mixture): & (ppm) = 137.16, 137.03, 136.36, 132.67, 49.78,
46.59, 45.64, 45.44, 42.75, 42.09, 39.00, 36.87, 35.06, 33.33,
32.68, 32.17, 30.19, 30.17, 29.92, 29.90, 29.59, 29.13, 28.91,
22.93, 14.35. HRMS® ke CisHpe (H* adduct) = 207.2113 m/z.
HRMSexPt CisHoe (H* adduct) = 207.1858 m/z.

Synthesis of 5-decyl-2-norbornene (M4). Monomer M4 was
synthesized following the procedure described for M1. The
crude mixture of M4 was purified by two sequential distillations
at reduced pressure (0.5 torr, 110-112 °C) to yield 1.11 g of

was

mixture of endo:exo isomers (endo:exo =

(endo:exo = characterizations matched prior
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monomer M4 (12.1% vyield) as a mixture of endo:exo isomers
(endo:exo =78:22).1H NMR (CDCls, 293 K, endo isomer): & (ppm)
=6.10 (1H, dd), 5.91 (1H, dd), 2.75 (2H, m), 1.96 (1H, m), 1.83
(1H, m), 1.39 (1H, m), 1.35-1.22 (16H, m), 1.19 (1H, m), 1.07 (2H,
m), 0.88 (3H, t), 0.48 (1H, ddd). 13C NMR (CDCls, 293 K, endo/exo
mixture): & (ppm) = 137.16, 137.03, 136.36, 132.67, 49.78,
46.59, 45.64, 45.44, 42.75, 42.09, 39.00, 36.87, 35.07, 33.33,
32.68, 32.17, 30.19, 30.17, 29.96, 29.94, 29.90, 29.60, 29.14,
28.91, 22.93, 14.35. HRMS¢<?c C17H30 (H* adduct) = 235.2426 m/z.
HRMSe*Pt C17H30 (H* adduct) = 235.2161 m/z.

Synthesis of 5-phenylpropyl-2-norbornene (M5). The
reagent 5-phenyl-1-pentene was synthesized following a known
literature procedure.3’ 5-phenyl-1-pentene (5.84 g, 39.9 mmol),
dicyclopentadiene (2.14 g, 16.2 mmol), and hydroquinone were
added to a 50 mL glass pressure tube with a stir bar. The
pressure tube was then sealed and heated to 240 °C for 12 h
with stirring. The mixture was cooled to room temperature and
purified by two sequential distillations at reduced pressure (0.5
torr, 130-132 °C) to yield 1.75 g of monomer M5 (25.4% vyield)
as a mixture of endo:exo isomers (endo:exo = 76:24). TH NMR
(CDCls, 293 K, endo isomer): 6 (ppm) = 7.31-7.17 (5H, m), 6.11
(1H, dd), 5.90 (1H, dd), 2.77 (2H, m), 2.58 (2H, m), 2.01 (1H, m),
1.84 (1H, m), 1.74-1.08 (6H, m), 0.50 (1H, ddd). 13C NMR (CDCls,
293 K, endo/exo mixture): § (ppm) = 143.12, 143.03, 137.16,
137.08, 136.40, 132.55,128.55, 128.45, 128.42,125.79, 125.76,
49.77, 46.56, 45.58, 45.45, 42.73, 42.09, 38.91, 38.86, 36.47,
36.43, 34.72, 33.26, 32.61, 30.98, 30.79. HRMScalc CigHyo (H*
adduct) = 213.1643 m/z. HRMS®*t C16H,0 (H* adduct) = 213.1407
m/z.

General polymerization procedure. Under air-free
conditions (glovebox), (n3-allyl)Pd(i-PrsP)Cl (10 pmol), LiBArf,
(10 umol), and dry/degassed DCM (1 mL) were combined in a
20 mL scintillation vial and stirred for 20 min to activate the
catalyst. In a separate vial, the monomer (or monomers) (5
mmol, total) was dissolved in dry/degassed DCM (4 mL) and
added to the stirred catalyst solution. All polymerizations were
ran overnight, unless otherwise noted, before quenching via
exposure to air, dilution with additional DCM (10 mL), and
precipitation into 250 mL of methanol. All polymers were
isolated by vacuum filtration and dried in vacuo until reaching
constant weight.

Monomer and Polymer Characterization. H and 13C NMR
spectra of monomers and polymers were obtained in CDCl3
using a Varian 300 MHz or Varian 500 MHz NMR instrument,
and spectra were referenced to the residual solvent peak at § =
7.26 ppm (H) and 77.23 ppm (13C), respectively. High-
resolution mass spectrometry (HRMS) was performed using a
JEOL AccuTOF equipped with a DART source. Molecular weight
and dispersity (D) of all polymers were determined using a
Tosoh EcoSEC GPC with a refractive index detector and THF as
the eluent at 40 °C. All MW’s and dispersity values are reported
relative to polystyrene standards.

Thermal Characterization of Polymers. Thermogravimetric
analysis (TGA) was performed using a TA Instruments Q550 with
a heating rate of 10 °C/min under a N, purge. All T4 values are
reported as the temperature corresponding to 5% weight loss.
To measure Tg, three methods were employed: modulated DSC

This journal is © The Royal Society of Chemistry 20xx
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(MDSC), spectroscopic ellipsometry, and DMA. MDSC
measurements were performed using compressed polymer
powders in T-zero pans with a TA Instruments Q2000 at a
heating rate of 3 °C/minute (modulated at £ 1.00 °C per 60 s)
from 80 to 300 °C under a nitrogen atmosphere. Ty was
determined based upon the transition of reversing heat
capacity. DMA was performed using a TA Instruments RSA-G2
solids analyzer equipped with a tension fixture. Thick VAPNB
film samples (40-120 um) were prepared by solution casting
from CHCIs solutions (3 wt%) into a PTFE dish. For example, a
desired polymer (0.5 g) was added to CHCIl5 (10 mL) and stirred
until fully dissolved. The solution was filtered through a 0.45 um
PTFE syringe filter into a clean and leveled PTFE dish that is
approximately 6 cm in diameter. In contrast, polystyrene films
were prepared by dissolving the commercial polystyrene
sample (0.5 g) in toluene (3 mL), which was then filtered
through a 0.45 pm PTFE syringe filter, degassed, and poured
onto a levelled glass plate and drawn using a blade coater under
a controlled shear rate. The solution cast VAPNB and drawn
polystyrene films were covered to reduce the rate of
evaporation while drying, and the polymer films were collected
after complete solvent evaporation. Resultant films were
determined to be 40-120 um in thickness and were cut into
strips (3-5 mm wide by 10-15 mm long) for DMA testing. The
strips were mounted in the tension fixture, equilibrated at the
starting temperature for 5 min, and the experiment was run at
a heating rate of 5 °C/min from either 100 °C or 40 °C up to
300 °C under a nitrogen atmosphere with an axial force
oscillated at 0.1% strain rate and 1 Hz. The T; was taken as the
maximum of the tan & curve, and the reported value is the
average of two measurements. Spectroscopic ellipsometry was
used to measure thin film Tg's. Films were prepared by spin
casting from a toluene solution (~5 wt%) onto a silicon wafer
and heated to 240 °C for 20 min under a nitrogen atmosphere
to drive-off residual solvent. All films were 500 + 50 nm in
thickness. A J.A. Woollam M-2000 spectroscopic ellipsometer
(wavelengths A = 300 — 1690 nm) was used to record the
ellipsometry parameters A and  as a function of temperature.
The incidence/detection angles were fixed at 70°, and samples
were heated/cooled at a rate of 1 °C/min from 80 to 240 °C
under a nitrogen atmosphere. The ellipsometry parameters
were modeled using a three-layer system of polymer, native
oxide, and silicon (in air). The refractive index of the polymer
layer was described by the Cauchy dispersion relation, n(1) =
A+ B/A?, and the refractive index of both native oxide and
silicon were fixed to known literature values. The Cauchy
constants (A and B) and polymer film thickness h were
adjustable parameters for regression analysis. Typical values for
A and B parameters were around 1.5 and 0.005-0.008,
respectively. The T; was determined as the point of change in
slope on a plot of polymer film thickness versus temperature42
using data from the second cooling cycle. The Tgis taken as the
intersection of the two lines that capture the rubber and glass
regimes, as shown in Figures S46-S51 in the Supporting
Information.

Melt Extrusion and Characterization of Mechanical
Properties. All polymer samples were dried in vacuo at 85 °C

J. Name., 2013, 00, 1-3 | 3
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overnight prior to use. Tensile bars were prepared using a DSM
Micro-5 twin screw compounder and benchtop injection
molding machine, which was operated at a barrel temperature
of 210 °C for commercial polystyrene samples and 250 °C for
VAPNBSs, a mold temperature of 100 °C under N purge, 90 rpm,
a melt index of 10-12 g/10 min, and a back force of ~1000-1500
N on the screws. As limited quantities of the synthesized VAPNB
materials were available, relative to what was needed for melt
processing, these process conditions were deemed best, but
were not optimized. A portion of the synthesized VAPNB
material was used for purging the extruder to ensure clean
extrusion conditions, and bars were checked for clarity by visual
inspection using a light box, indicating completeness of purge
throughout the process. Mechanical testing was performed
using an Instron load frame model 5948 (horizontal testing, 1
kN load cell) at a strain rate of 0.1 mm/min according to ASTM
D638. The modulus was obtained by plotting engineering/true
stress verses corresponding strain. Cyclic loading moduli were
obtained by testing two specimens, each with three cycles of
load and unload between 110-360 N.

Wide Angle X-Ray Scattering. Select films (P3, P4) were
illuminated at normal incidence (transmission through the film
thickness) under ambient conditions using A Xenocs GeniX 3D
microfocus source with a copper target (wavelength A = 0.154
nm). The sample to detector distance was 0.045 m. A Pilatus3
R_300K detector (Dectris) was used with pixel size of 172 um x
172 pum. The data acquisition time was 5 min. The two-
dimensional images from each measurement were azimuthally-
integrated to yield a one-dimensional scattering profile of
intensity I(a.u.) versus scattering vector q(A -2).

Discussion

As a basis for the design of melt processable VAPNBs, we
surveyed the thermal characteristics of commercially available
engineering thermoplastics, such as polysulfone,
polyetherimide, and polycarbonate. This analysis revealed that
each material displayed a Ty > 150 °C and a T4- Ty > 100°C.1822
In an effort to design VAPNBs that provide a similarly large
service window, albeit while maintaining a high Tgy, a variety of
homopolymers and copolymers were synthesized using
substituted norbornene monomers. Monomers M1-M4 (Figure
1) bear linear alkyl substituents of varying length, whereas
monomers M5 and M6 incorporate bulky aromatic groups that
are tethered by an alkyl or ether linkage, respectively. In
addition to differences in flexibility and size, these substituents
introduce the possibility of different types of intermolecular
forces being present. For example, monomers M1-M4 are
believed to interact primarily via weak London-Dispersion
forces, whereas monomers M5 and M6 introduce a bulky benzyl
substituent that may participate in m-nt stacking interactions
that have been reported to improve film formation.12
Furthermore, monomer M6 also adds the potential to introduce
dipole-dipole interactions as a result of its ethereal moieties.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Series of VAPNBs (P1-P6) chosen to probe the effects of substituent
architecture on resultant thermal properties.

M1-M5 were
in-situ

Monomers synthesized via Diels-Alder
cracked dicyclopentadiene and a
corresponding dieneophile that was either commercially
available or was synthesized following established literature
procedures.3’” Each monomer was isolated as a clear liquid
following successive vacuum distillations at reduced pressure
(10-25% vyield) until reaching >98% purity, as determined via gas
chromatography. As a note, monomer M3 could only be
obtained in 85% purity due to the presence of impurities having
similar boiling points that could not be readily removed via
distillation or flash column chromatography. Monomer M6 was
synthesized via Williamson ether synthesis in which 5-
norbornene-2-methanol was reacted with benzyl bromide,
followed by column chromatography to obtain a clear liquid
(61% vyield). Each monomer was characterized using 'H NMR
spectroscopy to confirm functionalization and determine the
endo:exo ratio of the norbornene substituent.

It is well known that the catalyst employed to access
VAPNBs may influence the thermomechanical properties of the
resultant materials, an effect that has been attributed to
differences in polymer tacticity and stereoregularity.?> 43 44 We
also observed this in our preliminary studies, wherein both Ni-
and Pd-based catalysts were used (see Supporting Information
S47, S53-54, S65-67). However, to avoid complications arising
from tacticity and stereoregularity differences based upon
catalyst choice, we chose to use the catalyst system (n3-
allyl)Pd(i-Pr3P)CI/LiBArf, (BArf, = tetrakis(pentafluorophenyl)-
borate) for all polymer syntheses described herein. As shown in
Scheme 1, monomers M1-M6 were each homopolymerized to
yield polymers P1-P6. In order to further investigate the
influence of various substituents on the thermal properties of
VAPNBSs, a series of statistical copolymers denoted using the
notation PXPY were synthesized, wherein X and Y signify the
two monomer components copolymerized. Specifically, X was
fixed as M2 and Y was either M4, M5, or M6 to yield copolymers
P2P4, P2P5, and P2P6, respectively.

Each polymer was obtained in modest to excellent yield (62-
98%) and was characterized via 'H NMR spectroscopy and gel
permeation chromatography (GPC). All polymer molecular
weights (M,) exceeded 60 kg/mol and dispersities (D) ranged
from 1.3-2.8 (Table 1). It was noted that the
homopolymerization of M3 resulted in higher molecular weight,
higher dispersity and poorer solubility as compared to other

reaction of
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VAPNB analogues. We hypothesize that this is due to the
presence of impurities, such as tricyclopentadiene, that may
have been incorporated into the polymer chain and could
potentially lead to undesired crosslinking. Thus, a shorter
reaction time (1 h) was applied to minimize the potential for
crosslinking (Table 1, entry 3). In contrast, the
homopolymerization of M6 (Table 1, entry 6) led to decreased
polymer yield and molecular weight, even when polymerized at
a higher monomer:catalyst ratio ([mon]:[cat] = 1000:1) and
extended reaction time (24 h). Similar observations have been
reported in the literature, in which slower polymerization rates
and lower yields are often hypothesized to result from
deleterious interactions between the polar substituent and the
electrophilic, active catalyst species.> 11 43, 45 Similar trends
were also found for all copolymerizations (Table 1, entries 13-
15).

Table 1. Homo- and co-polymerization of substituted norbornene monomers.?

feed actual
ratio ratio? yield Mif
entry polymer  (MX:MY) (MX:MY) (%) (kg/mol) of

1 P1 100:0 100:0 83 63 1.30
2 P2 100:0 100:0 85 84 1.35
3° P3 100:0 100:0 64 163 2.81
4 P4 100:0 100:0 92 129 2.00
5 P5 100:0 100:0 76 89 141
6° P6 100:0 100:0 62 66 1.32
7 P275p4% 75:25 -€ 76 166 2.32
8 P250p450 50:50 -€ 97 159 2.20
9 P225p475 25:75 -€ 94 165 191
10 P268p532 75:25 68:32 96 92 1.47
11 P244p536 50:50 44:56 98 94 1.42
12 P215p5%5 25:75 15:85 97 94 1.46
13¢ P236pgl4 75:25 86:14 83 126 1.28
14¢ P265p6*® 50:50 65:35 75 102 1.29
15¢ P228pg72 25:75 28:72 78 96 1.32

aGeneral polymerization conditions: total monomer concentration = 5 mmol,
[catalyst] = 10 umol, 5 mL of DCM, room temperature, and tn = 16 h. PReaction
time (trxn) = 1 h. ¢[mon]:[cat] = 1000:1 and tixn = 24 h. 9Monomer incorporation
ratios (MX:MY) were calculated via 'H NMR spectroscopy. ¢The monomer
incorporation ratio (MX:MY) could not be determined via 'H NMR
spectroscopy due to overlapping 'H resonances. fMolecular weights and
dispersities were measured using gel permeation chromatography at 40 °C in
THF and are reported relative to polystyrene standards.

Copolymer compositions are denoted as PX"PY™, where the
superscripts “n” and “m” represent the actual monomer
incorporation ratios of each monomer (MX:MY). Monomer
incorporation ratios for the P2P4 copolymer series (entries 7-9)
could not be determined by 'H NMR spectroscopy due to the
significant overlap of all peaks in the alkyl region; however, the
incorporation ratios for the copolymer series P2P5 and P2P6
(Table 1, entries 10-15) were readily determined based upon

integration of their benzylic proton resonances corresponding

This journal is © The Royal Society of Chemistry 20xx
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to monomers M5 (2.59 ppm) and M6 (4.49 ppm), respectively,
to all remaining protons in alkyl region. Therein, we found that
copolymerizations of M2 and M5 favored higher incorporations
of M5 than included in the feed, whereas copolymerizations of
M2 and M6 favored higher incorporation of M2 than predicted
based upon the monomer feed ratio. The lower observed
incorporations of monomer M6 is consistent with the reduced
polymerization rate often observed for monomers bearing
polar substituents.*6

As previously mentioned, VAPNB T values can be probed via
several techniques, such as DSC, DMA, and ellipsometry.8 12,13,
15,33 Unfortunately, each of these methods determines T by
probing a different polymer property, resulting in data that may
not be directly comparable to results obtained via another
method. For example, DSC detects Ty through changes in heat
capacity above and below the glass transition, whereas DMA
probes changes in viscoelastic properties (and depends on
whether T; was determined based upon storage modulus (£’),
loss modulus (E”’), or tan & peak), and ellipsometry detects T,
through changes in the linear coefficient of thermal
expansion.*” We chose to evaluate all three techniques using a
subset of the polymers described in Table 1 so as to compare
each method of Ty determination. The polymers selected for
this comparison were homopolymers P2, P6, the P2P6
copolymer series, and a PS control. Lastly, because the T of
each substituted VAPNB could not be detected using
conventional DSC, MDSC was used for all studies described
herein.*8

As shown in Table 2, the T, values obtained from MDSC,
DMA, and spectroscopic ellipsometry for the PS control are
similar, falling within 10 °C of each other. However, for VAPNB
P2 and P6, a larger discrepancy (>30 °C) was observed. Similar
results were found for the P2P6 copolymer series (range of 30-
50 °C). Each method showed a similar trend in that increasing
the molar ratio of M6 comonomer depressed the Ty, which was
expected due to the increased flexibility of the ether linkage in
monomer M6 as compared to alkyl-substituted M2. With the
exception of entry 3, T, measurements obtained by MDSC and
ellipsometry agree within 15 °C. This is consistent with a prior
report that describes thermal characterization of VAPNB
homopolymers,33 and that can be attributed to the fact that

Table 2. T; values of PS, P2, P6, and the P2P6 copolymer series as measured by MDSC,
DMA, and ellipsometry.

Tg by MDSC Tg by DMA T by ellipsometry
entry polymer (°C) (tan §, °C) (°C)?
1 PS 95b 104 100
2 P2 189 209 173
3 p2%5p6l4 186 202 154
4 P2%5p6%® 162 191 160
5 P228p672 163 191 160
6 P6 162 184 152

alnitial film thickness (h) was ~500 nm. YThe Tg of PS was measured using
conventional DSC.
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Figure 2. T,, Ty, and service window (Tg-T) of unsubstituted VAPNB3 32 and substituted homo-VAPNBs P1-P6.

heat capacity and thermal expansion coefficient are both
thermodynamic properties. The discrepancy between these
methods and DMA is likely explained by the fact that DMA does
not probe a thermodynamic property, but rather employs both
mechanical and thermal stimulation to measure a viscoelastic
response. Ultimately, DMA was selected as the most useful
method for characterizing the Ty of the functionalized VAPNBs
for a variety of reasons. First, the transitions obtained using
MDSC and ellipsometry are extremely weak, and therefore
difficult to detect and quantify with great accuracy (see
Supporting Information, Figures S46-51). In contrast, the tan &
peak obtained via DMA is strong and readily identifiable.
Second, viscoelastic response is arguably more relevant to the
design and tailoring of melt-processable polymers. Finally, the
Tg values obtained by DMA provide the most conservative
estimate of the service window between T and Tg.

The Tg (via DMA), T4, and service window of all the
substituted VAPNB homopolymers are summarized in Figure 2
and Table S1. The Tz and T4 of unfunctionalized VAPNB are
reported as approximately 390 °C and 415 °C, respectively.3 32
The Tgs of VAPNB homopolymers are significantly depressed by
functionalization, which was expected due to the incorporation
of flexible substituents.*® Within the linear alkyl substituent
series (P1-P4),
resulted in lower Tg's than their shorter analogues, with Tg
decreasing from 280 °C for the butyl-substituted VAPNB (P1) to
119 °C for the decyl-substituted VAPNB (P4) (Figure 2). As
shown in Figure S75, WAXS measurements of P3 and P4 do not
detect any crystallization of the long alkyl substituents. The
addition of rigid and bulky phenyl substituents into polymer P5
introduces potential m-it stacking interactions (P5) and was

the longer and more flexible substituents

expected to increase the Ty relative to an alkyl substituent with
Indeed, the Tg of P5 which
contains nine carbon atoms in its sidechain is similar to that of

the same number of carbons.

This journal is © The Royal Society of Chemistry 20xx

P3, which contains only 8 carbon atoms (Figure 2). Furthermore,
when ether linkages are introduced (P6), substituent flexibility
is increased due to the lower rotational barrier of ethereal
linkages as compared to analogous hydrocarbon linkers. This
added flexibility results in Ty being depressed from 193 °C for
phenylpropyl-substituted P5 to 184 °C for benzyloxymethyl-
substituted P6, despite having substituents of similar size and
composition.

It should be noted that the Tgs of the VAPNBs synthesized
herein are generally lower than previously reported in the
literature. Examples include P1 (280 °C) which has been
previously reported to be 330 °C;26 P2 (209 °C) which has been
previously reported to be 265 °C,3 280 °C,13 or 225 °C;% and
lastly, P4 (119 °C) which has been previously reported to be 150
°C,13 or 180 °C.2¢ As discussed previously, we hypothesize that
this difference in measured T; values may be attributed to the
different catalysts and/or the characterization method being
employed.

The T4's of VAPNB homopolymers are moderately
depressed by functionalization, but aside from P6, all Ty's
exceeded ~380 °C. By inspecting the TGA data, the degradation
behavior of P6 is different from P1-P5. Specifically, the
derivative of the TGA curve of P6 suggests there are two stages
of degradation, the first of which we hypothesize is degradation
of the ether linkage prior to the second stage of backbone
degradation (see Supporting Information Figure S36). The key
conclusion from the data in Figure 2 and Table S1 is that
functionalization more strongly depresses T than Ty, leading to
a large service window for melt processing, while T; remains
high enough to expect good thermomechanical stability.
Furthermore, the Tg’s and service windows of these VAPNB
materials are comparable to those of commercial amorphous
engineering thermoplastics, such as polycarbonate, and
polyetherimide.8 22,50
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We also envisioned that the thermal properties of these
VAPNB materials may be tuned via copolymerization, rather
than relying solely on a single substituent chemistry. As an
example, the T4's of P2 and P4 are both approximately 380 °C,
yet the Tg's of P2 and P4 are 209 °C and 120 °C, respectively.
This suggests that copolymerization of M2 and M4 may enable
tailoring of VAPNB T; across a broad 90 °C window with little
impact on Tq. As shown in Figure 3 and Table S1, the T;'s of the

This journal is © The Royal Society of Chemistry 20xx
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P2P4 copolymer series fall within the anticipated range and
provide potential melt processing temperature ranging from
150-350 °C. Similarly, the P2P5 and P2P6 copolymer series also
demonstrates that Ty's can be designed to fall in between their
homopolymer analogues, though admittedly this range is small
due to the small difference in T values for homopolymers P2,
P5, and P6. Aside from the P2P4 copolymer series that has high
M4 comonomer content, the Tg’s of these statistical copolymers
fall within the range of 180-280 °C. Furthermore, the measured
Tavalues for all copolymers exceeded ~380 °C, except the P2P6
copolymer series which bears the M6 ether-containing
monomer units (Figures S43-45). The service windows of these
copolymers are comparable to those of commercial amorphous
engineering thermoplastics as well.

To better understand the relationship between copolymer
Tg, comonomer composition, and potential intermolecular
interactions present, we sought to compare our experimentally
determined values to simple mathematical correlations.
Starting with the alkyl substituted VAPNB copolymer series
P2P4, theoretical copolymer Tg's were calculated using the Fox
equation and compared to experimental T; data obtained via
DMA (Figure 4a). The Fox equation is as follows:

1w 1-w
Ty Tg Tg2

where the parameters Ty, wi, Tg1, and Tg; are the predicted glass
transition temperature for the copolymer, the weight fraction
of monomer type 1, and the measured glass transition
temperatures of homopolymer types 1 and 2, respectively. The
Fox equation provides excellent agreement with experimental
data, confirming the validity of this simple model for alkyl
substituted VAPNBs. Furthermore, there are no free
parameters in this model, as Ty and Ty are measured from
DMA. As a result, the Ty and service window can be predicted as
a function of w1 based solely on knowledge of the homopolymer
Tg's.

In contrast to the simple alkyl substituted copolymer series
P2P4, the P2P5 series mixes hexyl and phenylpropyl
substituents, where the latter substituent has bulkier side
chains that have the potential to introduce m-mt stacking
interactions. As a result, chain packing in the solid state may be
perturbed and experimental Ty values may be observed that
deviate from those predicted using the simple Fox equation. As
shown in Figure 4b, the P2P5 copolymer series exhibits
experimental T values that are larger than predicted using the
simple Fox equation.

The P2P6 series combines hexyl and benzyloxymethyl
substituents, where the latter introduces a rigid and bulky
pendant group, increased linkage flexibility, the potential for m-
1t stacking, and dipole-dipole interactions. As shown in Figure
4c, this series displays negative deviations from the Fox
equation. To better estimate the copolymer thermal properties,
the Gordon-Taylor equation is used to capture deviations from
ideal behavior:>1 52

Ty1 + k(1 — wy)Ty,
I wi+k(1—wy)

J. Name., 2013, 00, 1-3 | 7
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The variable k is an adjustable fitting parameter. For P2P5
copolymer series, the trend is well-described with k= 0.5 (Figure
4b). Similarly, for P2P6 copolymer series, an optimized value of
k = 2.6 provides qualitative agreement with the experimental
trends (Figure 4c).
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Figure 4. Comparison of experimental T, (as determined by DMA) and theoretical
T, as predicted by the Fox and Gordon-Taylor equations for the a) P2P4 series, b)
P2P5 series, and c) P2P6 series. W,,, is defined in each plot as the weight fraction
of comonomer M2 in each copolymer. Error bars encompass the minimum and
maximum values of two independent measurements. Note: in some series, the
error bars are smaller than the symbol size.

While a broad service window is a requirement for melt
processing, this criterion alone does not establish the suitability
of a material for melt extrusion or injection molding. To
demonstrate that substituted VAPNBs are indeed melt
processable, homopolymer P2 was selected as a model and
compared to commercially available PS. As a note, the
entanglement molecular weight (M.) of P2 is estimated to be
33.1 kg/mol,>3 and thus the samples synthesized herein (M, =
163 kg/mol) are presumably entangled. As shown in Figure 5,
polymer P2 (Ty = 209 °C, Tq = 377 °C) was readily melt processed
into bars at 250 °‘'C under a nitrogen atmosphere. The
microcompounder in which the melt was formed (for
subsequent injection molding) had a force plateau after 10 min

This journal is © The Royal Society of Chemistry 20xx

of processing, which was used to compare relative melt
viscosity of PS and P2 at low shear rate (90 rpm). In earlier work
by Stretz and coworkers,>* a PS (Styron 678 CW) sample reached
689 N of force when processed at 220 °C and 100 rpm; however,
the commercial PS used in this study reached a force plateau of
1395 (+ 12) N (5 replicates) at 210 °C and 90 rpm. This is
remarkably similar to VAPNB P2, which reached a force plateau
of 1483 (x 32) N (3 replicates) at 250 °C and 90 rpm. This
comparison shows that P2 may be readily processed in
similarity to some PS samples, needing only slightly elevated
melt temperatures (250 °C) that are close to the commercial
processing temperatures of many other engineering polymers
(e.g., nylon and polycarbonate).
—

Figure 5. Melt extruded bars of VAPNB P2. The dark color is presumed to be a
consequence of residual catalyst decomposition/oxidation that occurs during melt
processing.

Three additional qualitative processing observations were
noted during melt extrusion. First, the extrudate was quite
elastic, retracting a bit when cut. Second, the volume of the
(controlled by overflow at
specification of 5 cm3) was constant, and the average masses of
PS and P2 melts were 2.43 g and 1.01 g, respectively. While
these masses were recorded at different temperatures, the
difference is larger than could be accounted for by temperature
alone, suggesting that the P2 melt is a low-density material. This
may be one possible reason for P2’s surprisingly high degree of
processibility compared to what might be expected for a rigid
backbone polymer. Lastly, it was noted that the extruded
specimens were dark in color, despite P2 being colorless prior
to processing. We hypothesize that this color results due to
residual catalyst decomposition and/or oxidation during
processing.>> As a note, prior studies have shown that residual
catalyst can be removed via a variety of methods, though this
was not performed in this study.14 30,55

The mechanical properties of the melt processed, P2 bar
specimens were then evaluated via tensile testing. As shown in
Figure 6, P2 is softer (Young’s modulus of 1291 MPa vs. 5765
MPa) and less brittle (0.01 mm/mm vs. 0.0025 mm/mm strain
at yield) than PS. A cyclic loading test was also performed with
P2, where the cyclic loading modulus is calculated to be 1349
MPa (Figure S72). While a complete study of substituted VAPNB
mechanical properties is beyond the scope of this paper, these
data demonstrate that melt processed VAPNBs have potential
for real-world applications.

compounder manufacturer
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To determine the intactness of the processed polymer P2
after melt extrusion, thorough characterization of P2 was
performed before and after extrusion, including NMR, GPC, and
DMA (see Supporting Information S68-S71). 'H NMR
spectroscopy revealed that a minor set of new peaks (~5.3 ppm,
Figure S68) were present in the processed material that were
not present prior to melting. We hypothesize that these
resonances may result due to ring-opening of the bicyclic ring
of VAPNB (around 3% of total, calculated by relative integration)
to produce alkene containing polymers analogous to those of
polynorbornene synthesized via ring-opening metathesis
polymerization. This is supported by a recent report by
Boydston and coworkers that demonstrates that many VAPNBs
have intrinsic mechanochemical reactivity, producing partially
ring-opened sequences along the main chain of VAPNBs when
they are placed under mechanical activation (e.g. sonication).>¢
We suspect that melt extrusion may act as a source of
mechanical activation and lead to this conversion.

GPC characterization of melt processed P2 revealed that
molecular weight decreased from M, = 163 to 117 kg/mol
following melt extrusion and exhibited a slightly increased
dispersity (B =1.83 vs. 1.60 for the original unprocessed sample)
(Figure S69). This is consistent with previous reports in which
polyolefins, such as polypropylene and polyethylene, undergo
thermo-oxidative and/or thermo-mechanical induced chain
scission.>” Additionally, P2’s average T (from DMA) before and
after melt extrusion was 209 °C and 205 °C, respectively.
Though this observation is within one standard deviation of
experimental results, the decreased Ty value is consistent with
1H NMR spectroscopic analysis showing potential generation of
ring-opened sequences along the main chain (Figure S70).
Overall, it is concluded that the majority of the VAPNB P2 is
intact after melt extrusion, but a small portion of the polymer
may undergo chain scission due to oxidation and/or mechanical
activation. DMA analysis also revealed that the extruded
material’s storage modulus (E’) (at 100 °C) decreased slightly
from E’ = 0.49 GPa before melt extrusion to E’ = 0.32 GPa after
melt extrusion. In contrast, loss modulus (E”’) before and after
melt extrusion were similar at 0.031 GPa and 0.027 GPa,
respectively (Figure S71).

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

High molecular weight VAPNB homopolymers and
copolymers bearing alkyl, aryl, and aryl ether functional groups
were synthesized using a (n3 - allyl)Pd(i-Pr3P)Cl/ LiBArF, catalyst
system. Each polymer’s thermal characteristics (T, T4, and
service window Ty - Tg) were evaluated using DMA and TGA. The
Tg of all synthesized homopolymers and copolymers were
depressed relative to that of unfunctionalized VAPNB (ca. 385
°C). The extent of Ty depression was tuned by the chemical
structure of the substituent and was found to follow anticipated
trends with substituent size, flexibility, and types of molecular
interactions. Notably, the Ty remained at or above 150 °C for
most samples, an important attribute for engineering
thermoplastics. The T4 of VAPNBs with alkyl and aryl
substituents was approximately 380 °C, which is slightly
depressed relative to unfunctionalized VAPNB (ca. 415 °C), In
contrast, the T4 of VAPNBs with ethereal substituents ranged
from approximately 320-340 °C.

A key outcome of these studies is that VAPNB substituents
have a much larger effect on Ty than Ty, so it is possible to
broaden the service window from approximately 30 °C for
unsubstituted VAPNB to 200 °C, all while maintaining a
sufficiently high T to maintain mechanical integrity. To further
establish the viability of melt processing, a functionalized
VAPNB with Ty of 209 °C and Ty of 377 °C was melt extruded and
molded into bars at 250 °C. The bars were subjected to tensile
and DMA tests and then dissolved for characterization by GPC
and NMR. These post-extrusion analyses demonstrate that melt
processed VAPNBs show only minor signs of degradation from
processing at high temperatures under flow.
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