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One-pot synthesis of amphiphilic multiblock
poly(2-oxazoline)s via para-fluoro-thiol click
reactionst

Tieshuai Zhao, Ben Drain, &2 Gokhan Yilmaz and C. Remzi Becer (2 *

A clickable initiator, pentafluoro benzyl bromide, has been investigated for the cationic ring opening
polymerization of poly(2-oxazolines). Additionally, the clickable alpha end group was then utilized in a
para-fluoro-thiol click reaction to synthesise linear diblock, tetrablock, multiblock copolymers as well as
star shaped poly(2-oxazoline)s using dithiol compounds as terminating agents. Thus, a one-pot approach
combining the para-fluoro-thiol click reaction and direct termination of the poly(2-oxazoline) living chain
end with 4,4-thiobisbenzenethiol has been performed to prepare multiblock copolymers of poly(2-ethyl-
2-oxazoline) (PEtOx) and poly((2-ethyl-2-oxazoline)-b-(2-methyl-2-oxazoline) (PEtOx-mb-PMeOx). All
obtained polymers were characterized by Size Exclusion Chromatography (SEC), *H Nuclear Magnetic
Resonance (NMR) and Matrix-Assisted Laser Desorption/lonization-Time of Flight (MALDI-ToF) mass
spectrometry. Last but not least, the self-assembly properties of prepared amphiphilic polymers were
studied with DLS and TEM. Nanoparticles with a diameter ranging from 184 nm to 250 nm were observed

rsc.li/polymers

Introduction

Poly(2-oxazoline)s(POx) have attracted great attention as they
possess various properties including biocompatibility,'®
thermal responsive ability,” > tunable hydrophilicity”** and
adjustable cytotoxicity”'*'* that are useful for biomedical and
industrial applications such as adhesives'® and lubricants.'®
Synthesis of poly(2-oxazoline)s with well-defined chain length,
and end groups has been achieved through a living cationic
ring-opening polymerization (CROP) process that can be
initiated by various commercially available initiators such as
tosylates, triflates, acid halides, and benzyl halides.'” Thus,
the living chain ends have been further utilized in chain exten-
sion reactions to obtain block copolymers'®'*'®' or alterna-
tively have been functionalized to introduce functional groups
for post-polymerization modification (PPM) reactions.”® >*
Owing to the biocompatibility of POx, synthesis of poly(2-
oxazoline) based block copolymers with amphiphilic struc-
tures to form polymeric micelles or nanoparticles have been
on the focus of many research groups.>**® Preparation of
diblock, triblock and tetrablock POx and subsequent manufac-
turing of micelles and nanoparticles have been already

Department of Chemistry, University of Warwick, CV4 7AL Coventry, UK.
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tElectronic supplementary information (ESI) available: Further SEC, NMR and
MALDI-ToF MS analysis of polymers can be found in the ESI. See DOI: 10.1039/
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in TEM for PEtOx-mb-PMeOx copolymers.

reported.'”'>"*182931 There are two main methods for the syn-

thesis of 2-oxazoline based block copolymers. These methods are
sequential addition of monomers to the polymerization mixture
after complete consumption of the previous monomer, and the
coupling of end-functionalized polymers'' (Scheme 1A). The
former method (aka sequential addition method) was the most
widely employed one since one-pot process is more convenient to
obtain multiblock polymers.*> However, the chain length of
block polymers synthesized via this method is relatively limited
due to decreased chain end fidelity and the steric hinderance of
the living chain end at high molar mass."” The later method (aka
polymer-polymer coupling method) allow combination of more
diverse backbone functionalities into POx block copolymer
structures®* (Scheme 1B). For instance, POx polymers were syn-
thesized and end-capped with functional groups (ie. sodium
azide, amines, thiols, and carboxylic acids) for subsequent coup-
ling with mainly vinyl polymers.*>™’ However, the overall
efficiency of the subsequent polymer-polymer coupling reaction
is limited by nature of the reactivity of the chemical groups and
the steric hinderance caused by the folding of the polymer chain
that can significantly limit the accessibility of functional groups
on the a- and w-terminal of POxs.

Click reactions are known to be highly efficient reactions
that require mild conditions to give high yields.***° These pro-
perties make click reactions good candidates for step-growth
polymerization and polymer-polymer conjugation reactions.
For example, copper(1) catalyzed azide-alkyne cycloaddition
(CuAAc) click reaction has been utilized in the modification and

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthetic approaches to prepare poly(2-oxazoline) based block copolymers.

synthesis of block copolymers and dendrimers of POxs.'"*%*!

The clickable azide or alkyne groups are introduced through the
use of a functional initiator*”> or by termination®® of the living
cationic chain end to prepare functionalized POx chains and
subsequently reacted with other polymers to prepare linear
diblock,"*®** linear triblock,"® and star shaped polymers.*>
the undesired strong interaction between amide
groups on POx backbone and Cu catalyst creates a real challenge
in the purification of the final product.*®

Utilizing metal-free click reactions such as thiol-ene reac-
tion*® and Cu-free strain-promoted azide-alkyne cycloaddition
(SPAAC) click reactions®” to synthesize block copolymers have
also been reported. Besides, studies on o- and o-terminal func-
tionalized POxs usually led to synthesis of diblock copolymer or
triblock copolymer due to low coupling efficiency of POxs,"”**
while the selected polymer—polymer coupling reaction utilized
in reports was mainly CuAAc click reaction'®'® with some
studies employed thiol-based click reactions to prepare star,
grafted and block copolymer of POxs.”*° The use of para-
fluoro-thiol click reaction to prepare POx block copolymers was
not reported. Additionally, research on the synthesis of multi-
block POxs using a difunctionalized POx precursor via a step
growth approach remains absent (Scheme 1C).

Herein, we introduce the use of pentafluoro benzyl bromide
(PFBB) as a functional initiator for the CROP of poly(2-ethyl-2-

However,

This journal is © The Royal Society of Chemistry 2021

oxazoline) (PEtOx). Clickable functionality allows the prepa-
ration of linear diblock, star shaped and multiblock poly(2-
oxazolines). Utilizing commercially available dithiol and multi-
thiol compounds, linear diblock and star shaped polymers of
PEtOx were synthesized via para-fluoro-thiol click reaction
(PFTR) approach. The block copolymer consists of 2-ethyl-2-
oxazoline and 2-methyl-2-oxazoline (MeOx) was also prepared
using PFBB as an initiator, and this resulted in a tetrablock
copolymer of P(EtOx-b-MeOx) with a dithiol compound in
between the blocks. Furthermore, a combination of the PFTR
and direct termination of the cationic chain end of PEtOx or
P(EtOx-b-MeOx) with dithiol as the nucleophile gives rise to a
multiblock poly(2-oxazoline)s within 10 minutes in a one-pot
reaction. The synthesized diblock and multiblock poly(2-oxazo-
line)s have presented amphiphilic structures and therefore the
self-assembly properties of these polymers were investigated
using transmission electron microscopy (TEM).

Results and discussion
Kinetics investigation of PFBB initiated CROP of EtOx

Kinetics investigation of the CROP of 2-ethyl-2-oxazoline (EtOx)
using PFBB as an initiator was performed to establish the
feasibility of using PFBB as a clickable initiator as well as to

Polym. Chem., 2021, 12, 6392-6403 | 6393
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understand the polymerization kinetics. Initial reaction con-
ditions were used a [EtOX]:[PFBB] ratio of 60:1, giving a
theoretical degree of polymerization (DP) of 60. The polymeriz-
ation was performed in a microwave reactor at 140 °C, at a
monomer concentration of 4.0 M, and using dry acetonitrile
(MeCN) as the solvent. These conditions were widely employed
in other kinetic investigations for the CROP of 2-oxazolines
with other commercially available initiators such as methyl
tosylate,”! benzyl bromide,’* and acyl halides.>® This allowed a
direct comparison of the results including rate constant of
polymerization to previously reported values. A stock solution
of EtOx and PFBB in dry MeCN at 4.0 M concentration was pre-
pared and equal amounts of stock solution were distributed
into a series of 2-5 mL microwave vials under inert and anhy-
drous conditions. These vials were then transferred to the
microwave reactor, heated to 140 °C, and quenched with a
sodium hydroxide/methanol solution at predetermined time
points. "H NMR and SEC analysis were conducted to deter-
mine the monomer conversion, the molar mass of obtained
polymers at different time points as well as the polymerization
rate constant (Fig. 1). Monomer conversion was calculated
based on integration of EtOx peaks in the 'H NMR (ESI,
Fig. S17). "H NMR spectrum collected at each time point are
shown in Fig. S1.1 'H NMR results show the shift and split of
the peak for the methylene group of pentafluoro benzyl
bromide and the consumption of EtOx.

The plot of In([M]y/[M];) versus time depicted in Fig. 1A
show a pseudo-linear relationship indicating that the concen-
tration of active and propagating chains is constant through-

E F
F o /( 1) MeCN, 4M, 140 °C F N/\+°“
+ 0"°N 7 2)NaOH/MeOH P
F F / ) F £ ©
i PP
3.
A B
25
. =l
AZO §
g e
= 10 - 5 it
0s 204
o [

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Reaction Time (mins) Reaction Time (mins)

00 10— 2mins m
Cc J——4 mins D \
5000 —— 5 mins f
%‘ 08+—— 8 mins
& g 10 mins|
4000 k4 12 mins|
= 08
o z
$ao0 3
= 3 o¢
2000 - 122 Zo
120 Lot
.
1000 . 1180
. . 116 00
o e
o 1.14 3 4 5 6 7 8 9 10

Conversion (%) Retention Time (mins)

Fig. 1 Kinetics investigation of PFBB initiated CROP of EtOx. (A) Ln
([MIo/[MI]¢) versus reaction time plot, (B) Monomer conversion versus
reaction time plot, (C) M, sgc versus monomer conversion and D versus
monomer conversion plot, and (D) SEC monitored hydrodynamic
volume change through the kinetics investigation.
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out the polymerization. However, closer inspection of data
points suggesting a slightly sigmoidal shape, which indicates
the slight existence of possible slow initiation and termination.
Nevertheless, the semi-logarithmic kinetic plot together with
the SEC results demonstrates the living character of the
polymer chains under these reaction conditions. In addition to
this, the reaction time vs. conversion plot in Fig. 1B showing
the linear dependence at low conversion, and the M, ggc vs. con-
version plot depicted in Fig. 1C shows a linear dependence
further confirming a living, controlled chain growth polymeriz-
ation and absence of termination or chain transfer reactions.
Dispersity values were below 1.20 throughout the kinetics inves-
tigation, indicating the polymerization has proceeded in a con-
trolled fashion. The decreasing trend of dispersity values with
increasing molecular weight also fits the theoretical trend for
living polymerization.>® The linear trends in both Fig. 1A and
1C are in good agreement with experimental data with R* values
over 0.99 were obtained. The retention time change in Fig. 1D
together with the M, sgc values indicated the growing character
of the polymer chain, while the experimental M,, sgc value has
stayed lower than the theoretical value. For example, at ¢t =
12 min where the monomer conversion was around 93%, the
M, theo Value was 5700 Da, while the measured M,, sgc was only
5000 Da. This slight difference may be due to the PMMA cali-
bration standards or due to effect of pentafluoro benzyl initiat-
ing group on overall hydrodynamic volume of the polymer.

The apparent propagation rate of polymerization (k,pp) was
determined based on the first order kinetics following (ESI,
eqn (S2)f). While based on the assumption of concentration of
initiator and living propagating chain ends are equal and
given concentration of initiator at ¢, is ([T]o), kapp Was calculated
as 3.38 x 107 L (mol s7"). This kinetic study has shown that
PFBB is an excellent initiator for CROP of EtOx, although the
reaction rate is rather slow compared to benzyl bromide,
which was reported by Schubert et al. as 1.14 x 10~" L (mol
s™) at 160 °C.”" As the counter ion in each initiating system
remains the same, possible reason for a moderate polymeriz-
ation rate could be the pentafluoro benzyl group is more elec-
tron withdrawing and sterically large than a benzyl group,
which makes the cationic species generated in initiation and
propagation more energetically unfavorable.

Before exploitation of the clickable pentafluoro benzyl
group on PEtOx, further investigation on the chain end nature
of obtained polymers was necessary. PEtOx with a lower DP
was prepared in order to ease the characterization with
MALDI-ToF MS and to allow more accurate 'H NMR inte-
gration analysis to calculate the initiator efficiency. PEtOx with
DP 10 was synthesized using PFBB as the initiator and the
polymerization was terminated with sodium hydroxide in
methanol to provide hydroxyl end groups. The obtained
PFB-PEtOx, which has a pentafluoro benzyl (PFB) group at the
a-end of polymer, was purified and characterized with SEC, "H
NMR and MALDI-ToF MS (Fig. 2). The SEC results, M, sgc =
1200 Da, in Fig. 2A show a good agreement with theoretical
molar mass of DP 10 PEtOx with a PFBB initiator, which is
1172.3 Da. In the MALDI-ToF spectrum shown in Fig. 2B, a

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (A) SEC measurement in THF as an eluent, (B) MALDI-ToF MS,
and (C) *H NMR analysis of PFB-PEtOx,o The SEC trace and the distri-
bution shown in MALDI-ToF indicates a DP10 polymer. In the *H NMR,
corresponding peaks were labelled, and part of the backbone hydrogens
(f) shifted to lower field at around 4.5 ppm from c+d at 3.45 ppm due to
initiating group effect.

major distribution that fits to the theoretical molar mass value
of PEtOx with pentafluoro benzyl and hydroxyl end groups was
observed. For instance, the observed peak at 1113.9 Da was
close to the theoretical calculations of the sodium salt of
PEtOx with 9 repeat units and possessing -OH and PFB end
groups. Similarly, the peak at 1213.7 Da was close to the same
structure with 10 repeat units and the distance between the
peaks was 99 Da, which is equal to the molar mass of EtOx. It
should be noted that in the '"H NMR analysis the total inte-
gration ratio of peaks was 9.2. This corresponds to 90 protons
of ethyl groups and 2 protons of methylene group from the
initiator, which is in good agreement with a degree of polymer-
ization of 10. However, the integration ratio of peaks from 4.2
to 4.7 ppm to the side chain methyl group (peak a, Fig. 2C)
does not fit the theoretical ratio of 1:15. That is because of
the two backbone hydrogens closest to the a-end of polymer
has split from the main peak c in Fig. 2C and move towards
larger chemical shift (peak f Fig. 2C). Peaks from 4.2 to
4.7 ppm include peak e from the initiator methylene group
and peak f from the closest backbone methylene group.

Synthesis of extended linear and star shaped polymers via
PFTR click reaction

As reported in our earlier work, PFTR click reaction can be uti-
lized in preparation of step growth polymers with PFBB and
dithiol compounds.> Thus, it is natural to investigate the
possibility of using this highly efficient coupling strategy to
synthesize extended linear, tetra-block and star shaped poly-
mers of EtOx and MeOx utilizing various dithiol and multi-
thiol compounds.

This journal is © The Royal Society of Chemistry 2021
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Table 1 List of polymers, their architectures and molar mass data

M sec

No  Polymer name Architecture (Da) b

P1  P(EtOX)y, Linear 1200  1.12
P2 P(EtOx;,)-A*-P(EtOx,) Extended linear 2200 1.21
P3  P(EtOx;0)-B*-P(EtOxy) Extended linear 2300 1.23
P4 P(EtOx;,)-C*-P(EtOxy() Extended linear 2100 1.20
P5  D*-P(EtOx,); 3-Arm star 2900  1.41
P6  E*-P(EtOxy0)s 4-Arm star 3200 1.60
P7  P[(EtOx)s-b-(MeOxs)] Sequential diblock 1100 1.21
P8 P7-A-P7 Tetrablock 2000 1.24
P9  A-P(EtOx)-A Extended multiblock 8300 2.64
P10 A-P[(EtOx)-mb-(MeOx)]-A  Multiblock 4100 1.32

*A: 4,4- Thiobisbenzenethiol; B: 2,2' (ethylenedioxy)diethanethiol; C:
1,2-ethanedithiol; D: trimethylolpropane tris(3-mercaptopropionate);
E: pentaerythritol tetrakis(3-mercaptopropionate).

Initially, homopolymer P(EtOx);, was synthesized as the
polymeric precursor P1 (Table 1). Three different dithiol com-
pounds (A, B, and C), a tri-thiol compound (D) and a tetra-
thiol compound (E) have been investigated for the synthesis of
extended linear (P2-P4) and star shaped polymers of PEtOx;,
(P5-P6). A DMF solvent system with TEA as a base was
employed, as PFTR click reactions favor aprotic polar solvents
and requires a non-nucleophilic base to mediate the nucleo-
philic  attack  process.>**®*  The mole ratio of
[dithiol]: [PEtOx]:[Base] was selected as 1:2:2, where the
mole ratio of PEtOx was calculated based on the mole amount
of pentafluoro benzyl initiating group, with the concentration
of dithiol A in DMF set at 1.0 M for solubility. Additionally,
0.5 mol% DMPP was added to prevent the formation of dithiol
bridges. The coupling reaction was performed using a one-pot
approach including the synthesis of corresponding P(EtOx) or
P(EtOx-b-MeOx) precursors, which allows more precise
measurement of initiator mole amount. The details of the one-
pot synthesis procedure can be found in ESI.T PFTR click reac-
tions were performed at room temperature as it has been
proved efficient and convenient in our previous work.”> A
mixture of TEA, selected dithiol compound, and DMPP in
DMF was added to the reaction mixture of PEtOx to start the
click reaction. Samples were taken at different time points and
SEC was employed to monitor the hydrodynamic volume
change of samples. Obtained SEC results were collected in
Fig. 3A-F and corresponding average molecular weights and
dispersity values of obtained polymers were listed in Table 1.
It was observed that for dithiol A and C in 2 hours the hydro-
dynamic volume of the polymer increased significantly, indi-
cating the formation of diblock polymers. However, for dithiol
B (Fig. 3B) only a small increase of hydrodynamic volume was
observed after two hours. That might be the consequence of
low nucleophilicity of the dithiol B, caused by the electronega-
tive oxygen atom on the backbone, leading to a slow coupling
reaction. Nevertheless, for dithiol B the increase of hydrodyn-
amic volume was significant after 24 hours with no further
increase seen after 48 hours, while the overlapped SEC trace
suggesting significant amount of remaining unreacted P1.

Polym. Chem., 2021,12, 6392-6403 | 6395
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Fig. 3 Top: Reaction schemes for the synthesis of extended linear, star shaped, and tetrablock copolymers. Bottom SEC traces and advanced SEC
analysis of extended linear, start shaped and tetrablock poly(2-oxazoline)s. (A—F) Corresponding SEC traces of PFTR coupling reaction of P1, P7 with
Thiols (A—E). (G-1) Viscosity analysis of 3-arm and 4-arm star polymers P5 and P6, respectively. (G) Mark—Houwink plot for the 3 arm (P5 in red) and
4 arm (P6 in blue) star polymers formed via the PTFR click reaction. A reference PEtOx polymer P1 is shown in black for comparison. (H)
Functionality plot for both 3-arm and 4-arm star polymers showing how the number of arms varies with molar mass. Average number of arms was
calculated for 3-arm and 4-arm star polymers, which are 2.2 and 2.3, respectively. (I) Overlapped Mark—Houwink plot and functionality plot of
3-arm star polymers showing the correspondence of decreased viscosity and increased number of arms.

This suggests that the reactions proceed albeit at a slower rate
than dithiol A and the coupling efficiency might not be high.
For dithiol C, a significant increase in hydrodynamic volume
was observed after 2 hours but the overlay of SEC traces with
P1 suggests the coupling reaction was not complete (Fig. 3C).
The complete shift of SEC trace was observed after 24 hours

without any leftover homopolymers present.

6396 | Polym. Chem., 2021, 12, 6392-6403

3-Arm star polymer formation with thiol D (Fig. 3D) shows
a small change in hydrodynamic volume after 2 hours, while a
significant shift of the polymer peak was observed after
24 hours with a distorted curve shape that has a low molecular
weight contribution. This indicates the presence polymer
chains without a pentafluoro benzyl initiating group, or the tri-

functional core did not fully react with pentafluoro benzyl

This journal is © The Royal Society of Chemistry 2021
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groups and thus generated 2-arm linear polymers. In the case
of 4-arm star polymer formation with thiol E (Fig. 3E) signifi-
cant increase of hydrodynamic volume was observed with after
24 hours with a tail present at high molecular weight. This
might be the consequence of star-star coupling.

Preparation of block copolymers of EtOx and MeOx, PEtOx-
b-MeOx, was also performed using PFBB as the initiator. The
synthesis of block copolymers was monitored by 'H NMR and
SEC. Collected results were shown in ESI, Fig. S2.1 This serves
as the proof of concept of block copolymer synthesis of poly(2-
oxazoline)s using PFBB as the initiator and adds potential for
easy tetra block copolymer synthesis, which was then investi-
gated, and corresponding SEC results were shown in Fig. 3F. A
significant shift of polymer peaks indicating the coupling reac-
tion was happening and generated tetrablock polymers,
although the low molecular weight tailing in the SEC trace of
P8 suggesting the existence of unreacted diblock polymers. 'H
NMR and MALDI-ToF characterization results of the coupling
reaction of PFB-PEtOx with dithiol A is displayed in the ESI
(Fig. S31). Analysis of the results for the coupling reaction of
PFB-PEtOx with dithiol A has shown that the coupling reaction
has a good efficiency as the major distribution in the
MALDI-ToF MS that was close to the calculated theoretical
molecular weight of the extended linear polymer (P2).
Additionally, aromatic protons of dithiol C have been observed
in the "H NMR and this along with the significant change in
hydrodynamic volume in the SEC chromatogram support the
creation of an extended linear polymer. The existence of other
desired extended linear polymers (P3 and P4) was proved by
MALDI-ToF characterization and is shown in Fig. S4 and S5,}
respectively. Unfortunately, it was not possible to obtain a
MALDI-ToF MS analysis of the tetrablock polymer P8 P(EtOxs-
MeOxs),-A; however, it was fully analyzed by 'H NMR (Fig. S67).
It was noticeable that, although the SEC and 'H NMR results
indicate the success of coupling reactions, MALDI-ToF analysis
of P2 and P4 show significantly deviated results with a differ-
ence between theoretical and experimental value of 3 to 7 Da.
This indicates the current MALDI-ToF system, using dithranol
or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) as a matrix, sodium trifluoro acetate as a
salt, and PMMA calibration standard, might not be the
optimum system for analyzing these two polymers.

As the MALDI-ToF analysis of P5 and P6 did not provide a
spectrum with acceptable signal-to-noise ratio, advanced SEC
was employed to analyze obtained star polymers. Further ana-
lysis to study the degree of branching and number of arms of
the obtained star polymers was performed using advanced
SEC equipped with an RI and viscosity detectors. SEC viscosity
analysis data for P5 and P6 are shown in Fig. 3G-1. Fig. 3G
shows Mark-Houwink plot for both star polymers together
with the linear reference polymer. Prior to any calculations for
the number of arms is undertaken it is critical to qualitatively
analyze the plots. This is because to obtain numerical values
from intrinsic viscosity data an assumptive value for the struc-
tural factor, ¢, is required. Firstly, if we consider the star
polymer is prepared from a trifunctional core then the

This journal is © The Royal Society of Chemistry 2021
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maximum number of arms would be 3 and that only a 1-arm,
2-arm or 3-arm structures are possible. Therefore, it can be
assumed that the minima of viscosity represents 3-arm poly-
mers because a 1-arm and 2-arm appear equivalent to a linear
reference in a Mark-Houwink plot. However, there are data
points between the reference and the minima which is due to
co-elution. Here, co-elution is likely because the arms only
have a theoretical molecular weight of 1000 Da whereas a
3-arm star has a theoretical molecular weight of 3000 Da
meaning their hydrodynamic sizes are not significantly
different. Thus, leftover arms, 1-arm and 2-arm polymers will
co-elute with the star polymer and will lead to intrinsic vis-
cosity (iv) values that are a weighted average of the species
eluting. As will be shown later this leads to species that appear
to have arms between 1-3 but this in reality is a mixture. In
the same way we can qualitatively interpret the 4-arm star
shaped polymer prepared from a tetrafunctional thiol core.
The minima is slightly lower than that of the 3 arm star
although this is not significant enough to suggest the for-
mation of a 4 arm star polymer. However, given that it has a
lower IV values than that of the 3 arm it is possible to infer
that there is some degree of 4 arm species but that the pres-
ence of a 3 arm species increases the viscosity as a result of co-
elution.

The number of arms, f, are estimated using the viscosity
data and assuming a structural factor of 0.75.°° With the
assumption of a polydisperse system the arms were calculated
and are shown in Fig. 3H. In keeping with the assessment pre-
viously provided the 3-arm star was found to have an average
of 2.2 arms with a maximum of 3 arms. The 4-arm star was
found to have an average of 2.3 arms and with a maximum of
approximately 3.3 arms. As previously discussed, this implies
that some 4 arm species is present to enable an average of 3.3.
In Fig. 31, the functionality plot and the Mark-Houwink plot
of the 3-arm star was overlapped as an example to show the
agreement between the viscosity and the number of arms,
where the lowest viscosity point matches the highest number
of arms. Overall, neither of the stars have a constant number
of arms and the results show significant co-elution. It is worth
noting that the results rely heavily on the structural factor
being 0.75 which can vary,**®" as the structural factor ¢ would
determine the relationship between radius of gyration contrac-
tion factor g and intrinsic viscosity contraction factor g’. Small
deviations of this factor cause significant changes to the
number of arms. In P. Guégan et al., whereby they used a star-
shaped initiator they used a method whereby the theoretical
number of arms was considered in order to estimate a more
accurate value for e.°" Considering the 3 arm polymer case
where it is known that a maximum of 3 arms are possible the
assumptive value for ¢ seems valid given that this is what the
calculation and model used provided as an output.

Synthesis of multiblock PEtOx via PFTR and direct
termination

The mechanism of PFTR click reaction has been discussed in
several publications.”®®*®® The nucleophilic attack of thiolate
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ions to the para-fluorine has been reported as an important
step in this para-fluoro-thiol click reaction (PFTR). The termin-
ation step in the synthesis of polyoxazoline involves the use of
a nucleophile to attack the oxazolinium ion to end-cap the pro-
pagating chain. This stops the chain growth and installs func-
tional groups on omega chain end. Various nucleophiles
including amines, alcohols and thiolate salts have been
reported to be utilized in the end-functionalization of polyoxa-
zolines.® Both termination reaction of living chain ends and
PFTR are highly efficient reactions. They require a nucleophilic
attack and by polymerizing a 2-oxazoline with PFBB as the
initiator, the living propagating chain could be treated as a A-

View Article Online
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B functionalized macromonomer. Thus, using a dithiol as a
bi-nucleophile to simultaneously terminate living chain ends
and take part in PFTCR could result in the preparation of mul-
tiblock oxazoline polymers in one-pot. It should also be noted
that by using sequential addition of monomers to synthesis
poly(2-oxazoline) block polymers, it is also possible to easily
synthesize multiblock poly(2-oxazoline)s (Fig. 4).

In order to investigate the combination of cationic chain
end termination with a thiol and performing para-fluoro thiol
click reaction simultaneously, dithiol A was selected owing to
relatively faster reaction kinetics of aromatic thiols. PEtOx with
[monomer] to [initiator] molar ratio of 10 to 1 was synthesized
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under microwave heating using PFBB as the initiator. The
same reaction conditions were used as discussed in the kinetic
study section. After 6 minutes of polymerization the reactor
was cooled down to 40 °C with compress air. Then a vacuum
dried and nitrogen degassed solution of dithiol A together
with dry TEA and DMPP in dry DMF was added into the
polymerization reaction. The molar ratio of reactants and base
were kept at [Dithiol A]:[Initiator]:[TEA]: [ DMPP] =
100:100:205:1.5. The reaction mixture was then heated for
another 3 minutes at 70 °C. The obtained polymer (P9) was
analyzed with "H NMR, SEC and MALDI-ToF MS. A significant
increase of hydrodynamic volume and average molecular
weight distribution were observed (Fig. 4A), indicating the for-
mation of a multiblock PEtOx. Longer microwave heating did
not lead to an increase in hydrodynamic volume, indicating
that this was the full extent of reaction. The polymer was puri-
fied by precipitation in cold diethyl ether, filtration and drying
in the vacuum oven. '"H NMR analysis was carried out, which
showed the presence of aromatic peaks indicative of the
dithiol in the polymer backbone (Fig. 4D). MALDI-TOF MS
spectra for the multiblock polymer (Fig. 4B) mainly shows
peaks of low molecular weight, this is likely due to multiple
aromatic and fluorinated aromatic rings making ionization of
the polymer more difficult, and polymers with higher molar
mass are known to be more difficult to ionize.®®
Nevertheless, observed values prove that the direct termination
and the PFTR click reaction are both happening and resulting
in polymer growth (Fig. 4B and C). For example, as shown in
Fig. 4B the mass of peak observed at 1623.9 Da fits to the
sodium salt of a diblock polymer with two pentafluoro benzyl
end groups that are connected via the termination with dithiol
A and have 10 EtOx repeating units in total. Additionally, the
peak observed at 2926.7 Da fits to the value of the sodium salt
of the polymer at 1623.9 Da having one aromatic dithiol
reacted with one pentafluoro benzyl group, and the aromatic
dithiol end-caps another PEtOx chain with 9 repeating units
and a pentafluoro benzyl bromide group, indicates the
mixed ways of chain growth presenting in the multiblock
PEtOx formation. The zoom in analysis of secondary
distributions (Fig. 4C) revealed potential cyclic structures for-
mation as shown with two example peaks at 2133.3 Da and
3438.3 Da, which is an inevitable side reaction in step-growth
polymerization. These results are suggesting the one-pot direct
termination approach for preparing multiblock PEtOx was
successful.

Based on the approach of synthesizing multiblock PEtOx
with dithiol A, preparation of multiblock P(EtOx-b-MeOx) (P10)
with dithiol A was performed using the same procedure.
Similar results were obtained based on the "H NMR and SEC
analysis. (Fig. S7f) The multiblock copolymer P10 does not
have a very large hydrodynamic volume change compared to
the starting block polymer of PFB-P(EtOx-MeOx). A possible
reason for this might be due to the chain end livingness of the
P(EtOx-b-MeOx) that might be hampered while adding the
second block, that changed the stoichiometry of step-growth
polymerization and restricts the size of final polymer.

This journal is © The Royal Society of Chemistry 2021
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Self-assembly properties of amphiphilic polymer P2, P8, P9
and P10

The results discussed so far indicate that PFBB is a useful
clickable initiator for the synthesis of desired diblock, star and
multiblock polymers of PEtOx utilizing a-end and w-end func-
tionalities. Using a microwave assisted polymerization strategy,
it is possible to obtain a multiblock P(EtOx-b-MeOx) in one pot
in 10 minutes, which is very fast and convenient. Among
obtained polymers, diblock polymer P2, tetrablock polymer P8
and multiblock polymer P9 and P10 have an amphiphilic back-
bone structure with aromatic and fluorinated aromatic rings.
Thus, the thermal responsive and self-assembly properties of
these polymers were investigated. Surprisingly, no evidence for
thermal responsiveness was found in THF. Moreover, these
polymers were not soluble in water which is likely due to the
presence of fluorinated and non-fluorinated aromatic rings
within the backbone structure. The self-assembly behavior of
these polymers is discussed in following section.

The self-assembly properties of P2, P8, P9 and P10 were
investigated via a thin-film deposition approach. 5 mg of a
corresponding polymer was dissolved in a 2.5 mL of 8:2 (v/v)
THF/ether mixture to prepare a 2 mg mL ™" solution and then
allowed to evaporate to prepare the polymer film. Distilled
water was then added to the dried polymer film and stirred for
7 days to prepare nanoparticles. The prepared nanoparticle
solution was filtered through a hydrophilic 0.2 micron PTFE
filter to remove any kind of large aggregations and then
characterized with TEM, which revealed that the architecture
of polymer nanoparticles was predominantly spheres (Fig. 5)
with diameters ranging from 184 nm to 250 nm. The dia-
meters shown were obtained from the average value with the
standard deviation of 15 different particles. The particles
formed from these amphiphilic polymers showed a reasonable
polydispersity. Particles of P2, the diblock polymer of PEtOX,
are nanospheres but the size distribution is wide, while some
particles of P8, the tetrablock polymer of PEtOx-MeOx, has dis-
torted shape. As only one hydrophobic region presents in P8,
the hydrophilicity difference of PEtOx and MeOx segment
results in the shape distortion. The nanospheres formed form
P9, the multiblock polymer of PEtOx, are the biggest in these
four polymers as the chain length is also the longest. These
nanospheres tend to aggregate, which might be a consequence
of the presence of multiple aromatic rings in the polymer
backbone which potentially allow the formation of n-r inter-
actions which provide a driving force for aggregation. As the
aggregation affects the measurement of nanoparticle size, only
nanoparticles have a clear boundary like nanoparticle shown
in Fig. 5, P9 was measured to give the average value.
Nanoparticles of P10, the multiblock polymer of PEtOx-MeOx,
are spherical and more uniform in diameter comparing to
other nanoparticles, indicating controlling the chain length to
reduce the amount of aromatic rings might be helpful to
prevent aggregation. It was also revealed that the nanoparticle
solution of P2, P8 and P10 shown thermal triggered aggrega-
tion behavior, as indicated in Fig. 5. The transmittance
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Fig. 5 Transmittance measurements at 550 nM (left) and TEM measure-
ments (right) of P2, P8, P9 and P10.

measurements obtained at 550 nm from 10 °C to 90 °C have
shown that the reversible thermal aggregation of nanoparticle
solutions of P2, P8 and P10 occurs in the temperature range of
25-35 °C, indicated by the decrease in transmittance value.
The nanoparticle solution of P9 did not show a thermal aggre-
gation behavior, most likely due to longer chain length of P9
that provides more hydrophilic POx chains and require larger
thermodynamic driving force to aggregate. Obtained transmit-
tance results also indicate the nanoparticle aggregation of P9
observed in TEM possibly happened during the TEM sample
preparation process. The self-assembly and thermal aggrega-
tion behaviors of these nanoparticle solutions show the impor-
tance of controlled chain length and dispersity to adjust the

6400 | Polym. Chem., 2021,12, 6392-6403
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hydrophilicity of polymers to obtain nanoparticles that do not
aggregate at a physiological temperature range.

Conclusions

In summary, 2,3,4,5,6-pentafluoro benzyl bromide was investi-
gated as a clickable initiator for the cationic ring opening
polymerization of 2-oxazoline copolymers and shown to be
feasible not only for the controlled synthesis of PEtOx but also
its further modification using para-fluoro-thiol click reaction.
The utilization of a clickable pentafluoro benzyl group to syn-
thesize extended linear, tetrablock and star polymers has been
examined. Furthermore, we investigated the possibility of
using a poly(2-oxazoline) with a pentafluoro benzyl group and
utilizing the living chain end for the synthesis of multiblock
polymers using a dithiol. Thus, poly(2-oxazoline) multiblock
polymers were obtained and the self-assembly properties of
obtained amphiphilic polymers were studied. Finally, poly(2-
oxazoline) based nanoparticles sized from 184 nm to 250 nm
were observed via TEM analysis. This work enriched the
arsenal of clickable poly(2-oxazoline)s and provided access to
preparation of different architecture of poly(2-oxazoline)s with
a metal free, base catalyzed click reaction. As obtained multi-
block polymers are not soluble in water, the partially hydro-
lysis of these polymers to adjust the hydrophilicity of multi-
block polymers would be interesting future work as it might
change the solubility as well as the self-assembly architecture
of these polymers, and possibly produce useful polymers for
drug delivery applications.
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