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We report a new class of degradable fluorinated polymers through
the copolymerization of tetrafluorophthalic anhydride and propy-
lene oxide or trifluoropropylene oxide which show up to 20 times
quicker degradation than the non-fluorinated equivalents and allow
for fluoride recovery.

Fluorinated polymers are not only popular materials in a wide
range of consumer applications but are currently irreplaceable
in many industries."”> The low polarizability of the fluorine
groups for example renders these polymers more hydrophobic
and less adhesive than their non-fluorinated counterparts
making them useful as, for example, water repellent and low-
friction surface coatings.>” Such polymers can be classified as
per- and polyfluoroalkyl substances (PFAS) which have come
under much scrutiny for being “forever chemicals”, meaning
they do not show appreciable degradation in the environment
with respect to their time in use.®” The majority of fluorinated
and semi-fluorinated polymers currently end up in landfill
which can result in leakage of microplastics into the surround-
ing environment, further exacerbating the issue.®® This has
caused PFAS to be found everywhere from in household pets to
Antarctic ice.'®" For this reason, the design of future fluor-
opolymers should include viable recycling methods which
allow for chemical recyclability so that the materials can be
transformed into chemicals that can be easily disposed of, used
in other industries or be incorporated into a circular polymer
economy;'> ™ these considerations must already be taken into
account when designing new polymer structures. The fluorine
in fluoropolymers is initially mined as fluorite (CaF,) and
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converted to HF which is then used for the synthesis of a wide
range of fluorinated materials (see Fig. 1(a)).">"®
Consequently, another major sustainability issue with our
current fluorine economy is that the fluorine bound in these is
then not recovered into a useful form.” In other words, fluorine
is a limited resource which will ultimately become scarce and
expensive."* A circular economy should therefore also include
methods of extracting fluorine from fluorinated waste into a
form where it can be reused. In the general context of moving
towards a more circular polymer economy, an increasingly
popular approach is the incorporation of ester bonds into the
polymer main chain which facilitates degradation and enables
chemical recycling methods.'®>* However fluorinated polyesters
remain rare.”>*” One approach to synthesise polyesters is the
ring-opening copolymerisation (ROCOP) of an epoxide and a
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cyclic anhydride which has yet to be applied to the synthesis of
degradable fluorinated polymers.>® > As the ROCOP of epoxides
with cyclic anhydrides is most robust with phthalic anhydride
(PA) we hypothesized that fluorinated variants of these mono-
mers (i.e. tetrafluorophthalic anhydride, "PA see Fig. 1(b)) would
give easy access to fluorinated polyesters which we report in this
contribution. In order to facilitate the ROCOP of "PA with
epoxides, we turned to bicomponent catalysts comprising of a
LAl(r)Cl/PPNCI catalyst pair (PPN = Ph;PNPPh;) in which L is a
bisphenoxy imine ligand. Here aluminium(ur) bound alkoxides
from epoxide ring opening insert into cyclic anhydrides to
generate carboxylates that dissociate from the Al(m) to vacate a
coordination site for epoxides (see Fig. 2(a)). These are then
attacked by the carboxylate chain end to close the catalytic cycle,
having elongated the polymer chain by two ester bonds.*®*”
Attempting FPA/propylene oxide (PO) ROCOP with the LAl(m)Cl
(C1-C4, Fig. 2(a), Notes S1, ESIT)/PPNCI catalyst pairs at an
initial loading of 1 LAl(m)Cl:1 PPNCI:500 PO:550 FPA at
80 °C for 90 min indeed resulted in highly viscous mixtures.
9F NMR spectroscopy reveals de-symmetrisation of the initially
symmetric *PA signals into broadened resonances at —136 and
—148 ppm (see Fig. 2(b)). GPC in THF relative to a polystyrene
standard shows apparent molecular weights of 11.5-17.0 kg mol "
(P =1.1-1.3). "H NMR shows that the polymer comprises of 92%
ester links with 8% ether errors from PO homo-polymerisation
(see Fig. S3, ESIf). Compared to the non-fluorinated case
(namely PA/PO ROCOP) PA/PO ROCOP shows faster poly-
merisation rates irrespective of the ligand (C1-C4, Fig. 2(a))

(F) (F)
(@) "PA + PO
via

O R R

~ 09 (

Rn—{ (6] }' R,
@ 1, Ppo T Ny Ro. 9
A||> e AI| —_ Al
X X X
t__©pa |
Y ='Bu (C1)
= H (C2)
A~ Y Al Yy ol (3
X X F (c4)
h
Slppm] -160
10 T[°C] 120

Fig. 2 (a) Intermediate speciation during PPA/PPO ROCOP under
LAL(n)CI/PPNCI catalysis. R = CH3(PO), CF5("PO), R,, = polymer chain, X =
Clin pre-catalyst and alkoxide R,O or carboxylate R,C(=O)O chain ends
during ROCOP. (b) °F NMR spectrum (CDCls) of fluorinated diester unit.
(c) Photograph and (d) DSC thermogram of FPA/FPO copolymer.
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complexing aluminium(m) (TOF = 260-311 h™" for *PA/PO vs.
TOF = 48-209 h™", see ESIf Table $1). Interestingly, while in the
latter non-fluorinated case a strong dependence on the electro-
nic nature of the Al-catalyst and therefore its Lewis acidity is
observed, in the fluorinated case the same rate is observed
within error irrespective of the catalysts’ Lewis acidity (see ESIT
Notes S7). We infer that this is due to the electron-withdrawing
nature of the fluorine substituents, causing carboxylate chain
ends from "PA ring opening to be less coordinating so that de-
coordination of these off the Lewis acidic Al(m) centre occurs
more readily. This is required prior to the rate determining PO
insertion and this also helps explain the rate enhancement
observed for "PA. "PA can also be copolymerised with the
fluorinated epoxide trifluoropropylene oxide (FPO) to obtain even
more fluorinated polyesters. FPO/FPA ROCOP at 1 C4:1 PPNCI:
500 FPO: 550 FPA yields perfect polyester without ether errors at a
M, = 16,5 (b = 1.3) (see ESIt Section S19). Terpolymerising
mixtures of "PA and PA either with PO or FPO results in block
polymer formation via exclusive FPA ROCOP until full FPA
consumption which is followed by PA/PO ROCOP as established
by aliquot monitoring (see Fig. S32, ESIf). Similarly, when
combining PA, PA, PO and PO in one pot, the fluorinated
anhydride forms a statistical terpolymer in which PO is incorpo-
rated preferentially over FPO in a 7:3 ratio (see Fig. $59, ESIY).
This implies that "PA must insert into alkoxide intermediates
orders of magnitude faster than PA and this is a likely conse-
quence of the increased electrophilicity due to the electron
withdrawing nature of the fluorine substituents, suggesting that
these might affect further reactivity of the material (vide infra).
To study the effect of fluorination on material properties, we
turned to atomic force microscopy force-distance curves (AFM
FDC) of polymer films on surface coated silicon wafers (see ESIT
Notes $10).>¥*° This was necessary due to the brittle nature of
the materials preventing investigations of the bulk mechanical
properties as samples shattered easily during handling. Poly-
mers with similar apparent molecular weights namely PA-
co-FPO at M, = 16.5 kg mol ™, FPA-co-PO at M,, = 17.0 kg mol ™"
and PA-co-PO at M, = 17.8 kg mol~" were employed. Due to
weaker chain-chain interaction upon fluorination the material is
more prone to irreversible plastic deformation (Dp,("PA-co-"PO) >
Dy1a("PA-c0-PO) > Dpo(PA-c0-PO)). This agrees with the mea-
sured elastic modulus (E(FPA-co-FPO) < E ("PA-co-PO) < E
(PA-co-PO)). Recording the approach of the AFM cantilever, a
decrease of measured attractive force between AFM Tip and
sample surface from 50 nN (PA-co-PO), to 41 nN (FPA-co-PO) to
38 nN (FPA-co-FPO) was found which we infer to be a conse-
quence of reduced surface van der Waals forces.’” Hence
fluorination renders the material less adhesive, a typical prop-
erty benefit for fluorinated polymers.?

Unlike with conventional fluorinated polymers, the presence
of an ester bond in the backbone allows for degradation via
nucleophilic attack of the main chain.* Accordingly, degrada-
tion studies of the film-processed polymers with different
degrees of fluorination were carried out under basic conditions
employing 5 wt% NaOH in 6:4 EtOH:H,O at 40 °C as pre-
viously optimised for semi-aromatic polyesters.”> Surprisingly
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Fig. 3 Scanning electron microscopy image of the cross-section of PA/
PO film after partial degradation.

the more fluorinated the polymer, the faster the degradation,
meaning that films comprising of 100 mg polymer at identical
dimensions took 6 h for *PA/*PO, 72 h for FPA/PO and 144 h for
PA/PO to fully degrade. This is even more unexpected when
considering that increasing fluorination causes the materials to
be more hydrophobic. Water contact angle measurements
obtained from surface coated silicon wafers reveal a contact angle
of 97.4° for *PA-co-"PO, 90.5° for FPA-co-PO and 80.9° for PA-co-PO.

GPC analysis of a partially degraded film revealed identical
traces to the initially prepared samples indicating a surface
rather than a bulk erosion mechanism (see Fig. S61, ESIT).
Scanning electron microscopy of the cross section of a partially
degraded film confirmed this notion showing a rough surface
and a smooth homogenous interior (see Fig. 3). In the case of
the polymers from FPA featuring aromatically bound fluorine,
F-NMR analysis of the degradation products shows a multi-
tude of arene bound fluorine multiplet resonances between
—137 and —154 ppm rather than two sets of resonances for a
perfluorinated phthalate ring (see Fig. S74, ESIT). Furthermore,
a sharp singlet at —122 ppm is formed, which can be assigned
to sodium fluoride (NaF). This can be rationalised considering
a defluorination pathway via nucleophilic aromatic substitu-
tion in which an alkoxide or hydroxide anion attacks an arylic
sp>-carbon centre forming a tetrahedral sp*-carbon that there-
after eliminates inorganic fluoride.** To investigate whether
full defluorination of the aromatic backbone can be achieved,
the "PA derived polymer films were subjected to a 5 wt%
sodium methoxide solution in methanol and left to stir at
110 °C for 8 h (see Fig. 4). Again, a de-symmetrised aromatic
region in the 'F spectrum was observed, which however
eventually disappeared completely so that all arene bound
fluorine was transformed into NaF. Sodium fluoride precipi-
tates from the degradation mixture together with some
defluorinated carboxylate salts allowing for its easy separation
by centrifugation. We hypothesized that as degradation of our
materials generates inorganic fluoride salts this precipitate
could be employed to generate HF as with CaF, (Fig. 1). This
would effectively recover the arene bound fluoride of the
copolymers in order to allow it to be reintroduced into our
current fluorine economy. Acidification of the precipitate with
H,SO, leads to visible gas formation which we attributed to HF.
To simplify spectroscopic analysis, we isolated the gas by
condensation into ds-pyridine. '°F NMR analysis shows appear-
ance of a clean singlet at —172 ppm which indeed corresponds
to so-called Olah’s reagent, the HF adduct of pyridine (see
Fig. 4).** The supernatant of the polymer degradation with
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Fig. 4 Stacked °F NMR of (top) FPA copolymer (in CDCls), (middle) NaF
(in D,O) generated by methanolysis and HF (in ds-pyridine) by H,SO4
treatment.

sodium methoxide in methanol contains pure propane-diol in
the case of the FPA-co-PO degradants or the trifluoromethyl
derivative in the case of "PA-co-"PO degradants and these diols
can be isolated by distillation. To understand the difference in
methanolysis rate that fluorination brings about as well as the
defluorination pathway we turned to DFT modelling (see Notes
S11, ESIY). A simplified ortho-dimethyl phthalate model system
featuring either a perfluorinated or non-fluorinated aromatic
group which is attacked by a methoxide anion (which NaOMe
provides) was investigated as this process can ultimately lead
to chain scission and hence degradation of the material (see
Fig. S58, ESIt).

For the non-fluorinated case, carbonyl attack leading
to a tetrahedral intermediate was found to be endergonic by
5.9 k] mol " after a reaction barrier of 41.9 k] mol . Contrarily,
in the fluorinated case formation of the corresponding inter-
mediate is exergonic releasing -19.2 kJ mol * while having to
overcome a barrier of 31.7 k] mol '. This shows that nucleo-
philic attack of the FPA derived polymer is likely both thermo-
dynamically and kinetically more favourable than for their non-
fluorinated PA derived counterparts. As degradation appears to
occur via surface erosion, the polar medium only has to diffuse
into the hydrophobic material to a limited extent. Hence the
increase in susceptibility to nucleophilic carbonyl attack
appears to be more influential than the increase in hydropho-
bicity fluorination brings about which helps to explain fluor-
ination enhanced degradability. We believe that the electron
withdrawing nature of the fluorine substituents are responsible
for this rendering the carbonyl carbon more electron deficient
and hence more readily attacked by electron rich hydroxide and
alkoxide nucleophiles. With regards to defluorination, the
initial formation of a highly de-symmetrised spectrum
indicates different co-occurring pathways which in the simplest
case can be attributed to nucleophilic attack of alkoxide in
either meta or para position of the ethyl-ester substituents.
Here the intermediate from meta-attack forms exergonically
releasing —40.3 k] mol " after a 54.8 k] mol " barrier while the
intermediate from para-attack forms exergonically releasing

Chem. Commun., 2024, 60, 7479-7482 | 7481
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—63.0 k] mol ™" after a 47.6 k] mol " barrier showing that the
latter case is both kinetically and thermodynamically favoured
over the former. Moreover, the activation barriers of these
processes indicate that chain scission via attack of the carbonyl
carbon likely occurs prior to defluorination, although in order
to make a definitive statement consideration of discrete solva-
tion as well as coordination of the counteraction would need to
be considered. Nevertheless, the data indicates that the more
exergonic attack at the arene ring could also positively con-
tribute to the fluorinated materials degradability particularly at
increased temperature.

In conclusion we present the ring opening copolymerisation
of tetrafluorophthalic anhydride to give access to fluorinated
polyesters as well as their block polymers. Although rendering
the material more hydrophobic, fluorination was found to
accelerate degradation via surface erosion by up to a factor of
20 which could be partially attributed to the increased suscepti-
bility to nucleophilic attack of the carbonyl group. Arene bound
fluorine can be recovered via nucleophilic aromatic substitu-
tion as inorganic fluorides that evolve HF upon acidification.
Following our results the design of future fluorinated polymers
should feature in-built degradation and recycling options to
approach a more circular fluorine economy.
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