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reaction of 1-hexene. Grubbs first-generation catalyst shows over 100% improvement in conversion in some
cases, while the yields increase by up to 50% with Grubbs second-generation catalyst. With the inclusion of
boron-containing Lewis acids, compounds prepared using Grubbs second-generation-type catalysts display
significantly reduced levels of isomerization.
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Abstract: ABSTRACT: Depending on the degree of short chain branch (SCB) incorporation, the crystallization
behavior and resultant crystalline structure drastically change in polyethylene with precisely spaced branches. In
polyethylene with hexyl branches precisely spaced on every 21st carbon (HB21), only crystallization mediated by
a transient hexagonal phase without incorporation of the SCB was observed. On the other hand, in polyethylene
with ethyl branches precisely spaced on every 21st carbon (EB21), crystallization behavior was strongly
dependent on the crystallization temperature. A thin lamella was formed through crystallization mediated by a
hexagonal phase and no thickening occurred at 578 °C, while thickening of the transient hexagonal lamellae
occurred at 10?15 °C, and one SCB seemed to be incorporated into a crystal stem. At 17 °C, no thickening of the
hexagonal phase occurred and a hexagonal phase with sufficient lamella thickness was directly formed from the
melt. At 21728 °C, crys
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Abstract: ABSTRACT: Olefin metathesis has been embraced by polymer chemists as a method for creating well-
defined polymers. In particular, ADMET and ROMP have emerged as the primary modes of metathesis
polymerization. ADMET reactions are now common, found in textbooks, and easy to perform if the proper
techniques are chosen. Much remains to be done, however, with work now focusing on silicon chemistry, direct
control of tacticity in precision polymers, biological applications, modeling crystal lattices in common polyolefins,
exploring solid-state metathesis reactions, and creating water-soluble ADMET polymers.
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Abstract: We have successfully depolymerized polybutadiene via an insertion metathesis mechanism. This new
concept involves the irreversible depolymerization of unsaturated polymers with electron deficient olefins. The
product of the degradation was characterized by NMR and GC-MS.We also explored the use of copper iodide as
an additive. We observed significant reduction of molecular weight under a variety of conditions with the most
extensive depolymerization occurring with the use of Grubbs 2nd generation catalyst with Cul. Finally,
polybutadiene was converted to a polyamide by performing insertion metathesis depolymerization with acryloyl
chloride and subsequently reacting with 1,6-diaminohexane, demonstrating the potential of polymer-to-polymer
conversions with this chemistry.
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Abstract: Well-defined copolymers of various compositions possessing polar polyphosphonate brushes precisely
placed on an unsaturated polyethylene backbone were obtained by a combination of ADMET and ATRP. Both a
macromonomer and macroinitiator approach were explored along with conversion to requisite poly(vinylbenzyl
phosphonic acid) (PVBPA)/polyolefin graft copolymers. All polymers were quantitatively deprotected to the
corresponding free phosphonic acid-containing PVBPA/polyolefin graft copolymer electrolytes. The thermal
behavior and the phase transitions of these materials showed amorphous behavior that was exploited in
subsequent proton conductivity experiments. Proton conductivity properties of the PVBPA/polyolefin graft
copolymers in anhydrous as well as in humidified conditions reached magnitudes of 1012 S cm 1 with particular
architectures.
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Abstract: Precise aryl boronic ester- and acid-containing polymers have been synthesized via acyclic diene
metathesis. High-molecular weight phenyl boronic acid polymers were synthesized. Cross-linked phenyl boronic
acid polymers were also synthesized and demonstrate a unique crystallization behavior not usually seen in cross-
linked polymers.
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Abstract: A series of poly(p-phenylene alkylene)s with methylene run lengths ranging from 8 to 40 were obtained
by ADMET polymerization of symmetrical ?,?-diene monomers and subsequent exhaustive hydrogenation.
ADMET polymerizations were conducted using dibenzyl carbonate as solvent for the first time, providing materials
with high molecular weights as compared with those obtained in standard solvent-free conditions. The thermal
properties of both the unsaturated and saturated series were investigated. Poly- (p-phenylene alkylene)s exhibit
an unprecedented thermal behaviour when considering the fusion temperature as a function of the number of
methylene spacers. Solid state 1TH MAS and 1H-13C correlation experiments demonstrated that the melting
behavior is marked by the gradual disruption of the ring ?—7? interactions with increasing methylene chain length.
The higher crystallization tendency of longer alkyl chains was detected by the characteristic broadening of the
corresponding solid-state 1H
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Abstract: Copolymers containing sulfite functionalities precisely placed between run lengths of 8, 14, and 20
methylene units were synthesized via ADMET with weight-average molecular weights up to 40?500 g/mol (PDI =
1.89). No such polymer structures have been observed previously. The primary polymer structures and precise
nature were characterized by 1H NMR, 13C NMR, and IR spectroscopy. Thermal degradation temperatures up to
310 °C were observed through TGA, and melting points typical of similar unsaturated ADMET polymers were
determined by DSC. X-ray scattering was used to compare the polymers to ADMET polyethylene (PE), and when
the polymers have 20 carbons between sulfites, the functional groups self-assemble into layers. Higher carbon
content incorporation leads to an increase in crystallinity and thermal stability for these polysulfites.
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Abstract: A variety of complex materials have been created via ADMET polymerization, including various types
of branched polyethylenes,1, 2, 3 and 4 and polyolefins functionalized with hydroxyls,5 carboxylics,6 phosphonics,
7 and halogens,8 to name a few. Many of these materials are synthesized in a precise manner in which functional
groups are placed in exact locations along polymer backbones. Precision results from the selective ADMET
reaction of symmetrical ?,?-diene monomers (Fig. 1) using tolerant and robust catalysts. Effective control of
polymerization conditions eliminates unintentional side reactions and defects, yielding precision materials. We
now report the expansion of ADMET’s versatility, using microwave irradiation, a technique synonymous with
control.9
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Abstract: Wide-angle X-ray scattering (WAXS) and temperature-dependent Fourier transform infrared
spectroscopy (FTIR) spectroscopy are used to study hydrogen bonding interactions of a hydroxyl-functionalized
polyethylene (PE) prepared by acyclic diene metathesis (ADMET) chemistry. The hydroxyl polymer exhibits an
orthorhombic unit cell structure with characteristic reflection planes at (110) and (200), comparable to pure
crystalline PE. These data unequivocally demonstrate that the OH branch is excluded from the PE lamellae.
Furthermore, the polymer melts 100 °C higher than all previous analogous polymers possessing precision placed
long aliphatic branches that also are excluded from PE lamellae. Temperature-dependent FTIR spectroscopy from
ambient to 150 °C, followed by cooling to 125 °C supports exclusion of the hydroxyl group from the crystalline
lattice. It is concluded that these hydroxyl groups form stable physical networks in the amorphous region via
hydrogen bonding and are important for
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Abstract: Designing acid- and ion-containing polymers for optimal proton, ion, or water transport would benefit
profoundly from predictive models or theories that relate polymer structures with ionomer morphologies. Recently,
atomistic molecular dynamics (MD) simulations were performed to study the morphologies of precise poly
(ethylene-co-acrylic acid) copolymer and ionomer melts. Here, we present the first direct comparisons between
scattering profiles, I1(q), calculated from these atomistic MD simulations and experimental X-ray data for 11
materials. This set of precise polymers has spacers of exactly 9, 15, or 21 carbons between acid groups and has
been partially neutralized with Li, Na, Cs, or Zn. In these polymers, the simulations at 120 °C reveal ionic
aggregates with a range of morphologies, from compact, isolated aggregates (type 1) to branched, stringy
aggregates (type 2) to branched, stringy aggregates that percolate through the simulation box (type 3). Excellent
agreement is found betw
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Abstract: A series of aliphatic polysulfones is synthesized via ADMET polymerization in which a sulfone group is
located precisely after every 8th, 14th, and 20th carbon. Primary structural characterization is accomplished using
1H NMR, 13C NMR, and IR. Polymer morphology is studied by DSC and X-ray scattering, which reveals layered
morphologies comprised of polyethylene crystallites along with sulfone groups arranged in sheets. In contrast to
other precision polymers with functional groups synthesized by ADMET, this morphology is found at all spacer
lengths. Prior to hydrogenation the sulfone polymers show Tm decreasing with increasing sulfone concentration,a
typical phenomenon attributed to the mix of cis and trans configurations producing defects in the crystals.
However, following hydrogenation, the melting temperature increases as the sulfone group concentration
increased rather than decreased, with the highest Tm being 175 °C. This is an increase of 45 °C relative to linear
polyethylenes.
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Abstract: A series of aliphatic polysulfones is synthesized via ADMET polymerization in which a sulfone group is
located precisely after every 8th, 14th, and 20th carbon.
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Project Summary: Bulk High Temperature Metathesis Polycondensation

Prof. Ken Wagener, The George and Josephine Butler Polymer Research Laboratory,
Department of Chemistry, University of Florida, Gainesville, FL

Introduction

This work described here represents a departure from all previous_acyclic diene
metathesis (ADMET) chemistry. The typical ADMET reaction is done in solution at either
ambient temperature or with mild heating (<40 °C). The story of this chemistry began from
interest in the properties of commercially-produced aryl polysulfones. Aryl polysulfones exhibit
excellent chemical, thermal, and mechanical properties. Fully aliphatic precision polysulfones
(the first of their kind) were first synthesized via solution-based ADMET polymerization.! The
ADMET-prepared polysulfones exhibited high melting temperatures resulting from the
combination of crystalline polyethylene segments and secondary interactions between precisely
spaced sulfone groups (Figure 1A). Notably, the sulfone groups are integrated into the polymer
backbone, eliminating stereogenicity which may perturb crystallization. As the sulfone
concentration was increased in the fully saturated polymers, the melting point increased
compared to the unsaturated analog; a trend observed only in aliphatic polysulfones or
polyamides so far.> While interesting, poor solubility of the unsaturated polysulfones in organic
solvents limited the molecular weights that could be achieved.

Recent work focused on preparing aliphatic polysulfones (Figure 1A) via ADMET
polymerization in the bulk (no solvent) and above the melting point of the resulting unsaturated
polymer. Use of a new cyclic alkyl amino carbene (CAAC) ligand containing Grubbs catalyst®
(Figure 1B) was the key to performing the ADMET polymerization above 100 °C. Precision
polysulfones with Myw>80 kg/mol were prepared according to Scheme 1. Benzoquinone was used
as a 1,2-olefin isomerization inhibitor (this type of isomerization would result in the loss of
precision). Maintenance of high melting points in the saturated polymers (175 °C for SO28)
indicated that the precision placement of sulfone groups was conserved at these high
polymerization temperatures.*
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Figure 1. (A) Precise aliphatic sulfones that have been prepared by ADMET polymerization. A
sulfone group was placed after every 8, 14™, or 20™ carbon, so structures are labeled SO> to
represent the sulfone and the number corresponds to the number of methylene spacers between
groups. (B) High-temperature stable Grubbs catalyst (Materia C668) used to perform high
temperature ADMET polymerization, with CAAC ligand (inset).
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Results and Discussion

The latest work focused on performing bulk high temperature ADMET polymerization
on a large (multi-gram) scale using a mechanically stirred vacuum reactor shown in Figure 2A.
Aliphatic polysulfones have been prepared on a multi-gram scale (Figure 2B) with My, up to ~70
kDa using this reactor and the chemistry described in Scheme 1. The resulting unsaturated
polymers were solution cast into films which were highly flexible (Figure 2C).

Figure 2. (A) Mechanically stirred vacuum reactor (B) Polysulfone (SO28) prepared via bulk
ADMET polymerization (as-synthesized, M,= 14.7 kg/mol My= 69.2 kg/mol D= 4.6) (C)
Flexible film of unsaturated polysulfone prepared via bulk ADMET polymerization

The key to successful high temperature bulk polymerization of symmetric a,m-diene
sulfones (1) was the use of a specific catalyst, the cyclic alkyl amino carbene (CAAC) ligated Ru-
complex (2). Polymerizations can be done in excess of 150 °C.* As in the small-scale studies, the
addition of a small amount of benzoquinone (3), prevented olefin migration (which would lead to
loss of precision). Hydrogen saturation yielded the saturated aliphatic polysulfone (5) which
melting as high as 175 °C. High molecular weight polymers (Myw=69 kDa, M,=15 kDa) were
obtained in as little as 3 hours rather than the typical ADMET reaction time which is on the order
of days.

2 0 0 0.0
NSW\ . - \\Sl/ p-TSH, TPA, BHT \\5/,
x ' - x - x
x=1,3,9 o n TCE, 140 °C n
- g x=1,3,9 x=1,3,9
o

4 5

>150 °C, 50 mTorr

Scheme 1. General synthetic strategy to prepare aliphatic polysulfones (p-TSH = para-
toluenesulfonyl hydrazide, TPA = tripropylamine, BHT = butylated hydroxytoluene, TCE =
1,1,2,2-tetrachloroethane)

Page 2 of 5



No loss of precision was observed in the scaled-up of the synthesis of precision
polysulfones to multi-gram quantities. After saturation of the internal olefin bonds, the aliphatic
polysulfones exhibited a sharp melting endotherm beginning at 175 °C, and a sharp
crystallization exotherm at 160 °C (indicating precision spacing of the sulfone groups along the
polymer backbone), each measured by DSC (Figure 3A). The saturated polysulfone exhibited a
fairly high main-degradation temperature mode at ~400 °C (Figure 3B).
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Figure 3. (A) Differential scanning calorimeter (DSC) curve of saturated polysulfone. Trace
shown is the second heat/cool cycle at a heating rate of 10 °C/ min. (B) Thermogravimetric
analysis (TGA) of saturated polysulfone

Powder x-ray diffraction analysis further corroborated that the large-scale bulk synthesis
of aliphatic polysulfones did not cause a loss of precision spacing between sulfone groups
(Figure 4). Lower angle reflections near 20 = 9° indicate the lamellar spacing of the polysulfones
(~1 nm). A small shift in the peak at 20 =~22° indicates tilting of the lamella to accommodate the
large sulfone groups (resulting in a distorted orthorhombic type unit cell). For comparison,
orthorhombic polyethylene would display peaks at 20 = 21.7° and 24°. These results were
consistent with small-angle x-ray scattering data which suggests the inclusion of the sulfone
groups in the unit cell, thereby creating an extended-chain morphology where the sulfone groups
are neatly stacked in the crystalline regions of the polymer.!
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Figure 4. Powder x-ray diffractograms of unsaturated SO»8 (in red) and saturated SO»8 (in blue).
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The combination of the sharp crystallization exotherm close to the melting point and the
conservation of precision sulfone-group spacing in the large-scale reactions indicated that these
materials may be suitable for forming fibers. First, some basic studies of the stress/strain
properties of saturated SO28 were conducted (Figure 5A). At the force limit of the instrument (18
N), the sample did not exhibit much elongation and did not break. A temperature sweep at a
frequency of 1 Hz was conducted on the same instrument, and a glass transition was observed at
approximately 40 °C, as well as two other subtle B-transitions on either side of the glass
transition as observed in the tan delta curve in Figure 5B.

/
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Figure 5. (A) Stress/Strain curve of saturated polysulfone (B) Dynamic mechanical analysis
(DMA) temperature sweep at 1 Hz

Preliminary wet spinning into fibers (as done for Kevlar™) showed it is possible to spin
precision polysulfone fibers with no change in the commercial spinning process whatsoever. The
most notable result of this fiber-spinning work was the ability to prepare uniform diameter fibers
were achieved, though they exhibited modest tensile strength (Figure 6).

Figure 6. Uniform cross section, wet spun precision polysulfone fibers. (Scale bar is 100 pm)
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Conclusion

Based on the results presented here, we have demonstrated the ability to prepare precision
aliphatic polysulfones via bulk high temperature ADMET polymerization. In general, the bulk
polycondensation process is remarkably similar to commercial processes used for decades to
prepare polyesters. From an industrial point of view, we have demonstrated that the ADMET
process can be successfully scaled-up to create materials with conserved precision spacing. Further
processing of aliphatic polysulfones prepared on a multi-gram scale were successfully spun into
fibers without any deviation from the commercial wet spinning process. These results present a
significant opportunity for ADMET polycondensation to become a promising tool to prepare high-
value precision polymers on an industrial scale.
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