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Abstract

The synthesis of defined triphilic terpolymers with hydrophilic, lyophilic and fluorophilic blocks is an
important challenge as basis for the development of multicompartment self-assembled structures with
potential for, e.g., cascade catalysis and multi-drug loading. The synthesis of fluorophilic poly(2-
oxazoline)s generally suffers from a very low reactivity of fluorinated 2-oxazoline monomers in cationic
ring-opening polymerization (CROP). We report a systematic study on overcoming the extremely low
reactivity of 2-perfluoroalkyl-2-oxazolines in CROP by the insertion of methyl and ethyl hydrocarbon
spacers between the 2-oxazoline ring and the trifluoromethyl group. The kinetic studies showed the gradual
increase of the rate of polymerization with increasing of the hydrocarbon spacer length. The monomer with
an ethyl spacer was found to have similar reactivity as 2-alkyl-2-oxazolines and allowed the synthesis of
defined triphilic triblock copolymers.

Poly(2-oxazoline)s are widely used in many medical and biological applications2. The cationic ring-
opening polymerization (CROP) of 2-substituted-2-oxazolines can proceed at certain conditions in a living
mode, which allows to synthesize defined polymers with very low dispersity. In combination with a variety
of commercially and synthetically available monomers, it makes 2-oxazolines very attractive candidates
for the design of amphiphilic polymer systems with controlled properties®4>. The majority of these systems
is amphiphilic AB block and ABA triblock copolymers. However, in recent years, the behavior of
hydrophilic-hydrophobic-fluorophilic ABC triblock copolymers has attracted significant attention as they
form more complex self-assembled structures than traditional AB copolymers due to mutual incompatibility
of all three blocks®’89, Such multicompartment self-assembled structures are highly interesting as for
developing cascade catalysis or multidrug drug delivery by encapsulation incompatible catalysts or drugs
into the separate compartments.
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The development of triphilic poly(2-oxazoline)s is severely hampered by the extremely low reactivity of
fluorinated 2-oxazolines in CROP, representing the main limitation and challenge for the synthesis of
aliphatic fluorophilic poly(2-oxazoline)s. Usually, the CROP of 2-alkyl-2-oxazolines proceeds via ionic
propagation centers1®, However, the presence of a strong electron-withdrawing perfluoroalkyl substituent
in the 2-position of the 2-oxazoline ring extremely decreases the reactivity of the monomer and facilitates
the transition of the active center into the less reactive covalent form!112, The synthesis of such
perfluoroalkyl poly(2-oxazoline)s with high degree of polymerization (more than 10 monomeric units) is
associated with significant experimental difficulties (e.g., high temperature and long reaction times) making
it practically impossible’s,

To overcome this limitation, there is a need for novel fluorinated 2-oxazolines with higher reactivity.
Recently, the polymerization of fluorinated 2-phenyl-2-oxazolines has been reported by Schubert et al.
allowing the preparation of triblock copolymers and formation of multicompartment micelles'415, A few
examples of fluorinated poly(2-oxazoline)s based on monomers with an ethyl spacer between the
fluorinated segment and the 2-oxazoline ring were also reported in works of Papadakis!® and Sogah!.18,
where it was postulated that this decouples the fluorinated segment from the 2-oxazoline ring without
providing Kinetic evidence.

Here we present a detailed systematic study on increasing the reactivity of fluorinated 2-oxazoline
monomers by insertion of hydrocarbon spacers. Therefore, new fluorine-containing 2-alkyl-2-oxazolines
were developed having methyl and ethyl spacers between the terminal CFs-group and the 2-oxazoline ring.
All fluorinated 2-oxazolines were synthesized by a standard method based on the synthesis of N-(beta-
haloethyl)amides followed by a ring-closing reaction to obtain the desired 2-oxazoline monomers.

2-Trifluoromethyl-2-oxazoline was synthesized on the basis of a literature procedure!®. According to this
method N-(2-bromoethyl)trifluoroacetamide was obtained from ethyltrifluoroacetate by reaction with 2-
bromoethylamine hydrobromide. The second step was ring-closure using sodium hydride as base yielding
2-trifluoromethyl-2-oxazoline (CF3OXx).
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Fig.1. Synthesis scheme for the fluorinated 2-oxazoline monomers

The synthesis of 2-(2,2,2-trifluoroethyl)-2-oxazoline (CFsMeOx, a) and 2-(3,3,3-trifluoropropyl)-2-
oxazoline (CF3EtOx, b) was started from the corresponding carboxylic acids that were converted to the
more reactive acid chloride. The amide formation was performed with 2-bromoethylamine in presence of
excess of triethylamine, directly yielding the ring-closed 2-oxazoline monomers.



The polymerization kinetics of the three monomers was studied at standard polymerization conditions,
being 140 °C in acetonitrile in a closed reaction vessel, at a monomer concentration of 1 M, with methyl p-
toluenesulfonate (MeTos) as initiator and a target degree of polymerization of 100%°. The conversion of the
monomer was determined by gas chromatography (GC), whereas molecular weights were analyzed by size
exclusion chromatography (SEC).

Under these conditions, CF3Ox revealed no noticeable conversion after 24 hours. Variation of temperature
(up to 180 °C when degradation occurs) and the use of another solvent/initiator system
(dichlorobenzenef/silver triflate (AgOTf) + MeTos) also gave no polymerization. This behavior can be
ascribed to the strong electron-withdrawing effect of the trifluoromethyl group on the reactivity of the
monomer and is in agreement with previous observations by Jordan and Papadakis for 2-perfluoroalkyl-2-
oxazolines!2.

The polymerization of CFsMeOx with a single methylene unit as spacer proceeds with acceptable rate and
full monomer conversion was achieved after 2.5 hours under standard conditions (Figure 2a). However, the
first order kinetic plot shows a continuous increase in slope indicative of slow initiation, i.e. during the
polymerization more and more chains are initiated leading to faster monomer conversion, which can be
ascribed to the low monomer nucleophilicity (Figure 2a). Due to this continuous initiation SEC revealed a
very broad molar mass distribution that was not resolved from the system peak obstructing accurate
integration (see supporting information Figure S1).
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Fig.2. Kinetic plots for the cationic ring-opening polymerization (a) of CF3O0x (blue), CFsMeOx (black),
CF3EtOx (red), and the SEC data for CF3EtOx (b). Rl — Refractive Index.

Finally, the CFsEtOx monomer with a double methylene spacer shows the linear first order kinetics, typical
for living CROP (Figure 2a). The SEC traces at various conversions show a narrow molar mass distribution
with dispersity (D) well below 1.2 (Figure 2b). The appearance of the double molar mass shoulder at higher
conversion is due to unavoidable chain transfer reactions that result in enamine end-capped polymers.
Towards the end of the reaction, these enamine functional polymers react with living polymer chains
inducing higher molar mass branched structures. This shoulder is resolved in the high resolution SEC
system, but does not strongly influence the . The polymerization rate constant (k;), calculated from the
slope of the first order kinetic plot, was found to be k, = 129*10-3 L*mol-1*s-1, which is very similar to non-
fluorinated 2-alkyl-2-oxazolines indicating that the electron-withdrawing effect of the CFs-group on the 2-



oxazoline ring is completely suppressed when introducing an ethyl spacer2t. From these kinetic studies it
can be concluded that only the CFsEtOx is applicable for the synthesis of block copolymers.

Next, we continued the preparation of a series of amphiphilic block copolymers by CROP with sequential
monomer addition. More specifically, diblock copolymers were prepared by first polymerizing MeOx up
to >98% conversion followed by addition of CF3EtOx while triblock copolymers of MeOx, CF3EtOx and
2-octyl-2-oxazoline (OctOx, chosen as hydrophobic comonomer immiscible with CF3EtOx) were prepared
by first polymerizing MeOx up to >98% conversion, followed by polymerization of the second monomer
up to >98% conversion followed by addition of the third monomer and polymerization up to >98%
conversion. All polymerizations were terminated by the addition of 1 M KOH in methanol to the
polymerization mixture. The structural details and characterization data of the synthesized diblock and
triblock copolymers are summarized in Table 1 demonstrating that well defined polymers were obtained
with B < 1.4. Importantly, TB2 and TB3 have similar B indicating that the order of addition of monomers
does not make a difference, as anticipated based on their similar Kp.

Table 1. Characteristics of the synthesized block copolymers

Composition (NMR) I\:/TA(?_EC): MMWA(\IS_ES? DM( ASLE; MOQ&”I\’:;;""“O
g/mol g/mol

DBL1 MeOxas-CFsEtOX17 6000 7200 1.20 221
DB2 MeOxa7-CFsEtOXa7 8500 11000 1.30 17:1
DB3 MeOxas-CFsEtOxas 7500 10300 1.37 14:1
DB4 MeOXxas-CFsEtOxas 6100 8100 1.33 0.9:1
TB1 | MeOxzs-OctOxe-CFsEtOX12 6300 8000 1.27 23:0.7:1
TB2 | MeOxus-OctOx11-CFsEtOxzs | 9000 11800 131 3:07:1
TB3 | OctOx12-MeOxsp-CFsEtOxss | 9700 13500 1.39 2.8:1:0.65

In final part of this work, a preliminary evaluation of the self-assembly potential of the synthesized partially
fluorinated block copolymers in water was performed. It was proven by dynamic light scattering (DLS)
that all polymers can be molecularly dissolved in a number of common organic solvents, including
methanol, ethanol and chloroform. The aqueous solutions of block copolymers were prepared by using a
solvent exchange method from methanol to water by dialysis. A DLS study of the obtained aqueous
solutions of the MeOx-CF3EtOx diblock copolymers revealed the presence of particles with hydrodynamic
diameters in the range of 17-25 nm; attributed to micelles (see supporting information Figure S2). The size
of the aggregates resulting from the triblock copolymer is larger, up to 30-50 nm, and the appearence of a
certain fraction of larger aggregates with a hydrodynamic diameter in the range of 150-300 nm was
observed (see supporting information Figure S3). In addition, the middle position of the hydrophilic block
in the TB3 triblock caused the formation of larger aggregates compared to the same composition TB2



triblock with terminal hydrophilic block (see supporting information Figure S3). On the cryo-TEM image
of triblock TB1 (1 wt. %) (Figure 3), spherical aggregates with a mean diameter of 15 nm are observed
representing the hydrophobic core of polymer micelles. A small population of large spherical objects was
also found in the cryo-TEM image , which could correspond to the larger particles observed by DLS.

Fig. 3. Cryo-TEM image micelles of triblock TB1. The scale bar equals 100 nm.

To conclude, a systematic study on the insertion of a spacer between the fluorinated fragment and the 2-
oxazoline ring was reported revealing its effect on the monomer reactivity in CROP. Two new fluorinated
2-oxazoline monomers, namely CFsMeOx and CF3EtOx, were synthesized and characterized. The kinetic
study showed a gradual increase of monomer reactivity in CROP with insertion of methylene spacers
between the trifluoromethyl group and the 2-oxazoline ring. Insertion of two methylene groups allows



complete suppression of the electron-withdrawing effect of the trifluoromethyl group, yielding similar
reactivity as non-fluorinated 2-alkyl-2-oxazolines. Subsequently, a set of di- and triblock copolymers with
MeOx as hydrophilic block and a CFzEtOx based fluorophilic block with polydispersity in the range of 1.2-
1.4 was synthesized. The self-assembly potential of the synthesized block copolymers in aqueous solution
was demonstrated by DLS. Cryo-TEM revealed the presence of micelles in aqueous solution based on the
triphilic triblock copolymers. Future work will focus on more in-depth studies on the self-assembly
behaviour of amphiphilic diblock and triblock copolymers based on CF3EtOx.
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Abstract

The synthesis of fluorophilic poly(2-oxazoline)s generally suffers from a very low reactivity of fluorinated
2-oxazoline monomers in cationic ring-opening polymerization (CROP). We report a systematic study on
overcoming the extremely low reactivity of 2-perfluoroalkyl-2-oxazolines in CROP by the insertion of
methyl and ethyl hydrocarbon spacers between the 2-oxazoline ring and the trifluoromethyl group. The
kinetic studies showed the gradual increase of the rate of polymerization with increasing of the hydrocarbon
spacer length. The monomer with an ethyl spacer was found to have similar reactivity as 2-alkyl-2-
oxazolines and allowed the synthesis of defined triphilic triblock copolymers.
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