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ABSTRACT: Fluorosurfactants are an integral part of many
industrial processes due to their unparalleled surface activity and
high water and oil repellency and can be found in a wide range of
consumer products. However, their lack of biodegradability causes
great environmental concern and has led to increased regulatory
action in recent years. In the search for alternatives, perfluoropropyl
vinyl ether was recently identified as a promising building block
with an improved ecological profile regarding degradation and
accumulation. Here, we utilized short-chain perfluoropropyl vinyl
ether (PPVE) or perfluoromethyl vinyl ether (PMVE) as
precursors to construct polyether-based fluorosurfactants through
copolymerization with hydrophilic comonomers. Surfactant proper-
ties and overall fluorine content per molecule could be easily
adjusted by changing the comonomer feed. The surface activity was investigated in aqueous solution via tensiometry and was found
to be competitive with both legacy PFAS such as perfluorooctanesulfonic acid and current state-of-the-art small molecule
fluorosurfactants (γstat ≥ 20.35 mN m−1). These findings illustrate the potential of amphiphilic copolymers as a modular,
straightforward, and versatile platform for next-generation fluorosurfactants as an alternative to long-chain legacy PFAS.
KEYWORDS: fluorosurfactants, surface tension, PFAS, side-chain fluorinated polymers, polyethers, degradability

■ INTRODUCTION
Organofluorines have emerged as an essential class of materials
in modern industry, with applications ranging from nonstick
coatings,1 water- and dirt-repellent coatings for outdoor
clothing,2 as surfactants,3 stabilizers in paints4 or in firefighting
foams.5 Fluorosurfactants used as stabilizers and emulsifiers in
organic reactions can allow to omit organic solvents6 and
enable emulsion polymerizations.7 All these uses have their
origin in the low polarizability of fluorine, which leads to low
interactions with aqueous as well as organic surroundings.
Fluorosurfactants are typically more efficient than their
hydrocarbon homologues. They show lower surface tension
and critical micelle concentrations (CMC) due to their
increased stiffness, surface area, and decreased interactions.3,5

As a result of the strong carbon−fluorine bond, the
compounds furthermore exhibit excellent thermal and
chemical stability.5,8 While this may be desirable and targeted
for some applications, their persistence has become an
ecological problem. Per- and polyfluorinated substances
(PFAS) are detected all over the world9 and are accumulating
in the food chain,10 with some PFAS also showing toxicity.11,12

A majority of the PFAS used today are still based on long-chain
perfluorinated carbon chains such as perfluorooctanoic acid
(PFOA) or perfluorooctanesulfonic acid (PFOS), which are

facing increased regulations and are in urgent need of
alternatives.13−16 Because of their exceptional properties, it is
challenging to find nonfluorinated replacements, and thus,
degradable and nontoxic PFAS are in focus of studies.5,13 Two
strategies were introduced to develop fluorinated alternatives:
small-chain PFAS and long-chain PFAS with an incorporated
ether linkage as a breaking point. Small-chain PFAS show
reduced bioaccumulation,17 but are still persistent in the
environment.18 Long-chain ether-bearing PFAS are degradable
to small-chain PFAS using highly energy-consuming processes
like high-temperature incineration,19 electrochemical oxida-
tion,20 ultrasonication with strong oxidants21 or oxygenation in
subcritical water,22 but generally show no biodegradation
under environmentally relevant conditions.10 Consequently,
there is a high demand for fluorosurfactants with an improved
degradation profile. This is especially true for applications with
increased environmental exposure, such as aqueous fire-
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fighting foams (AFFF)5 or (architectural) paints and coat-
ings.23

Recently, it was found that an increase in reactivity can be
achieved by combining an ether linkage with a neighboring
carbon−hydrogen bond, enabling degradation of certain PFAS
such as FESOH and proFdiEOH (Table 1) under environ-
mental conditions. Joudan et al. investigated a fluorosurfactant
based on FESOH and found it to undergo degradation in the
atmosphere as well as in activated sludge to perfluoropropionic
acid (PFPrA).24,25 Similarly, Folkerson et al. found the same
surfactant to be transformed to PFPrA as the terminal product
of rat metabolism.26 Notably, relatively fast elimination rates
with half-lives in the order of hours were observed, whereas
most legacy PFAS are well-known for their tendency to
bioaccumulate and their inertness toward metabolization.27

Recently, Sadrabadi et al. observed that these polyfluoroether
compounds do not induce PPARα-mediated toxicity or disrupt
lipid metabolism in human liver cells, suggesting a favorable
toxicological profile compared to legacy PFAS.28

Inspired by these findings, we developed epoxy-bearing
compounds PFC3GE and PFC1GE by combining the
polyfluorinated motifs from ProFdiEOH and MeFdiEOH
with a glycidyl unit as reactive functional group available for
further modification (Table 1).29 We envision these com-
pounds to serve as degradable alternatives to conventional
fluorinated epoxides due to the −O−CHF−CF2− motif as an
initial point for degradation. Notably, due to their high ring
strain of 110−115 kJ/mol, epoxides are ideal monomers for
polymer synthesis via ring-opening polymerization techni-
ques.30

Long-chain PFAS, particularly C8-based structures, generally
outperform their short-chain homologues due to their higher
fluorine content per molecule, which enhances surfactant
properties.37 In contrast, short-chain fluorinated moieties are
more environmentally benign but offer lower individual
performance.38 Thus, incorporating short-chain PFAS multiple
times in a polymeric structure provides an efficient strategy to
increase the overall fluorine content per macromolecule while
preserving the intrinsic short-chain character of each unit.35

Here, we aimed to investigate whether polymeric surfactants
composed of short-chain PFAS could match or even surpass
the performance of long-chain analogues through a potential
synergistic effect. Crucially, while the degradability of FESOH,
ProFdiEOH and similar small-molecule PFAS has been
thoroughly investigated (Table 1), it is yet unclear how
attaching such structures to a polymer backbone affects
degradation kinetics. To this end, a detailed investigation of
the degradation process must be conducted, which will be the
focus of future studies.

In this work, polyether-based fluorosurfactants were
synthesized by copolymerizing fluorinated monomers
PFC3GE or PFC1GE with suitable hydrophilic comonomers
via monomer-activated anionic ring-opening polymerization
(MAROP). Surface activity of the copolymers was achieved via
mutual orientation of hydrophilic and amphiphobic (fluori-
nated) segments, leading to amphiphilic behavior of the overall
structure. As hydrophilic components, epoxides bearing oligo
(ethylene glycol) side chains ME3GE or ME2GE, respectively,
or mPEG macroinitiators were employed (Figures 1 and 2).
The polymer microstructure of all statistical copolymers was

Table 1. Overview of Selected PFAS Recently in Focus of Studies, Featuring −O−CHF− or −S−CHF− Structural Motifs for
Facilitated Biodegradation
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investigated using in situ 1H NMR kinetic studies to assess the
distribution of hydrophilic and amphiphobic side chains along
the polymer backbone. All polymers were analyzed for their
surfactant performance by measuring the static and dynamic
surface tension, using the Wilhelmy method and the maximum
bubble pressure method, respectively. Finally, proof-of-concept
degradation tests employing basic chemical conditions were
conducted to verify the polymers’ susceptibility to chemical
breakdown.

■ EXPERIMENTAL SECTION

Materials and Methods
All syntheses were conducted on a dual manifold vacuum-Argon
Schlenk line unless specified otherwise

PFC3GE was provided by Merck KGaA. PMVE was obtained in
>99% purity from Chemours; diethylene glycol monomethyl ether
was obtained in 99% purity from TCI; triethylene glycol monomethyl
ether was obtained in >97% purity from Sigma-Aldrich. Tetrabuty-
lammonium bromide (TBAB) was obtained in >98% purity from Alfa
Aesar. Triisobutylaluminum (TIBAL) was obtained as a 1.1 M
solution in toluene from Acros Organics. All remaining chemicals
were purchased from Acros Organics, Fisher Scientific, Roth, Sigma-
Aldrich, TCI, VWR, or Deutero GmbH. Chemicals were used as
received unless specified otherwise.

Synthesis of PFC1GE
The synthesis of PFC1GE was adapted from a previously published
patent.29

A 300 mL dried pressure-reactor was evacuated and flushed with
argon three times. Potassium carbonate (0.3 eq, 2.80 g, 20 mmol),
dioxane (5 eq, 28.7 mL), and glycidol (1 eq, 4.97 g, 67 mmol) were
added. Glycidol was dried over calcium hydride for 2 h under cooling
to prevent autopolymerization and distilled prior to use. The reactor
was closed and evacuated. Gaseous PMVE was added thrice over 1.5
h until a constant pressure of 4.8 bar was established. The reaction
mixture was stirred for a total of 16 h at 110 °C and then cooled to

room temperature. The reactor was opened to release the excess
PMVE into a slurry of calcium chloride (0.75 M) and potassium
hydroxide (0.5 M). After flushing the reactor with nitrogen, 30 mL of
water and 30 mL methyl tert-butyl ether were added and the mixture
was transferred to a separatory funnel. The phases were separated, the
organic phase was washed twice with water and once with brine and
dried over sodium sulfate. The solvent was removed under reduced
pressure and the product isolated via repeated fractional distillation
(b.p.: 25 °C, 7 mbar). It is noted that complete removal of dioxane
was impeded by extensive azeotrope formation, occasionally causing
trace amounts of solvent to remain in the product mixture. PFC1GE
was obtained as a colorless liquid with a yield of 53% (8.67 g, 36.1
mmol).

Synthesis of ME3GE and ME2GE
The synthesis of ME3GE is based on a procedure described by Wang
et al.39

Epichlorohydrin (74 mL, 937 mmol, 3.0 equiv) and finely ground
sodium hydroxide (37.7 g, 937 mmol, 3.0 equiv) were added to a 250
mL round-bottom flask equipped with a dropping funnel, and the
suspension was cooled to 0 °C. Over a period of 30 min, triethylene
glycol monomethyl ether (50 mL, 312 mmol, 1.0 equiv) was added
dropwise and the mixture was stirred for 5 h at room temperature.
Excess sodium hydroxide was removed by repeated vacuum filtration
and the filtrate was dried over magnesium sulfate. Vacuum distillation
yielded the product ME3GE as a colorless liquid (55.5 g, 81%, b.p.:
97−102 °C at 0.020 mbar).
ME2GE was synthesized following the same procedure as given

above for ME3GE. Final vacuum distillation gave ME2GE as a
colorless liquid with a yield of 87% (52.3 g, b.p.: 70 °C at 0.025
mbar).

Exemplary Synthesis of P(PFC3GE4-co-ME3GE12) Surfactant
via MAROP
Tetrabutylammonium bromide (TBAB, 1 eq, 0.15 g) in 6 mL
benzene was added to a dried Schlenk flask and dried under reduced
pressure for 16 h. All additions were done via syringe. TBAB was
suspended in 4 mL 2-methyltetrahydrofuran (2-MeTHF) and the

Figure 1. Synthetic pathways toward fluorinated and hydrophilic epoxide-based monomers utilized in this study (top) as well as exemplary 1H
NMR and 19F-NMR spectra of PFC1GE (bottom).
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flask was filled with argon. The monomers PFC3GE (4 eq, 0.63 g) and
Me3GE (12 eq, 1.23 g) were added and the flask was cooled to 30 °C
using an ethanol-nitrogen bath. Triisobutylaluminum (1.1 M in
toluene, 2 eq, 0.85 mL) was added. When full conversion was
indicated via 1H NMR spectroscopy (typically after 2−16 h), the
polymerization was terminated by addition of 1 mL of methanol.
Triisobutylaluminum and TBAB residue was removed via liquid−
liquid extraction using DCM (25 mL) and water (5 mL) five times.
DCM was removed in vacuo and the sample was dried in the vacuum
oven for at least 24 h, which gave the polymer as a colorless, viscous
liquid in quantitative yield.

Exemplary Synthesis of mPEG13-b-P(PFC3GE)13 Surfactant
via MAROP
In a flame-dried Schlenk flask, mPEG 550 (1 eq, 0.43 mmol, 0.25 g)
and KOtBu (0.95 eq, 0.41 mmol, 46 mg) were dissolved in 1 mL
methanol and 6 mL benzene and stirred for 3 h at 60 °C. The solvents
were removed in vacuo overnight at 50 °C. The mixture was briefly
heated to 60 °C under vacuum, after which 2-MeTHF (4 mL) and
PFC3GE (13 eq, 0.56 mmol, 1.17 mL) were added under argon
atmosphere. PFC3GE was freshly dried by distilling from CaH2 and
stored over 4Å molecular sieves under argon atmosphere prior to use.
The mixture was cooled to −20 °C and Triisobutylaluminum (1.1 M
in toluene, 2.2 eq, 0.86 mL) was added. The mixture was slowly
allowed to reach r.t. and stirring was continued for 4 days. After
polymerization, 1 mL of methanol was added and all volatiles were
removed in vacuo. DCM (30 mL) was added and Triisobutylalumi-
num and TBAB residue were removed via extraction with D.I. water
(5 x 10 mL). Solvents were removed and the product was obtained
after final drying under vacuum at 50 °C.

In Situ 1H NMR Kinetic Investigations
An exemplary procedure for online 1H NMR kinetic analysis is
described in the following. TBAB (10 eq, 0.11 mmol, 34 mg) in 3 mL
benzene was added to a Schlenk flask and dried under reduced
pressure. All following steps were done under argon atmosphere or
vacuum using the Schlenk technique. TBAB was dissolved in 1 mL
dry benzene, of which 0.1 mL (1 equiv) were added to a dried Norell
S5400 NMR tube. The NMR tube was further equipped with a flame-
sealed acetoned6 capillary used for locking and shimming the NMR
spectrometer. Benzene was removed under reduced pressure and
TBAB dissolved in a dry, nondeuterated solvent (either 2-MeTHF or
THF) and TIBAL (1.1 M in toluene, for polymerization in 2-
MeTHF: 2 eq, 0.02 mL; in THF: 19 eq, 0.18 mL). The tube was
shaken to homogenize the solution, cooled to 80 °C to prevent
initiation and the monomers ME3GE (24 eq, 0.25 mmol, 55.8 mg)
and PFC3GE (12 eq, 0.13 mmol, 43 mg) were added. The NMR tube
was sealed by a Teflon stopcock and the mixture was only allowed to
thaw immediately before the measurement was conducted. The tube
was shaken beforehand to ensure homogeneity. The measurement
was done at 10 °C for 6 h. Sample spinning was turned off. If the
system was not able to lock on acetone-d6, lock was turned off and
shim was performed using the solvents signal. Spectra were recorded
every 30 s.

Degradation Experiments
Degradation experiments were performed on P(PFC1GE)8 as a model
polymer. The polymer (1eq, 0.12 g, 0.06 mmol) and diethylenetri-
amine (31 eq, 0.2 mL, 1.85 mmol) were dissolved in DMSO-d6 (0.8
mL) and added to an NMR tube. The mixture was heated to 120 °C
and decomposition of the fluorinated motifs was monitored via
frequent 19F NMR spectroscopy. Degradation experiments using
KOH as a base were performed analogously. Here, precipitation of
fluoride salt was observed in the course of the reaction.

■ ANALYTICAL METHODS

NMR Spectroscopy

NMR spectra were recorded on a Bruker Avance III HD 300
instrument with a field strength of 300 MHz (1H NMR), 75.5

MHz (13C NMR) or 282 MHz (19F NMR). The instrument
was equipped with a 5 mm BBFO probe head with z-gradient
and ATM. DOSY experiments as well as in situ NMR kinetic
measurements were performed on a Bruker Avance III HD 400
spectrometer. This instrument featured a 5 mm nitrogen-
cooled BBO cryo probe head (BB/H+F) with z-gradient and
ATM. The chemical shifts are specified by the devices relative
to the signals of corresponding standards (tetramethylsilane for
1H and 13C measurements and trichlorofluoromethane for 19F
measurements). The chemical shifts of the signals in ppm are
referenced to the solvent signal. Degradation experiments were
monitored on a Magritek Benchtop NMR Spectrometer.
SEC (Size Exclusion Chromatography)
SEC measurements were performed on an Agilent 1100 Series
system. HEMA (pore size 300/100/40 Å) was used as the
column material in a column with a length of 95 cm and a
width of 0.80 cm. The measurements were performed at a
temperature of 50 °C with a flow rate of 1 mL/min and N,N-
dimethylformamide as the eluent, to which 1 g/L lithium
bromide was added as an association preventative. An RI
detector was used to detect eluted species. The device was
calibrated against PEG standards from Polymer Standards
Services (PSS). The injection volume was 100 μL. As part of
the sample preparation, approximately 3 mg of the sample was
dissolved in approximately 1 mL of DMF and the solution was
filtered through a syringe filter. A drop of toluene was added as
an internal standard.
MALDI-ToF (Matrix-Assisted Laser Desorption/Ionization

Time-of-Flight) Analysis. MALDI spectra of polymer samples
were recorded on a Bruker MALDI-ToF MS Autof lex maX with
a smartbeam II Nd:YAG laser (355 nm). The samples
consisted of 10 μL of a 1 g/L analyte solution in DCM, to
which 10 μL of a 10 g/L dithranol (DIT) matrix solution and 1
μL of a 0.1 M solution of sodium trifluoroacetate (NaTFA) or
potassium trifluoroacetate (KTFA) as cationization reagent.
The spectra were evaluated using the open source program
mMass.
Static Surface Tension
Equilibrium surface activity was measured using the Wilhelmy
plate method (DIN EN 14370) on a model DCAT 11
tensiometer from DataPhysics, Filderstadt, Germany. 0.1 wt %
aqueous solutions were measured at 20 ± 0.2 °C using a 19.9
mm platin plate. Full wetting was ensured to eliminate the
contact angle from the equation used for calculations: γstat = F
cosθ L−1 ≈ FL−1 (γ = tension, F = tension force, θ = contact
angle, L = wetted plate length).
Dynamic Surface Tension
Dynamic surface activity was determined via the bubble
pressure method. For this, 0.1 wt % aqueous solutions were
measured at 21 ± 0.9 °C using a model T60 tensiometer from
SITA, Dresden, Germany. The dynamic surface tension was
calculated using the equation γdyn = r(pmax − ρgh)2−1 (γ =
tension, r = capillary radius, pmax = pressure maximum, ρ =
liquid density, g = gravity, h = immersion depth).
DSC (Differential Scanning Calorimetry)
DSC measurements were performed using a DSC250 from TA
Instruments (New Castle, DE, USA) with an RCS 90
compressor and using the TRIOS software. Calibration was
performed using Indium and n-octane standards. Samples were
prepared by weighing 3−5 mg of predried polymer in an
Alumimum pan. The pan was sealed with an Aluminum lid,
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and the lid was punctured to prevent bloating in case of gas
formation. Thermal analysis was performed on second heating
curve to remove adverse thermal history effects.

■ RESULTS AND DISCUSSION

Monomer Synthesis

To investigate polyethers as a potential scaffold for versatile
fluorosurfactant design, a set of fluorine-containing monomers
was devised. This was done conceptually by combining the
polyfluorinated moieties featuring the −O−CHF−CF2− motif,
which was previously shown to facilitate degradation (vide
supra), with an epoxide group required for polyether synthesis.
Synthetically, such monomers are accessible by reacting
perfluoroalkyl vinyl ethers with glycidol in a one-step base
catalyzed addition reaction, giving rise to glycidyl ether
monomers PFC3GE and PFC1GE (Figure 1) equipped with
a terminal perfluorinated C3- or C1-unit, respectively.29
Hydrophilic comonomers ME2GE and ME3GE were synthe-
sized according to previously published methods.39

Surfactant Synthesis

Surfactants were synthesized via monomer-activated ring-
opening polymerization (MAROP) of a mixture of amphi-

phobic and hydrophilic monomers, respectively. MAROP, first
described by Deffieux and Carlotti,40 serves as an alternative
method to conventional anionic ring opening polymerization,
allowing for a robust and straightforward synthesis under mild
reaction conditions. It was therefore chosen as preferred
synthetic strategy since the −O−CHF− moiety featured in
PFC1GE and PFC3GE is susceptible to chemical breakdown
under the strongly basic conditions typical for conventional
AROP. All polymerizations were conducted in 2-methylte-
trahydrofuran (2-MeTHF) as sustainable solvent.41 2-MeTHF
is frequently used in MAROP since it does not induce catalyst
deactivation typically observed for conventional THF.42

To investigate the effect of polymer composition and side
chain architecture on the resulting surfactant performance,
multiple series of copolymers were synthesized by varying the
respective monomer combinations and feed ratios. Meanwhile,
the targeted molar mass was kept below 10 000 g/mol
throughout the entire study, since higher chain lengths were
expected to negatively impact the dynamic surface activity of
the surfactants.43 An overview of all synthesized copolymers
including 1H NMR and SEC characterization data is given in
Table 2.

As a starting point for our investigations, we first synthesized
copolymers using PFC3GE as the fluorinated monomer

Table 2. Polymer Characterization Data and Static Surface Tension γstat of the Synthesized Polyether-Based Fluorosurfactants

No. Polymera DP(A):DP(B)thb xF
a [xFth]/% wF

a [wF
th]/% Mn

c [Mn
th]/g mol−1 Đc γstat

d /mN m−1

F3H3-1 P(PFC3GE0.20-co-ME3GE0.80) 02:08 20 [20] 28 [28] 2300 [2520] 1.11 21.67 ± 0.03
F3H3-2 P(PFC3GE0.56-co-ME3GE0.44) 04:04 56 [50] 66 [61] 2700 [2320] 1.16 20.35 ± 0.03
F3H3-3 P(PFC3GE0.27-co-ME3GE0.73) 04:08 27 [33] 36 [43] 2600 [3200] 1.07 21.94 ± 0.03
F3H3-4 P(PFC3GE0.23-co-ME3GE0.77) 04:12 23 [25] 32 [34] 3900 [4080] 1.10 23.34 ± 0.03
F3H3-5 P(PFC3GE0.12-co-ME3GE0.88) 04:24 12 [14] 17 [20] 4400 [6730] 1.09 25.02 ± 0.03
F3H3-6 P(PFC3GE0.09-co-ME3GE0.91) 04:36 9 [10] 13 [15] 4500 [9370] 1.14 30.53 ± 0.03
F3B-1 mPEG0.81-b-P(PFC3GE)0.19 13:04 19 [24] 64 [71] 1800 [1940] 1.10 21.51 ± 0.03
F3B-2 mPEG0.76-b-P(PFC3GE)0.24 13:06 24 [32] 71 [78] 1900 [2620] 1.09 −e

F3B-3 mPEG0.61-b-P(PFC3GE)0.39 13:13 39 [50] 83 [89] 2300 [5000] 1.12 −e

F3B-4 mPEG0.94-b-P(PFC3GE)0.06f 50:04 6 [7] 33 [37] 2300f [3580] 1.41f 31.68 ± 0.03
F3B-5 mPEG0.91-b-P(PFC3GE)0.09f 50:07 9 [12] 43 [51] 2500f [4600] 2.25f 28.53 ± 0.03
F3B-6 mPEG0.97-b-P(PFC3GE)0.03f 123:04 3 [3] 19 [19] 4300f [6770] 1.10f 42.62 ± 0.03
F1H3-1 P(PFC1GE0.29-co-ME3GE0.71) 02:04 29 [33] 31 [35] 1900 [1440] 1.09 25.61 ± 0.03
F1H3-2 P(PFC1GE0.20-co-ME3GE0.80) 02:08 20 [20] 21 [21] 2200 [2320] 1.16 27.23 ± 0.03
F1H3-3 P(PFC1GE0.16-co-ME3GE0.84) 02:12 16 [14] 17 [15] 3200 [3200] 1.11 29.22 ± 0.03
F1H3-4 P(PFC1GE0.53-co-ME3GE0.47) 04:04 53 [50] 55 [52] 2000 [1920] 1.09 −e

F1H3-5 P(PFC1GE0.33-co-ME3GE0.67) 04:08 33 [33] 35 [35] 2900 [2800] 1.09 25.23 ± 0.03
F1H3-6 P(PFC1GE0.25-co-ME3GE0.75) 04:12 25 [25] 27 [27] 3300 [3680] 1.14 26.05 ± 0.03
F1H3-7 P(PFC1GE0.14-co-ME3GE0.86) 04:24 14 [14] 15 [15] 5100 [6330] 1.13 31.79 ± 0.03
F1H3-8 P(PFC1GE0.09-co-ME3GE0.91) 04:36 9 [10] 10 [11] 6100 [8970] 1.14 33.35 ± 0.03
F1H3-9 P(PFC1GE0.48-co-ME3GE0.52) 06:06 48 [50] 50 [52] 2400 [2840] 1.10 −e

F1H3-10 P(PFC1GE0.33-co-ME3GE0.67) 06:12 33 [33] 35 [35] 3600 [4160] 1.14 25.70 ± 0.03
F1H2-1 P(PFC1GE0.22-co-ME2GE0.78) 02:08 22 [20] 35 [33] 2000 [1970] 1.08 26.92 ± 0.03
F1H2-2 P(PFC1GE0.47-co-ME2GE0.53) 04:04 47 [50] 63 [66] 1600 [1750] 1.13 −e

F1H2-3 P(PFC1GE0.35-co-ME2GE0.65) 04:08 35 [33] 51 [49] 2800 [2450] 1.08 26.54 ± 0.03
F1H2-4 P(PFC1GE0.27-co-ME2GE0.73) 04:12 27 [25] 42 [39] 2600 [3160] 1.18 26.42 ± 0.03
F1H2-5 P(PFC1GE0.15-co-ME2GE0.85) 04:24 15 [14] 25 [24] 3600 [5270] 1.15 28.41 ± 0.03
F1H2-6 P(PFC1GE0.53-co-ME2GE0.47) 06:06 53 [50] 69 [66] 2400 [2580] 1.18 −e

F1H2-7 P(PFC1GE0.33-co-ME2GE0.67) 06:12 33 [33] 49 [49] 3300 [3640] 1.09 26.36 ± 0.03
aComposition calculated from 1H NMR spectroscopy (300 MHz, CDCl3): xF corresponds to mole fraction of fluorinated monomer in mol %, wF
corresponds to weight fraction of fluorinated monomer in wt %. bTheoretical DPs of fluorinated and hydrophilic monomers/components
according to the feed ratio. A and B correspond to first and second components as listed in the systematic polymer description in column
“Polymer”. cDetermined by SEC (RI detector, PEG standards). PFC3GE-copolymers were measured in THF, PFC1GE-copolymers in DMF as
eluent. Values marked with “th” indicate theoretical values. dSurface tensions of 0.1 wt % aqueous solution measured with the Wilhelmy method.
eNot analyzed for surface activity due to reduced solubility in aqueous media, indicated by turbidity of prepared solutions. fIncomplete initiation led
to the formation of a blend composed of unmodified mPEG and the block copolymer.
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(Figure 2a, series F3H3 in Table 2). Through copolymeriza-
tion with ME3GE, copolymers featuring a statistical distribu-
tion of fluorinated and hydrophilic side chains were obtained.
The targeted DPs were varied between 2−4 for PFC3GE and
4−36 for ME3GE, respectively. Meanwhile, targeted mole
fractions of PFC3GE were not raised above 50 mol % to reduce
environmental impact and to warrant water solubility, which
tends to decrease with increasing fluorine content. The
experimental composition of the copolymers was verified via
1H NMR spectroscopy and shows a high agreement with the
targeted values. SEC characterization yielded low to moderate
dispersities and monomodal molar mass distributions with a
slight tailing to lower molar masses, which is typical for
MAROP due to initiation side reactions (see Scheme S1,
Supporting Information).40,44 Generally, good agreement
between theoretical and experimental number-average molar

masses was observed. Discrepancies can be attributed to the
PEG calibration, which shows different hydrodynamic radii
than substituted polyethers. Sakakibara et al. reported an
underestimation of the molar mass for polyethers with
fluorinated side chains and attributed this to the high molar
mass-volume ratio of fluorine atoms.45 Here, discrepancies are
observed mostly for higher targeted molar masses.

Besides statistical copolymers, the design of block copolymer
structures based on PFC3GE was also investigated (Figure 2a).
Block copolymers represent attractive scaffolds for fluorosur-
factant design, since a distinct spatial separation of hydrophilic
and amphiphobic domains along the polymer backbone may
enhance surface activity in solution. Polyether-based block
copolymers are also well established in the design of
conventional (nonfluorinated) surfactants.46 In this study,
block copolymers were synthesized through chain extension of

Figure 2. Synthesis and characterization of PFC3GE-based fluorosurfactants: a) synthetic strategy toward P(PFC3GE-co-ME3GE) copolymers
(top) as well as mPEG-b-P(PFC3GE) block copolymers (bottom) via MAROP, b) selection of SEC traces (RI signals, eluent: THF) of P(PFC3GE-
co-ME3GE) copolymers, c) selection of SEC traces (RI signals, eluent: THF) of mPEG-b-P(PFC3GE) block copolymers, d) in situ 1H NMR kinetic
studies of the copolymerization toward P(PFC3GE-co-ME3GE) copolymers in 2-MeTHF. Zoomed-in region of monomer signals as a function of
time. For both monomers, one of the methylene protons within the epoxide ring (indicated in a) with respective symbols) was used to derive the
reactivity ratios, e) simulated chain composition profile for P(PFC3GE-co-ME3GE) copolymers based on the reactivity ratios of PFC3GE and
ME3GE, exemplarily shown for 50 mol % PFC3GE.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.6c00173
ACS Appl. Polym. Mater. 2026, 8, 5101−5114

5106

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
a
p
m
c
d
/
a
r
t
i
c
l
e
-
p
d
f
/
8
/
7
/
5
1
0
1
/
6
4
7
5
0
6
1
3
/
a
p
6
c
0
0
1
7
3
.
p
d
f
 
b
y
 
U
N
I
V
 
M
A
I
N
Z
 
u
s
e
r
 
o
n
 
0
5
 
A
u
g
u
s
t
 
2
0
2
6

https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c00173/suppl_file/ap6c00173_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c00173/suppl_file/ap6c00173_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00173?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00173?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00173?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00173?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.6c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mPEG macroinitiators (500, 2000, or 5000 g mol−1,
respectively) with PFC3GE. For this, the macroinitiators
were deprotonated with potassium tert-butoxide and polymer-
ization was initiated after drying through the addition of
fluorinated monomer. In contrast to the statistical copoly-
merizations shown previously, no TBAB initiator was added to
avoid competing PFC3GE homopolymerization. SEC analysis
after workup revealed low dispersities for block copolymers
based on mPEG13 and mPEG123 (Figure 2c). However,
bimodal molar mass distributions were obtained in some
cases, suggesting incomplete initiation by the mPEG alkoxide
generated in situ. Proportions of unreacted mPEG in the
product mixture tended to increase with the molar mass of

macroinitiator used, so that in the case of mPEG123, SEC
analysis suggested that only a fraction of the macroinitiator
underwent chain extension (also see Figure S2, Supporting
Information). This might be due to several effects. First, the
coil-like structure of the macroinitiator might impede further
chain propagation through shielding of the active chain-end.
Further, it was shown previously that MAROP polymerization
kinetics scale inversely with the bulkiness of the cation, with
alkali metal alkoxides such as potassium yielding much lower
rate constants than the commonly used ammonium and
phosphonium salts.47 Indeed, synthesizing block copolymers
via MAROP is known to be challenging, as incomplete
crossover reactions can result in ill-defined product composi-

Figure 3. Synthesis and characterization of PFC1GE-based fluorosurfactants: a) synthetic strategy toward P(PFC1GE-co-ME3GE) and P(PFC1GE-
co-ME2GE) copolymers, respectively, b) selection of SEC traces (RI signals, eluent: DMF) of P(PFC1GE-co-ME3GE) copolymers, c) selection of
SEC traces (RI signals, eluent: DMF) of Poly(PFC1GE-co-ME2GE) copolymers, d) and f) in situ 1H NMR kinetic studies of the copolymerization
toward P(PFC1GE-co-ME3GE) and P(PFC1GE-co-ME2GE), respectively, in 2-MeTHF. Zoomed-in region of monomer signals as a function of
time. For both monomers, one of the methylene protons within the epoxide ring (indicated in a) with respective symbols) was used to derive the
reactivity ratios, e) and g) simulated chain composition profiles for P(PFC1GE-co-ME3GE) and P(PFC1GE-co-ME2GE), respectively, based on the
reactivity ratios of the corresponding monomers. Composition profiles are exemplarily shown for 50 mol % PFC1GE.
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tions. Consequently, only few reports exist on the successful
preparation of such architectures by this method.48−50 As for
the block copolymers presented herein, successful chain
extension (i.e., absence of PFC3GE homopolymer formation)
is verified via DOSY NMR spectroscopy (Figure S26) as well
as a high agreement between targeted and experimental molar
mass. For block copolymers based on mPEG50, higher
dispersities were obtained due to the more prominent second
molar mass distribution in the SEC traces (Table 2, entries
F3B-4 and F3B-5, Figure S2).

To investigate the effect of side-chain design on the resulting
surfactant performance, studies were extended toward the
synthesis of statistical copolymers based on PFC1GE (Figure
3a). PFC1GE is especially attractive from an ecological point of
view, as the terminal perfluoromethyl group potentially allows
for complete mineralization of the fluorine upon biodegrada-
tion, rather than producing ultra short-chain perfluorinated
compounds as the terminal degradation product.32 Taking into
account the shorter fluorinated side chain of PFC1GE,
copolymerization was conducted with both ME3GE and
ME2GE in two separate copolymer series (Table 2, series
F1H3 and F1H2, respectively). To ensure comparability with
previously synthesized P(PFC3GE-co-ME3GE) copolymers, the
targeted degrees of polymerization (DP) were left unchanged.
For both P(PFC1GE-co-ME3GE) copolymers as well as
P(PFC1GE-co-ME2GE) copolymers, excellent agreement
between theoretical and experimental comonomer composi-
tion and molar mass was observed. SEC analysis yielded
monomodal and narrow molar mass distributions (Figure 3b
and c, respectively).
Kinetic Investigation of the Polymerization

Generally, surface activity of statistical copolymers can be
rationalized through intramolecular interactions between the
different types of side chains involved, leading to mutual
orientation of fluorinated and nonfluorinated segments in
solution. We propose this to lead to an amphiphilic gradient
perpendicular to the polymer backbone, enabling surface
activity even for truly random copolymers (r1 = r2 = 1).
Nevertheless, gradient and block-like architectures are
expected to further support surface activity by creating
predominantly hydrophilic and amphiphobic domains toward
either end of the polymer chain, thus mimicking the structure

commonly observed for small-molecule surfactants. To
investigate the copolymer microstructure and its influence on
surfactant performance, in situ 1H NMR kinetic measurements
of the polymerization processes toward P(PFC3GE-co-
ME3GE), P(PFC1GE-co-ME3GE) and P(PFC1GE-co-
ME2GE) were conducted. The polymerizations were per-
formed in sealed Norell S5400 NMR tubes at 10 °C. For the
reasons stated above, 2-MeTHF was used as the solvent for all
copolymerizations, and an acetone-d6 capillary was used for
locking the spectrometer (for experimental details, see
Supporting Information).

Figure 2d shows the decreasing monomer signals with time
observed for the comonomer pair of PFC3GE and ME3GE.
Kinetic evaluation of the respective integrals resulted in a slight
incorporation preference of PFC3GE, yielding reactivity ratios
of rPFC GE3

= 1.38 ± 0.05 and rME GE3
= 0.72 ± 0.03 using the

nonterminal Jaacks model.51 These results reflect an increased
activation of the PFC3GE toward nucleophilic attack, likely
imparted by the electron-withdrawing nature of the fluorinated
substituent. Thus, a soft gradient in the polymer micro-
structure is obtained, leading to a slight prevalence of
fluorinated side chains toward one end of the polymer
backbone. A simulated microstructure of P(PFC3GE-co-
ME3GE) is displayed in Figure 2e. Reactivity values derived
from the Jaacks model were in good agreement with the values
calculated via BSL52 and Meyer-Lowry ideal53 (Table S3, see
SI for kinetic models and plots). The product of the reactivity
ratios equaling 1 further shows an ideal copolymerization
behavior, meaning that the monomer addition is not
influenced by the nature of the last added monomer unit.

Kinetic investigation of the copolymerization toward
P(PFC1GE-co-ME3GE) yielded a similar microstructure, albeit
with a slightly less pronounced gradient (rPFC GE1

= 1.22 ± 0.04
and rME GE3

= 0.82 ± 0.03 via Jaacks). This can be ascribed to
the slightly less electron withdrawing substituent of PFC1GE,
leading to a lower degree of activation than PFC3GE. The
progression of monomer signals with time as well as a
simulated microstructure of P(PFC1GE-co-ME3GE) are shown
in Figure 3d and e, respectively. In contrast, upon switching
the hydrophilic comonomer to ME2GE, a more pronounced
gradient is observed, yielding rPFC GE1

= 1.60 ± 0.02 and rME GE2

= 0.63 ± 0.01 (Figure 3e,f). This indicates that ME3GE is more

Figure 4. Static surface tension γstat of 0.1 wt % fluorosurfactant solutions as a function of copolymer composition: γstat plotted against a) number
fraction xF and b) mass fraction wF of fluorinated monomer, respectively. Legend entries correspond to F3H3 − P(PFC3GE-co-ME3GE) (circles);
F3B − mPEG-b-P(PFC3GE) (blocks); F1H3 − P(PFC1GE-co-ME3GE) (diamonds); F1H2 − P(PFC1GE-co-ME2GE) (triangles).
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reactive than ME2GE, presumably due to the higher number of
oxygen atoms leading to a stronger complexation of the Lewis
acid. Notably, Herzberger et al. found an opposing trend for
the comonomer pair of ethylene oxide and ethoxy ethyl
glycidyl ether, albeit under slightly different reaction
conditions.44

In a further study, the copolymerization of ME3GE and
PFC3GE was examined in THF as a cheaper and more
industrially relevant solvent. In this case, an excess of TIBAL
was required to achieve sufficient conversion (19 equiv. with
respect to TBAB). Kinetic evaluation revealed a slightly more
pronounced gradient compared to 2-MeTHF with reactivity
ratios of rPFC GE3

= 1.54 ± 0.01 and rME GE3
= 0.65 ± 0.01,

suggesting that ME3GE reactivity is further reduced through
competitive catalyst complexation by THF. These results
demonstrate that copolymerization in THF is generally
feasible, though significantly higher amounts of activator are
required compared to weaker-coordinating solvents.
Surface Tension
Static and dynamic surface tension measurements were
conducted to assess both the equilibrium and time-dependent
interfacial behavior of the synthesized polymeric surfactants.
Static Surface Tension
The static surface tension was measured using the Wilhelmy
method on 0.1 wt % aqueous polymer solutions in
equilibrium.54 The results are listed in Table 2. As discussed
above, the relative amount of fluorinated monomer (PFC1GE
or PFC3GE, respectively) with respect to the total number of
repeat units per polymer was calculated from 1H NMR analysis
of the obtained polymer sample. Here, this number fraction xF
serves as a measure to assess (i) the environmental burden of a
given surfactant imparted by the amount of fluorine it contains,
and (ii) the predominant surfactant properties through its ratio
of amphiphobic and hydrophilic segments (analogously to the
HLB value introduced for nonfluorinated polymer-based
surfactants).55 A graphical representation of the static surface
tension γstat of the synthesized copolymer surfactants against xF
is given in Figure 4.

As a general trend throughout all copolymer series, it is
evident that the static surface tension decreases with increasing
fluorine content of the polymer. This is a commonly observed
phenomenon since larger hydrophobic segments within the
surfactant tend to promote its assembly at the air−water
interface through repulsive interactions with the aqueous
medium.56−58 Interestingly, Sharma et al. observed an
opposing trend on statistical copolymers featuring fluoro-
telomer and oligo(ethylene glycol) side chains and attributed
this to steric hindrance at the phase boundary.59 Meanwhile,
when comparing copolymers F1H3-1, F1H3-5 and F1H3-10 as
well as F1H2-3 and F1H2-7, each featuring a similar fluorine
content but varying molar masses, strikingly similar γstat values
were obtained. Therefore, we propose that within the low
molar mass regime targeted in this study, surfactant perform-
ance in equilibrium is predominantly dictated by molar
composition rather than average molar mass of the polymer.

When comparing the different copolymer series, it can be
observed that all statistical copolymers display a continuous
γstat decrease with increasing xF, eventually reaching a plateau
value. Of these, P(PFC3GE-co-ME3GE) copolymers displayed
the lowest surface tension of 20.35 mN/m (xF = 56%). In
contrast, P(PFC1GE-co-ME3GE) copolymers reached a plateau
at roughly 25 mN/m, indicating the shorter fluorinated side

chain of PFC1GE to be slightly less surface active than its
longer pendant. Note that no PFC1GE-based copolymers with
xF > 35% could be analyzed for their surface activity due to
reduced solubility in water, most likely caused by predom-
inantly hydrophobic character of the overall structure. To
account for the shorter polyfluorinated side chain of PFC1GE
compared to PFC3GE (featuring 6 vs 10 fluorine atoms,
respectively), γstat was also plotted against the weight fraction
of fluorinated monomer wF (Figure 4b). When comparing
P(PFC3GE-co-ME3GE) and P(PFC1GE-co-ME3GE) copoly-
mers in Figure 4b, it is evident that the former still display
superior surface activity, though differences are less pro-
nounced. For low weight fractions of wF ≤ 20%, γstat
progressions for copolymers based on PFC3GE and PFC1GE
initially follow a similar trajectory. Importantly, this suggests
that a loss in surface activity caused by shorter (i.e., more
environmentally benign) perfluorinated segments may, to a
certain degree, be compensated for by the addition of more
such segments to the polymer backbone.

In copolymers based on PFC1GE, hydrophilic comonomers
ME3GE as well as ME2GE were investigated to account for the
shorter terminal fluoroalkyl group of PFC1GE. However,
substituting ME3GE with ME2GE did not result in a significant
change in equilibrium surface activity.

Block copolymers mPEG-b-P(PFC3GE) display a sharp
decrease of surface tension with increasing PFC3GE content
(gray rectangles in Figure 4), reaching 21.51 mN m1 at xF =
19% (F3B-1). These results are competitive toward surface
tensions of P(PFC3GE-co-ME3GE) copolymers obtained at
significantly higher molar PFC3GE contents (xF = 56%, F3H3-
2) which might indicate a positive influence of the polymer
architecture on surface activity.43 Another possible explanation
stems from the fact that in the case of mPEG-b-P(PFC3GE),
relatively low DP of PFC3GE correspond to high wF due to the
low molar mass of EO repeat units (Figure 4b). For block
copolymers synthesized from mPEG13 with xF ≥ 24%,
decreased aqueous solubility was observed due to predom-
inantly hydrophobic character of the polymers.

In a broader perspective, the copolymers presented herein
show comparable surface activity to previously published
polymer-based fluorosurfactants.43,59,60 The copolymers with
highest surface activity further proved competitive toward the
legacy compounds perfluorooctanesulfonic acid (γstat ≥ 21.9
mN m−1)5 and sodium perfluorooctanoate (γstat ≥ 24.7 mN
m−1)5 as well as modern commercial fluorosurfactants such as
TIVIDA FL 2300 (Merck KGaA, γstat ≥ 21.1 mN m−1)61 and
3M FC-4430 (3M, γstat ≥ 23 mN m−1).62 On the other hand,
the copolymers did not achieve the surface activity of TIVIDA
FL 2500 (γstat ≥ 18.0 mN m−1)61 or FL 2700 (γstat ≥ 16.8 mN
m−1).63

Dynamic Surface Tension

The dynamic surface tension of a nonequilibrium system was
measured using the maximum bubble pressure method on 0.1
wt % aqueous solutions.64 When a new interface is formed,
surfactant molecules gradually migrate and adsorb at the
interface, resulting in a decrease in interfacial tension. This
relaxation process involves several mechanistic steps, including
diffusion, reorientation, and adsorption of surfactant mole-
cules, leading to a time-dependent approach toward equili-
brium.59,65 Unlike the static surface tension, which reflects the
overall efficacy of a given surfactant, dynamic measurements
provide insight into its ability to achieve rapid surface
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relaxation through fast equilibration kinetics.66 This is
especially important for applications featuring time-dependent
processes such as spray painting, high-speed coating and
printing, and inkjet applications.,38,67,68 Polymer-based fluo-
rosurfactants generally show slower equilibration than their
small-molecule counterparts due to more complex rearrange-
ment processes required at the phase boundary.38,59

Figure 5 shows the dynamic surface tension γdyn plotted
against the bubble lifetime for all copolymers where sufficient
solubility was observed (Table 2). When comparing the γdyn
profiles of the statistical copolymers (Figure 5a,c and d), it is
evident that PFC3GE-based copolymers generally exhibit
slower equilibration kinetics than copolymers synthesized
from PFC1GE. Hence, for all P(PFC3GE-co-ME3GE) copoly-
mers (Figure 5a), dynamic surface tensions measured after 60 s
are higher than their corresponding γstat values obtained from
the Wilhelmy method (see Table S1, Supporting Information).
This indicates incomplete equilibration within the investigated
time frame, which can be attributed to slower rearrangement
processes of the long PFC3GE side chains at the interface.59

This is especially evident in the case of F3H3-2, where an
initial induction period of ∼3 s is observed until the surface
tension starts to decline. We hypothesize this to be caused by
competing micellization processes in solution, promoted by the
exceptionally high fluorine content and resulting hydro-
phobicity of the copolymer (xF = 56%).

For mPEG-b-P(PFC3GE) copolymers, an almost linear
decrease of surface tension is observed (Figure 5b). Except
for F3B-1, which was synthesized from a low molar mass
precursor (mPEG13), all block copolymers possess markedly
slow equilibration kinetics. None of the samples reached their
corresponding equilibrium surface tensions within the
investigated time frame. We initially expected the block
polymer architecture to support dynamic surface activity by
enabling a faster reorientation process at the interface.43

However, these results suggest that a distinct spatial separation
of hydrophilic and amphiphobic segments within the polymer
architecture does not necessarily induce fast equilibration
kinetics. In the case of block copolymers F3B-4 to F3B-6, slow
equilibration might be caused by the long, coil-like hydrophilic
tails (mPEG50 and mPEG123, respectively), hindering fast
diffusion and conformational arrangement in solution.

For P(PFC1GE-co-ME3GE) copolymers, a markedly faster
reduction in surface tension was observed as compared to
P(PFC3GE-co-ME3GE) copolymers (Figure 5c). Dynamic
surface tensions measured after 60 s are in good agreement
with γstat results obtained previously. However, copolymers
F1H3-3, F1H3-7 and F1H3-8 did not reach full equilibration
within the investigated time frame, likely due to their lower
fluorine content (xF ≤ 16%) and consequently reduced
hydrophobicity. Replacing the hydrophilic comonomer
ME3GE by the shorter ME2GE (Figure 5d) led to lower γdyn
on short time scales, which can be attributed to faster
conformational rearrangements at the interface enabled by
short amphiphobic and hydrophilic side chains.

■ DEGRADATION STUDIES
For established fluorosurfactants based on perfluorinated
structural motifs, biodegradation is typically limited to the
nonfluorinated part of the molecule, leaving the fluorocarbon
chain essentially unaltered.69,70 This degradation pathway
significantly contributes to the ecological burden imparted by
all PFAS through the gradual buildup of perfluorinated
residues in the environment.10 Industrial PFAS disposal is
challenging and requires highly cost-intensive processes such as
incineration at >1000 °C or electrochemical oxidation due to
the exceptional stability of the C−F bond (vide supra).19,20

To verify the general degradability of the fluorinated
moieties presented herein, a simple experimental setup was
devised. In this, PFC1GE homopolymer was subjected to basic

Figure 5. Dynamic surface tension of a) P(PFC3GE-co-ME3GE), b) mPEG-b-P(PFC3GE), c) P(PFC1GE-co-ME3GE) and d) P(PFC1GE-co-
ME2GE) copolymers from 0.1 wt % aqueous solutions.
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conditions by adding diethylenetriamine or KOH at 120 °C
and conversion was monitored via 19F NMR spectroscopy
(Figure 6 as well as Figures S29 and S30, Supporting
Information). Depending on experimental conditions, degra-
dation to terminal CF3O− species or complete mineralization
was observed within few days. This proof-of-concept
exemplifies that PFC1GE- and PFC3GE-based copolymers
require significantly less energy-intensive decomposition
processes compared to legacy PFAS. In light of extensive
degradation studies previously conducted on structurally
similar compounds, the copolymers presented herein are
promising candidates for advanced degradation experiments
under environmentally relevant conditions. These will be the
focus of future studies.

■ CONCLUSION
A set of fluorinated epoxide monomers, PFC3GE and PFC1GE,
was developed by combining degradable polyfluorinated
moieties featuring the −O−CHF−CF2− motif with glycidyl
functionality for polyether synthesis. Using monomer-activated
anionic ring-opening polymerization (MAROP), surfactants
were prepared either through statistical copolymerization with
hydrophilic comonomers ME3GE or ME2GE, or by synthesiz-
ing block copolymers through chain extension of mPEG
macroinitiators. Both the overall fluorine content as well as the
polymer molar mass could be systematically varied simply by
adjusting the monomer feed. Kinetic investigations revealed
soft gradient polymer architectures for all statistical copoly-
mers.

Upon tensiometric analysis, surface activity was found to be
influenced significantly by polymer architecture and overall
fluorine content of the copolymers. Statistical copolymers
based on PFC3GE and PFC1GE reached equilibrium surface
tensions of 20 mN m−1 (xF = 56%) and 25 mN m−1 (xF =

33%), respectively. This renders the polymer-based fluoro-
surfactants competitive toward the legacy compound perfluor-
ooctanesulfonic acid (21.9 mN m−1) and sodium perfluor-
ooctanoate (24.7 mN m−1) as well as some modern
commercial fluorosurfactants. No significant influence of
polymer molar mass on the surface activity was observed.
Notably, it was found that a loss in surface activity imparted by
shorter (i.e., more environmentally benign) fluorinated side
chains may partially be offset by increasing the feed ratio of
fluorinated monomer. Dynamic surface tension measurements
revealed relatively slow equilibration kinetics, particularly for
PFC3GE-based copolymers, as is typically observed for
polymer-based surfactants due to more complex rearrangement
processes required at the phase boundary.

Degradability of the polyfluorinated side chains was
examined in a simple experimental setup under basic
conditions on PFC1GE homopolymer, and degradation to
terminal perfluorinated moiety or complete mineralization was
observed after few days. Previous studies on similar
compounds suggest that the surfactants presented herein are
also susceptible to breakdown under biologically relevant
conditions, reducing the environmental burden imparted by
these fluorosurfactants.

In a broader perspective, the results presented herein
highlight the potential of innovative strategies for the
development of more sustainable fluorosurfactants. Consider-
ing increasingly restrictive PFAS regulations, fluorosurfactants
with an improved degradation profile and comparable
performance might represent a valuable addition to the
product landscape. This is especially true for those
applications, where nonfluorinated alternatives do not yet
qualify as a suitable replacement for PFAS products, or where
there is an increased risk of leaching into the environment.

Figure 6. Degradation studies on P(PFC1GE) conducted under basic conditions in DMSO-d6 at 120 °C: a) 19F NMR spectrum of P(PFC1GE)
before degradation, b) 19F-NMR spectrum after degradation using diethylenetriamine (DETA) as base taken after 6 days, and c) 19F NMR
spectrum after degradation using potassium hydroxide as base taken after 5 days. Here, no signals corresponding to decomposition products are
observable due to precipitation of fluoride salt from the reaction medium. Negative signals at −75 ppm correspond to transmitter breakthrough
artifacts.
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These include aqueous fire-fighting foams (AFFF), (architec-
tural) paints and coatings and electronics.
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