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Recent advances in the preparation of
semifluorinated polymers
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Synthesis of semifluorinated polymers containing fluorous groups on the backbone or as side chains is an

increasingly popular field of research. Introduction of fluorine in polymers offers many potential benefits

such as decreased surface energy, modification of thermal properties, and enhanced self-assembly.

Preparation of novel semifluorinated polymers offers an interesting challenge, as fluorous monomers are

less common, often need to be synthesized, and can have different reactivities than their hydrocarbon
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Introduction

Fluorinated polymers have widespread utility as a result of the
high chemical and thermal stability imparted by the C-F
bond."® In addition, C-F bonds bestow other beneficial pro-
perties on materials such as decreased surface energies
and increased phase-separation in both solution and
solid states.”'® This can be observed with the comparison
between high density polyethylene (HDPE, 1), poly(vinylidene
difluoride) (PVDF, 2), and the most widely produced fluoro-
polymer, poly(tetrafluoroethylene, 3), better known as Teflon™
(Fig. 1A). With increasing weight percent fluorine (wt% fluorine),
melting point and decomposition temperature are
increased.®"”™'° Water contact angle also increases from HDPE to
PTFE due to the extreme hydrophobicity of perfluorocarbons;
however, the dipoles within PVDF prevent the same trend
between contact angle and wt% fluorine."™*'* As a result of the
unique properties imparted by fluorine, fluorinated polymers
have been incorporated into materials such as electronics, weath-
erable clothing, non-stick pans, dental floss, and insulators.** >

Although an essential component to many modern-day
devices, PTFE has some significant drawbacks. The high crys-
tallinity of the polymer, coupled with its aversion to organic
and fluorous solvents, have made it difficult to process
into advanced materials.>>>® Furthermore, its monomer,
tetrafluoroethylene, is an explosive and toxic gas.**>® Due to
emulsion polymerization being standard for the production of
fluoropolymers, fluorinated surfactants are required to
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analogues. Alternatively, polymers can be fluorinated as a post-polymerization modification, however
achieving a balance between fluorination and polymer degradation remains a challenge. In this mini-
review, we will explore recent methods in the post-polymerization fluorination of commodity polymers as
well as the polymerization of less common fluorous monomers.

achieve maximum molar mass. These fluorinated surfactants
have received intense scrutiny for their toxicity and
bioaccumulation,***> leading to an expanding field of
research in perfluoroalkylated substance (PFAS) remedi-
ation.>*** The processability and safety challenges apparent
with PTFE are also encountered in other commercial fluoropo-
lymers with tetrafluoroethylene-derived monomers.>**°

Alternative polymerization methods are necessary to over-
come the long-standing issues in the preparation of fluorinated
polymers. There has been significant progress towards the con-
trolled polymerization of vinylidene difluoride, yielding semi-
fluorinated polymers with improved compositional control.*”*
After tetrafluoroethylene and vinylidene fluoride, two common
monomers to obtain (semi)fluorinated polymers are fluorinated
acrylates*™** and styrenes.**** Other routes include polymeriz-
ation of perfluorovinyl ethers via a [2 + 2] cycloaddition to give
poly(perfluorocyclobutyl) ethers or use of fluorous diols and iso-
cyanate monomers to generate fluorinated polyurethanes. These
methodologies have already been discussed in detail in recent
reviews,”>*® and will not be covered here. Inorganic fluoropoly-
mers such as those containing phosphorus and silicon have
also been previously highlighted*”*® and are beyond the scope
of this review. In recent years, there have been multiple exten-
sive reviews on perfluorinated and semi-fluorinated polymers
for biomedical and commercial purposes, all with a heavy
emphasis on the polymerization of fluorous olefins,”****>" as
well as a review summarizing the solution self-assembly of an
array of fluoropolymers.*®

Here we highlight two more recent approaches to the cre-
ation of semifluorinated polymers: post-polymerizaiton fluori-
nation of commodity polymers (Fig. 1B) and the polymeriz-
ation of new fluorinated monomers (Fig. 1C). The first
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A) Effect of fluorination on polymer properties
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Fig. 1 Overview of development of fluoropolymers. (A) Comparison of
thermal properties and surface energies of commercial polymers. (B)
Non-selective post-polymerization fluorination of polymers and the
process of “upcycling” commercial polymers. (C) Architecture control of
fluorinated polymers through copolymerization of fluorinated and non-
fluorinated monomers.

approach leverages new chemistries for installation of perfluor-
ocarbons. Imparting unique, advanced properties into
common industrial polymers has been termed “upcycling”.
Upcycling has the advantage of widespread availability of a
polymer starting material but lacks homogeneity in the final
materials. To create defined semifluorinated polymers, new
fluorinated monomers with unique reactivity are necessary to
overcome the explosive nature of tetrafluoroethylene and
complement fluorinated styrene, acrylate, and vinyl ether
monomers. We cover the recent additions of fluorinated
lactide, oxazoline, norbornene, and diiodoperfluoroalkane
monomers to create an array of semifluorinated polymers with
pendant perfluorinated chains and/or perfluorination installed
directly in the backbone. The new monomers allow for more
precise control of polymer physical properties and architec-
tures with the trade-off of generally higher cost of synthesis.

Post-polymerization fluorination of
commodity polymers

Post-polymerization fluorination of aromatic group-containing
polymers

Commercial polymers containing an aromatic ring, such as
polystyrenes (5a-5c¢), numerous polycarbonates (7), and poly
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(ethylene terephthalate) (9) (Fig. 2A-C), make up a significant
portion of plastics. The ability to tune the properties of these
polymers is of great interest due to their overwhelming avail-
ability, either as freshly produced polymer or from recycling
feedstocks. Specific interest is in increasing thermal stability,
chemical resistance, water repulsion, and/or processability.
Post-polymerization fluorination represents avenues to
improve the properties of, i.e. upcycle, commercial polymers.
The fluorination of polystyrene was originally studied by
Margrave and Lagow in 1974, by exposure of finely powdered
polystyrene to fluorine gas.>* Through elemental analysis and
IR spectroscopy of the resulting polymer, it was theorized that
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Fig. 2 Trifluoromethylation of various aromatic containing commercial
polymers and the resulting polymer properties. (A) Fluorination of poly-
styrene and polystyrene derivatives (5a—5c) to give fluorinated styrenes
(6a—6d). Trifluoromethylation via ruthenium catalyst (green text) was
slightly more efficient than via phenazine organic photocatalyst (blue
text). Reproduced from ref. 56 with permission from the Royal Society of
Chemistry, Copyright 2019. (B) Fluorination of poly(BPA) (7) to give
fluorinated poly(BPA) (8). (C) Fluorination of poly(ethylene terephthalate)
(9) to give fluorinated PET (10). (D) A table summarizing thermal pro-
perties of polymers as well as surface energy through contact angle
measurement against water.
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perfluorination had been achieved. The perfluorinated poly-
styrene was significantly more thermally stable than the parent
polystyrene, with degradation temperature increasing to
175-250 °C from 120 °C in an atmosphere of air. Although
fluorination could be achieved, highly toxic and corrosive fluo-
rine gas was used as a fluorine source, and further characteriz-
ation was limited, leaving questions regarding chain scission
or crosslinking events. Following this report, perfluoroalkyla-
tion of the aromatic groups in poly(a-methyl styrene) and poly
(phenyl methacrylate) were observed by Shuyama in 1985.
Treatment of these aromatic polymers with (perfluoroalkyl)
phenyliodinium trifluoromethylsulfonates allowed 14-74% of
repeat units to be modified, with polymer scission also
observed.”® This work was expanded by Zhao and coworkers in
1996 through the reaction of polystyrene with perfluorodiacyl
peroxides.>® Finally, Sawada and coworkers studied the
trifluoromethylation of polystyrene, poly(diphenylacetylene),
and poly(2,6-dimethyl-p-phenylene oxide) utilizing similar
chemistry in 2001.°* Trifluoromethylation was successful on
all polymers, with 16-100% of aromatic repeat units being
modified. As previously observed, contact angle increased with
higher levels of fluorination, but size exclusion chromato-
graphy (SEC) analysis showed increased dispersity of the poly-
mers, indicative of possible polymer scission or cross-linking
events.

After a modest gap in research, Leibfarth and coworkers
have recently developed a photocatalytic method towards the
fluorination of aromatic moieties in polymer chains
(Fig. 2A).>° Through use of a ruthenium catalyst and pyridine-
N-oxide oxidant, aromatic rings could be fluorinated via rad-
icals generated from trifluoroacetic anhydride (4a), or other
fluorous anhydrides. Fluorous acyl chloride (4b) could be
used for C,F,;5 addition (Fig. 2A). The degree of fluorination
could be controlled through the equivalents of fluorinating
agent, with multiple polystyrene derivatives (5a-c¢, Fig. 2A),
poly(bisphenol A carbonate) (7, Fig. 2B), and poly(ethylene
terephthalate) (9, Fig. 2C) all being successfully modified to
give fluorinated analogues 6a-6d, 8, and 10. Polystyrene
could be modified with 20-110 fluorous groups per 100
styrene repeating units. In contrast to older reports, polymer
dispersity was not significantly affected by fluorination. In
most cases, degradation temperature (T4) remained similar
between starting polymer and fluorinated polymer, with a
lowering of the glass transition temperature (7y) (Fig. 2D,
table entries 1-7).””°® The introduction of fluorous character
was assayed by the wettability of the polymer films. The
authors found that the contact angle of water increased with
increasing levels of fluorination and length of fluorous chain
(Fig. 2D, table entries 1-3). Soon after this report, a similar
transformation was successful with a phenazine organic
photocatalyst, albeit with a slightly lower fluorination
efficiency (Fig. 24, blue text).”®

Post-polymerization fluorination of poly(ether ether ketones)

Semi-crystalline aromatic poly(ether ether ketones) are pro-
duced on an industrial scale as high-performance thermoplas-
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tics. Containing both aromatic rings and electrophilic carbo-
nyls, these polymer scaffolds have attracted attention for post-
polymerization modification in bulk and on surface level
films.®® Although the synthesis of fluorine containing poly
(ether ether ketones) has been investigated,®® there are few
cases of post-polymerization fluorination. In 1995, Badyal and
Hopkins studied the fluorination of poly(ether ether ketone)
(PEEK) through the use of CF, plasma.®® Elemental analysis
provided evidence of high levels of fluorination, but further
polymer analysis was not performed. Noiset and coworkers
also reported surface level fluorination of PEEK through
reduction of polymer ketones to alcohols with subsequent
fluorination via diethylaminosulfur trifluoride in 1997.%* Most
recently, Liu and coworkers have developed methods for
surface level fluorination of PEEK via activation with argon
plasma, followed by treatment with aqueous HF.®® Fluorinated
PEEK was shown to be a promising polymer for biomedical
inserts.

Building from the work performed by the Liu group,
Colquhoun and coworkers adapted small molecule chemistry
for the trifluoromethylation of poly(ether ether ketone) 11 in
solution phase (Fig. 3A).°*°” Following generation of a trifluor-
omethyl anion, nucleophilic addition occurred quantitatively
at the carbonyl sites in the polymer backbone. Subsequent
alcohol deprotection gave quaternary carbons containing both
the hydrophobic trifluoromethyl group and the hydrophilic
alcohol on polymer 12. Having amphiphilic functionality
allowed for polymer dissolution in methanol and ethanol
while retaining similar physical and surface properties of the
original THF-soluble polymer. Similar to the modification of
polystyrene, the glass transition temperature was lowered with
trifluoromethylation (Fig. 3D, entries 1-2). The degradation
temperature was also lowered, likely due to the presence of
labile benzylic alcohol groups.

Post-polymerization fluorination of polydienes

Polydienes represent another important class of commercial
polymers, with polybutadiene and polyisoprene being the hall-
mark members of this family. The polydienes contain units of
unsaturation in the polymer chain or incorporation of an allyl
side group, which are convenient handles for direct
functionalization of the polymer. Like polystyrene, original
attempts of fluorination required fluorine gas. Two research
groups used F, to fluorinate either polyisoprene or poly
(sulfone-butadiene) copolymers in 1995, although further
characterization of the polymers was limited.*>®® In 1998,
Hillmyer and coworkers introduced a mild fluorination tech-
nique from a fluorous carbene generated through hexafluoro-
propylene oxide as a fluorine source.®®””" Quantitative fluorina-
tion could be achieved on polyisoprene, polybutadiene, and
polydimethylbutadiene. In all cases, Ty was slightly lowered
due to the incorporation of labile gem-difluorocyclopropane
moiety, but T, was significantly increased, as well as the water
contact angle. Further work by the Hillmyer group in 2001 led
to addition of a perfluoroalkyl iodide to polydienes,”> showing
similar thermal and contact angle changes as their previous

Polym. Chem., 2021, 12, 6515-6526 | 6517
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Fig. 3 Post-polymerization modifications of commercial polymers. (A)
Synthetic scheme showing trifluoromethylation of the electrophilic
ketone of a synthesized poly(ether ether ketone) (11), followed by desily-
lation to give the fluorinated polymer (12). (B) Addition of fluorous
groups to a statistical copolymer of polystyrene and polyisoprene (13)
via triazolinediones (14a and 14b) giving a mixture of isomers on poly-
mers 15a and 15b. (C) Addition of fluorinated ester 17 to polyisoprene 16
giving a mixture of regioisomers on fluorous polymer 18. (D) A table
summarizing thermal properties of polymers as well as surface energy
through contact angle measurement against water.

report. The addition of fluorous carbenes has also been
applied to poly(1,3-cyclohexadiene) by Mays and coworkers in
2008.7°

Since these seminal reports, there has been a resurgence in
the addition of fluorous groups to polydienes. Barner-Kowollik
and coworkers applied multi-component reactions for the
addition of bromide and an alcohol across the double bond of
polydienes using N-bromosuccinimide (NBS) and a perfluor-
oaryl acid in THFE.”* Quantitative loss of olefin was reported,
and further post-polymerization modifications could be per-
formed on the alkyl bromide, such as displacement by sodium
azide.

Du Prez and coworkers have also adapted a method for
polydiene  (13) functionalization via triazolinediones
(Fig. 3B).” Fluorous triazolinediones (14a, 14b) could be syn-
thesized in three steps from an amine, and upon mixing with
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poly(styrene-isoprene-styrene) block copolymer, fluorination
was achieved in as little as 10 minutes. When a long fluorous
chain was used, 15a was observed with 34% efficiency. In the
case of a perfluorinated aryl moiety, 15b was generated with
99% efficiency. The level of fluorination could be tuned
through the percent of 14a or 14b in the reaction mixture, and
as seen with previous cases, fluorination of the polymer greatly
increased the static contact angle against water (Fig. 3D,
entries 3-5). In this study, the thermal properties were not
recorded so comments cannot be made on the variation of the
Tqor T,.

Most recently, Tsarevsky and coworkers have modified poly-
isoprene (16) through various techniques utilizing hypervalent
iodine compounds with fluorine-containing ligands
(Fig. 3C).”° Fluoride atoms, trifluoromethyl groups, and fluori-
nated esters could be added concurrently with halides.
Specifically, the addition of fluorous esters alpha to an alkyl
iodide was accomplished through reaction of 16 with hyperva-
lent iodine intermediate 17. The fluorinated polymer (18) had
significantly increased contact angle of water, but the electro-
philic fluorous esters and alkyl iodide lowered the thermal
stability of the polymer (Fig. 3D, entries 6 and 7).

Synthesis of fluorous polymers
through fluorinated monomers

Uncontrolled polymerization of monomers with fluorous
sidechains

While upcycling and post-polymerization  fluorination
approaches are able to alter the bulk properties of a material,
fine control over the chemical composition remains poor.
Although not having the same widespread availability as com-
mercial polymers for fluorination, there is increased interest
in the development of new fluoropolymer scaffolds, with
control over the monomer composition for tuning of fluorina-
tion and bulk polymer properties. With PTFE and its deriva-
tive polymers being highly crystalline and insoluble, there
has been development of alkenes containing longer fluor-
oalkyl chains. By the addition of bulky fluoroalkyl chains,
crystallinity can be lowered giving a more easily processed
polymer.®® In particular, perfluorohexylethylene (PFHE, 19b,
Fig. 4A) is of interest due to the long hexyl chain. Although
resistant to homopolymerization, PFHE was successfully
copolymerized with non-fluorous olefins such as vinyl acetate
(Vac, 19a, Fig. 1A) in 1985 giving polymer 20. This copolymer-
ization was further studied by Sen and Borkar via free and
controlled radical polymerization, along with copolymeriza-
tion of PFHE with methyl methacrylate via atom transfer
radical polymerization (ATRP) in 2005.77® A patent was
granted for the copolymerization of PFHE with tetrafluoro-
ethylene for the development of fluorous membranes
and films in 2009, due to its potential as an alternative to
Teflon-AF. 7°

Most recently, Detrembleur and coworkers have optimized a
cobalt mediated radical copolymerization of PFHE and VAc

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Use of fluoroalkyl alkenes to give semi-fluorinated polymers. (A)
Top: Copolymerization of perfluorohexylethylene (PFHE, 19a) and vinyl
acetate (Vac, 19b) to give polymer 20 with subsequent hydrolysis of
acetate giving polymer 21. R = (VAc);—C(CH3)(CN)CH,C(CH3),OCH3
Bottom: TEM images of polymers 20 and 21 demonstrating increased
polymer aggregation with generation of alcohol functionalities.
Reproduced from ref. 80 with permission from the American Chemical
Society, Copyright 2017. (B) Copolymerization of ethylene (22a) with
fluorinated norbornenes (FNB, 23a or 23b) to give polymer 24a or 24b.
(C) Step-growth polymerization of fluorinated acetylenecarboxylate 25
with dithiol 26 to give polymer 27. Representative dithiol shown,
extended alkyl, ether, and aromatic containing dithiols were also
demonstrated. (D) Table of polymer properties comparing homopoly-
mers to those containing fluoroalkyl side chains.

(Fig. 4A, top).*° PFHE could be incorporated into the copoly-
mer in up to 49 mol% of the statistical mixture with low dis-
persity. As the ratio of PFHE monomer was increased there
was also an increase in dispersity of the resultant polymer
(Fig. 4D, table entries 2 and 3). As predicted, increasing the
fluoroalkyl monomer feed decreased the T, of the polymer,
but the thermal stability was improved (Fig. 4D, table entries
1-3). Contact angles of the polymers were not measured in this
study, but it had been previously observed that the incorpor-
ation of perfluorohexyl chain in PVAc increased water contact
angle to 104°,"® while perfluorooctyl and perfluorodecyl
groups gave increases to 111° and 114°, respectively.
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The poly(PFHE-stat-VAc) copolymer, 20, could be further
modified through hydrolysis with a strong acid with full con-
version from ester to alcohol giving poly(PFHE-stat-VA) copoly-
mers, 21. TEM images display increased aggregation of 21
when compared to 20, likely due to the hydrogen bonding of
the alcohol generated upon hydrolysis of the acetate groups
(Fig. 4A, bottom).

Another strategy for fluorine incorporation in polymers is
to separate the reactive monomer functionality from the fluor-
ous group to preserve monomer reactivity. The Cai and Tang
groups have independently developed methods for the copoly-
merization of ethylene (22a) and fluorinated norbornenes
(FNB) 23a or 23b as a statistical copolymer, 24a or 24b, respect-
ively (Fig. 4B).®"®* Both groups utilized titanium and MMAO
catalysts, with reaction times between two and fifteen minutes.
Fluorous norbornene incorporation could be varied between 1
and 5 mol%. In both reports, the degradation temperatures
(Tq) of the copolymers were unchanged by fluorous chain
addition (Fig. 4D, table entries 4-6), while the melting points
(Tm) were decreased with increasing fluorous chain incorpor-
ation. The Cai group also demonstrated enhanced mechanical
properties (increased % elongation at break) with the addition
of the fluorous chains.

Towards a new scaffold, a step-growth polymerization
between a trifluoromethyl acetylenecarboxylate (25) and dithiol
(26) was presented by Durmaz and coworkers (Fig. 4C).%
Trifluoromethyl containing polythioether (27), as well as other
alkyl, ether, or aromatic containing polythioethers, could be
easily synthesized at room temperature with polymer of moder-
ate molar mass being generated in as little as one minute
(Fig. 4D, entry 7). The thermal properties of these polymers
could be readily modified through dithiol selection, although
contact angle of water remained consistent across all polymer
films due to preservation of the trifluoromethyl group.

Controlled polymerization of monomers with fluorous side
chains

While uncontrolled polymerizations of fluorinated monomers
are adequate to control the overall wt% fluorine within a
polymer, fine control over the polymer architecture remains
poor. In many instances, defined architectures that allow for
self-assembled structures or uniform surface coverage are
desirable. For these applications, controlled polymerization
are ideal. Fluoropolymers with a controlled architecture can be
prepared using fluorinated acrylate monomers in standard
RAFT and ATRP polymerization, providing fluorinated poly
(acrylate)s which have been the subject of previous
reviews.”*> Here we highlight the controlled or living
polymerization of alternative fluorous monomers, including
lactides, oxazolines, and acetylenes.

Poly(lactides) can be formed through a controlled ring-
opening polymerization from natural monomers. Their bio-
compatibility and biodegradability have rendered them
popular biomaterials.®* Methods to tune both the degradation
properties as well as the glass transition temperature have
prompted the introduction of fluorinated monomers.** In
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1998, McKie and coworkers prepared the first poly(trifluoro-
methyl lactic acid).®® Twenty years later, Boydston and co-
workers revisited trifluoromethylated poly(lactide) and pre-
pared trifluoromethyl lactide monomer 28 (Fig. 5A, top
scheme).®” Using a tin catalyst and benzyl alcohol as an
initiator, a trifluoromethyl polylactic acid (PLA) could be syn-
thesized with excellent conversion and low dispersity (29a).
Both the T, and T4 were lowered by the trifluoromethylation of
lactide monomer, consistent with other fluorinated polymers.
When polyethylene glycol (PEG) was used as an initiator
(Fig. 5A, bottom scheme), triblock copolymer (29b) with con-
trolled block lengths could be synthesized. In water, polymer
29b self-assembled into vesicles with ~300 nm diameter with a
2.3 nm polymer shell (Fig. 5B). The methods reported by
Boydston and coworkers, to prepare fluorinated poly(lactic
acid)s have been reproduced by others where contact angle
and protein adsorption have been characterized.*® The contact
angle of fluorous PLA 29a, synthesized by Ratner and co-
workers, was significantly increased to 88° in comparison to
70° from standard PLA. It was also demonstrated that fluorous
PLA has a higher rate of protein adsorption which is hypoth-
esized to improve thromboresistance, a promising property for
the application of these materials.

Poly(oxazoline)s are another polymer scaffold with growing
biomaterials interests that are obtained through a controlled
ring opening polymerization.®>°* While it is poly(methyl-2-oxa-
zoline) and poly(ethyl-2-oxazoline) that have garnered the most
attention as poly(ethylene glycol) replacements,’* the polymer-
ization of hydrophilic, hydrophobic and fluorous oxazoline
monomers (30a-g, Fig. 6A) allows for the creation of amphi-
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Fig. 5 Synthesis and self-assembly of polylactide copolymers. (A) Top:
Homopolymerization of trifluoromethyl lactide monomer 28 resulting in
polymer 29a. Bottom: Polymerization of trifluoromethyl lactide 28 with
bifunctional polyethylene glycol (PEG) to give ABA block copolymer
29b. (B) Self-assembly of fluorous lactide ABA block copolymer 29b in
water. Reproduced from ref. 87 with permission from the American
Chemical Society, Copyright 2018.
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Fig. 6 Oxazoline monomers, polymers, and materials. (A) Select hydro-
philic, hydrophobic, and fluorophilic oxazoline monomers 30a—g. (B)
Comparison of the polymerization of oxazolines with fluorous groups
directly attached to the oxazoline scaffold (30c) vs. those with an ethyl
spacer (30e). (C) Left: Comparison of polymerization kinetics between
oxazoline monomers containing different alkyl spacers between the
fluorous group and oxazoline heterocycle (30c—e). Right: Size exclusion
chromatography (SEC) traces of the 30e homopolymer demonstrating
low dispersity. Reproduced from ref. 96 with permission from the
American Chemical Society, Copyright 2018. (D) Di and triblock copoly-
mers (31c and 31d) synthesized from methyl, alkyl, or fluorous oxazoline
monomers. (E) Triblock polyoxazoline 3le and the stability of the
fluorous emulsions generated from it.

philes and the tuning of the thermoresponsive behaviour.’?
Although the polymerization of oxazolines has been known
since 1966, incorporation of a fluorous group on the oxazoline
scaffold (30c) was not performed until 1988 by Saegusa and co-
workers (Fig. 6A).%% In this study, it was found that the electron
withdrawing nature of the fluorous group greatly hampered
polymerization kinetics, with most conditions only providing
oligomeric product 31a (Fig. 6B, top). Shortly after, Sogah and
coworkers found that addition of an ethyl spacer between the
oxazoline heterocycle and fluorous group (30e) greatly
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improved polymerization giving 31b (Fig. 6B, bottom).”*
Building from this finding, Papadakis and coworkers syn-
thesized the first hydrophilic/fluorous block copolymers using
oxazoline monomers 30a and 30f and observed micelle for-
mation in an aqueous environment.”® They found that the
fluorous core formed an elongated micelle in comparison to
the spherical micelle formed from a lipophilic core (syn-
thesized from 30a and 30b), demonstrating that incorporation
of fluorine has a unique effect on self-assembly likely, a due to
the increased rigidity of perfluoroalkyl chains.

To better understand the effect of fluorine on oxazoline
polymerization, the Hoogenboom group has thoroughly
studied the addition of alkyl spacers between the oxazoline
heterocycle and fluorous group (Fig. 6C, left).’® The polymeriz-
ation rates of 2-trifluoromethyl-2-oxazoline (30c), 2-(2,2,2-tri-
fluoroethyl)-2-oxazoline (30d), and 2-(2,2,2-trifluoropropyl)-2-
oxazoline (30e) monomers were compared. It was found that
when 2-trifluoromethyl-2-oxazline was used as a monomer,
very little polymerization occurred (Fig. 6C, left, blue line).
Alternatively, the use of a methyl spacer allowed for polymeriz-
ation, but the robust living kinetics of CROP were not observed
(Fig. 6C, left, black line). Extending to an ethyl spacer provided
enough of a shield from the electron-withdrawing nature of
the fluorous group that polymerization proceeded readily with
living kinetics, yielding polymers with a dispersity under 1.2
(Fig. 6C, left, red line, and Fig. 6C, right). Hydrophilic-fluoro-
philic diblock and hydrophilic-lipophilic-fluorophilic triblock
polymers could be prepared, with morphology being observed
via TEM. In efforts to increase the fluorous content of the poly
(2-oxazolines), the ethyl spacer was retained and a longer per-
fluorohexyl group was appended in place of the trifluoromethyl
group (oxazoline 30g) to give polymers 31¢ and 31d.%” Reaction
kinetics were comparable for 30e and 30g, allowing highly
fluorinated di and tri block copolymers to be prepared
through similar methodology (Fig. 6D). Notably, polymer 31d
was found to self-assemble in both water and DMSO, with
DMSO self-assembly only successful when a fluorinated block
was present. We have employed a similar fluorinated oxazoline
monomer to prepare custom, functionalizable amphiphiles for
the stabilization of perfluorocarbon nanoemulsions (Fig. 6E).
The incorporation of fluorous character into the amphiphile
(polymer 31e) lead to more stable nanoemulsions over sixty
days, as compared to a hydrocarbon variant.”®

Other controlled polymerizations to achieve polymers with
pendant fluorous chains

Seki and coworkers have studied the self assembly of low dis-
persity, unsymetrical, alkyl-fluoroalkyl side chain containing
polyacetylenes.”® Living cyclopolymerization of functional
diynes gave a mixture of cis and trans olefins in the polymer
backbone, forming predominantly coil architectures.
Photoisomerization of the olefin isomers yielded a ¢rans-rich
polymer backbone, which transitioned to a rod assembly. It
was found that fluorinated polyacetylenes self-assembled
further into aggregated rods upon cooling, whereas no further
assembly was observed on the hydrocarbon analog. Ihara and
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coworkers have recently developed a palladium initiated
polymerization of fluoroalkyldiazo acetates.'*® This polymeriz-
ation led to poly(substituted methylene)s of modest molar
mass, which could be quantitatively modified through reac-
tions with primary amines.

Synthesis of polymers with a fluorinated backbone

An important distinction of semi-fluorinated polymers is
between those containing fluorous side chains or fluorous
backbones. Thus far, we have highlighted incorporation of
fluorous character onto the side chains. While there are many
commercial polymers with fluorine installed directly on the
backbone, most are derived from fluorinated olefins which
have significant safety concerns.>**® Other approaches to
incorporate fluorine directly into the backbone are the use of
telechelic functional poly(perfluoroethers) or leveraging
difunctional perfluorinated monomers. The former approach
has been recently reviewed by Améduri and Friesen.>® We will
highlight the latter approach below.

Diiodoperfluoroalkanes (DIPFAs, 32) are a convenient start-
ing material for the incorporation of fluorine into a polymer
backbone as they have unique reactivity with unsaturated
carbons.'®"'%* These monomers are industrially produced via
the telomerization of tetrafluoroethylene (TFE) in the presence
of iodine, and many lengths are commercially available (e.g
I(CF,),I, x = 2, 4, 6, 8). One of the main advantages of the
polymerization of diiodoperfluoroalkane monomers with
dienes or diynes is the installation of alkyl or vinyl iodide func-
tionality across the polymer backbone, respectively (Fig. 7A
and E). Due to the close resemblance to the thiol-ene or thiol-
yne reactions, this polymerization has been named the iodo-
ene or iodo-yne polymerization. It should be noted that
iodine and fluorine atoms have also been placed on polymer
backbones through post-polymerization modification of
polyisoprene.”

The first published use of DIPFA to form iodo-ene polymers
was by Wilson and Griffin in 1993 (Fig. 7A and C, table entry
1) to study the mesophase separation of fluorous and hydro-
carbon blocks in the solid state.'® In this study, AIBN was
chosen as the free radical initiator for the addition of DIPFAs
of different lengths to hydrocarbon dienes in the bulk phase.
Polymers of modest molar mass were produced (34, Fig. 7A),
and it was found that the resulting alkyl iodides could easily
be reduced via tributyltin hydride, either as a separate reaction
or sequentially in the initial polymerization reaction (36, R, =
H, Fig. 7B, top). Interestingly, the fluorocarbon-hydrocarbon
block copolymers were found to have multiple melting tran-
sitions between 80 °C and 150 °C due to phase separation of
the fluorous and alkyl backbones. Following this seminal
report, similar iodo-ene polymers were synthesized by the
Percec group utilizing a palladium catalyzed polymerization
(Fig. 7A and C, table entry 2)."%*

The development of iodo-ene polymers then largely
remained dormant until revitalization by the Zhu group in
2016."%° The notable advance in this work was the use of blue
light and a ruthenium catalyst for the polymerization, with
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Fig. 7 Recently developed methods for the synthesis and derivatization
of semi-fluorinated iodo-ene and idoo-yne polymers. (A) A reaction
scheme demonstrating polymerization of diiodoperfluoroalkanes
(DIPFAs) (32) with dienes or diynes (33a or 33b) to give iodo-ene (34) or
iodo-yne (35) polymers. (B) Modification of iodo-ene polymer (34) via
nucleophile or reductant (36, top) or elimination with strong base (37,
bottom). (C) Table of different initiators, monomer combinations, and
modifications. (D) Table summarizing thermal and surface properties of
iodo-ene polymers. (E) Structure of iodo-yne polymer (37) and the
resulting modifications to give 38.

recent work transitioning to organic photocatalysts (Fig. 7A and
C, table entry 3)."°°'%® The improved reaction conditions
allowed for the scope of the diene monomers to be increased
and polymers up to 20 kDa could be synthesized, twice as large
as previous work. Zhu and coworkers also found that the degra-
dation temperature of the iodo-ene polymers was enhanced sig-
nificantly upon iodine reduction with T4 changes from 224 °C
(34, Fig. 7A and B) to 400 °C (36, R, = H, Fig. 7B, top). In their
most recent work with iodo-ene polymers, polymer 34 with
terminal fluorous iodide functionality could be used as a
macro-initiator to form well defined block copolymers.'®

We have also advanced the iodo-ene polymerization through
optimization of the polymerization conditions. We found that
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the use of sodium dithionite in aqueous acetonitrile yielded
iodo-ene polymers (34) exceeding 100 kDa with sonication as an
energy input (Fig. 7A and C, table entry 4)."*° The molar mass
could also be controlled through use of mono-functional mono-
mers to end-cap the polymer. We further analysed the thermal
and surface properties of iodo-ene polymers with varying fluor-
ous block lengths (Fig. 7D, table entries 1-5). In most cases,
degradation temperature and glass transition temperature were
similar due to inclusion of bulky and labile alkyl iodides.
Notably, although having lower wt% fluorine, all had an
increased contact angle against water in comparison to PVDF,
which we attribute to the increased succession of fluorous
methylene units (Fig. 7D, table entries 1-5 and 7). We also
further increased the weight percent fluorine in the semi-fluori-
nated polymers by the use of a fluorous diene (Fig. 7D, table
entry 5). The alkyl iodide installed in the polymer backbone
during the iodo-ene polymerization provides a convenient func-
tional handle for post-polymerization modification and cross-
linking. Previous work had simply reduced the iodine demon-
strating increased stability; however, we expanded the scope of
modifications to include Sy2 displacement by thiols and azide,
homolytic reactivity to install allyl groups (36, Fig. 7B, top), and
elimination (37, Fig. 7B, bottom). These chemistries allowed for
modification of thermal properties, covalent crosslinking, and
surface modification. We have also recently developed a
polymerization method utilizing diiodoperfluoroalkanes and
diynes in place of dienes, named the iodo-yne polymerization
(Fig. 7A and E).""" This polymerization produces vinyl iodide
groups along the backbone (35), which can be cross-coupled
through multiple metal-catalyzed reactions, such as
Sonogashira, Suzuki, Stille, and Kumada couplings to give the
general polymer structure (38). The vinyl iodide could also be
eliminated to give electron deficient alkynes, which could
undergo cycloadditions with azides at elevated temperatures.

In our studies, we found that iodo-ene polymers (34) could
be photocrosslinked in the presence of 2,2-dimethoxyphenyl
acetophenone (DMPA) photo-initiator to give semifluorinated
gel 39 (Fig. 8A). Another approach to semifluorinated cross-
linked iodo-ene polymers is to employ triene and tetraene
monomers in place of dienes (Fig. 8B). Both the Kloxin and
Bowman labs have demonstrated rapid formation of cross-
linked networks via tetra-ene ethers and tri-ene phosphates,
respectively."'*'"® In both cases, diiodoperfluoroalkane con-
sumption occurred in under five minutes when 254 nm light
was used as an energy input. Notably, the Bowman group
found that alkyl iodide could be eliminated without the use of
base, by annealing iodo-ene polymer films at 80 °C for 1 hour,
yielding polymer 40. The newly generated alkenes provided the
polymer with enhanced shape memory at room temperature
which could be reset upon further annealing (Fig. 8B). The
alkenes on this cross-linked network were also further modi-
fied through thiol-ene chemistry to alter surface wettability.

Polymerizations of activated perfluoroaryl monomers

Aside from the use of DIPFAs, other functionalities are being
incorporated for step-growth fluorinated polymers. Although
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Fig. 8 Cross-linked iodo-ene polymers. (A). The use of 2,2-dimethoxy-
phenyl acetophenone (DMPA) and 365 nm light to cross-link iodo-ene
polymers into fluorinated gels (39). (B) Annealed cross-linked iodo-ene
polymer 40 demonstrating enhanced shape memory and facile defor-
mation. Reproduced from ref. 113 with permission from the American
Chemical Society, Copyright 2019.

having different properties than their linear perfluoroalkyl
counterparts, perfluoroaryl moieties are finding use.
Perfluoroaryl azides are being increasingly used for the gene-
ration of polymers with a fluorinated backbone (Fig. 9). Due to
the electron withdrawing effect of the perfluoroaryl groups, the
azides (41) are highly active towards click reactions. This was
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Fig. 9 Activated perfluoroaryl azide polymerizations. Thermal polymer-
ization of a perfluoroaryl azide monomer (41) with aromatic or alkyl
diynes (42) to vyield triazole containing polymers 43 (Top) and
Staudinger polymerization of perfluoroaryl azide monomer (41) with
bis-phosphines (44) giving polyphosphazine polymers (45) (Bottom).
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demonstrated in 2013 by Tang and coworkers, who polymer-
ized 4,4'-diazidoperfluorobenzophenone (41) with various
diynes (42) at elevated temperature to give triazole- containing
polymers (43) reaching 34.0 kDa in up to 95% yield.""* The
Tang group built upon this work in 2017 to develop aggregate
induced emission (AIE) based polymers through reactions with
aryl alkynes (Fig. 9A).""> Through similar chemistry, Yan and
coworkers could react bis(perfluoroaryl azides) (41) with bis
(diphenyl phosphines) (44) to give fluorinated polyphospha-
zines (45) with molar masses up to 59 kDa and dispersities
from 1.1-1.4 promoted by Staudinger reactions (Fig. 9B)."*
Impressively, the polymerization occurred at room temperature
in as little as 15-30 minutes.

Conclusions and outlook

In the last few years, new approaches to incorporate fluorine
into polymers to achieve the advantageous stability and hydro/
lipophobicity have been developed to complement the ubiqui-
tous approaches of fluorinated acrylate or olefin monomers.
The more modern methods to incorporate fluorine employ a
variety of chemistries and starting materials. There is no
single best approach and instead one should consider the
needs of the material when choosing how to incorporate fluo-
rine. Starting from fluorinated monomers allows for more
control over the polymer backbone, which is critical for self-
assembly, or the ability to introduce co-monomers with
additional functionality for polymer derivatization. Even
inclusion of small amounts of fluorous monomer in uncon-
trolled polymerizations can give polymers enhanced thermal
stability or greater water repulsion, while increasing workabil-
ity by lowering the glass transition or melting points. If cost
and scale are a concern, post-polymerization fluorination
methods are desirable as they can be performed on recycled
commodity polymers. While these approaches provide hetero-
genous samples, in many cases they improve thin film water
contact angle while lowering the glass transition of rigid
polymers.

Looking forward, there is much room for growth in fluoro-
polymer synthesis. Upcycling commodity polymers into fluoro-
polymers has only recently gained traction and there are many
small molecule chemistry methodologies that can be applied
to recycled materials. There are opportunities for new fluori-
nated monomers for controlled polymerizations. An exciting
development would be an approach that allows for fluorina-
tion installed directly in the backbone to be obtained with
living reaction kinetics. Finally, we anticipate that the conver-
gence of advances in functional, dynamic polymer materials to
continue to merge with fluoropolymers to provide next-gene-
ration materials with enhanced stability and function.
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