7 ROYAL SOCIETY

Polymer
PP OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Direct synthesis via RAFT of amphiphilic diblock
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A new method for obtaining amphiphilic block polyelectrolytes with a strongly hydrophobic block under
homogeneous conditions is described and demonstrated by synthesizing poly(2-acrylamido-2-methane-
propanesulfonate-b-styrene) block copolymers using RAFT polymerization. The technique involves the
transformation of the 2-acrylamido-2-methanepropanesulfonate (AMPS) monomer into a polymerizable
ionic liquid (PIL) by neutralization with triethylamine, which renders the resulting P(EtzsN-AMPS) macroCTA
soluble in DMF, DMSO, and ethanol. Consequently, straightforward homogeneous chain extension with a
strongly hydrophobic monomer such as styrene is possible under homogeneous conditions.
Homopolymerization of the PIL monomer is studied, revealing pseudo-1%t-order kinetics and polydisper-
sities slightly higher than those for the Na-AMPS monomer. High end group fidelity is demonstrated by
chain extension experiments. Amphiphilic diblock copolymers are synthesized in a range of targeted
chain compositions, and their formation is confirmed by SEC and *H-DOSY, and by investigating self-
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assembled structures with DLS. The reverse approach based on styrene-first polymerization also proved
successful, further expanding the scope of this work. We believe that this provides an interesting alterna-
tive to protection—deprotection methods and emulsion polymerization methods, when strongly anionic
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Introduction

Strong  polyelectrolytes are well-established polymeric
materials. Compared to weak ones, they may present some
advantages, depending on the intended application, such as
pH-independent ionization, solution stability in the presence
of divalent cations, and strong interactions between chains.
2-Acrylamido-2-methylpropanesulfonic acid (AMPS) is a sulfo-
nate-bearing monomer that can be used as an alternative for
styrene sulfonate to introduce strong ionic groups into a copo-
lymer, affording strong polyelectrolytes. AMPS has a fast rate
of propagation and is hydrolytically stable. For these reasons,
AMPS has been applied in biomaterials," hydrogels,” colloid
stabilizers,®* solid electrolytes for fuel cells,” and polymers for
enhanced oil recovery.®®

These applications can be potentially greatly expanded by
producing AMPS-containing well-defined block copolymers.
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Such materials are generally easily made using a range of con-
trolled radical polymerization methods (CRP),” one of which is
reversible addition-fragmentation transfer polymerization
(RAFT)."® RAFT is based on the presence of a chain transfer
agent (CTA), typically in the form of a dithiobenzoate, trithio-
carbonate or a xanthate, in a radical polymerization mixture. It
is easy to conduct and set up, and it allows tailoring both the
polymer composition and, in a recent development, also its
polydispersity.""

AMPS (as well as other similar strongly anionic sulfonate
monomers) has been polymerized using controlled radical
polymerization methods, either on its own to form the corres-
ponding homopolymer'* or co-polymerized with other mono-
mers such as: N,N-dimethylacrylamide,"® 2-hydroxyethyl meth-
acrylate," N-hydroxyethyl acrylamide and 4-acryloylmorpho-
line,">  N-isopropylacrylamide,'®™*®  3-acrylamido-3-methyl-
butanoate’® and methyl methacrylate,'® yielding either block
or statistical copolymers. However, the co-polymerization of
AMPS with strongly hydrophobic monomers to produce
amphiphilic block copolymers is more challenging. Choosing
a solvent poses a serious problem, as the commonly applied
sodium salt of AMPS produces a polymer that tends to be in-
soluble in non-aqueous solvents. P(Na-AMPS-block-n-butyl
acrylate) was synthesized using homogeneous RAFT, by dis-
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solving the acid form of AMPS in NMP.>® However, NMP is
known to be toxic and difficult to remove from the product
and its use should be limited. Moreover, the attained conver-
sions were low (17-53%), which is undesirable, especially
when large molecular weights are required. Analogous block
copolymers were synthesized in DMSO, but the targeted mole-
cular weight was low, leading to less than 10 units of AMPS in
the product.>® Moreover, the use of the acid form of AMPS
results in extremely low pH values which, even though acidic
RAFT can be carried out successfully,®® may cause solubility
problems® and may not be tolerated by other components of
the reaction mixture. Additionally, many SEC columns cannot
operate in strongly acidic environments, which imposes a
requirement of chemical modification of every aliquot, if the
evolution of M, is to be tracked with SEC.

One common workaround is the use of protected, less
polar, versions of the hydrophilic monomer. For example, poly-
electrolyte block copolymers based on acrylic acid are often
obtained by the polymerization of a corresponding ester, fol-
lowed by a post-polymerization process of ester hydrolysis.>*°
Strongly ionic amphiphilic block copolymers can be syn-
thesized in a similar manner, by following protection-de-
protection chemistry, an example being the polymerization of
vinyl sulfonates.”” Notably, such a method has been recently
developed for 3-sulfopropyl methacrylate, to make P(Na-SPMA-
block-styrene) copolymers.”® Even though this process gives
good yield and is suitable for producing multiple grams of pro-
ducts, it is time-consuming and calls for dangerous chemicals,
such as thionyl chloride or oxalyl chloride.

Another approach can be based on heterogeneous
methods. P(Na-AMPS-b-styrene) has been produced by RAFT-
mediated Polymerization-Induced Self-Assembly (PISA), which
is a variant of emulsion polymerization, whereby the
macroRAFT agent is also the surfactant.>® This approach,
however, is not as straightforward as bulk polymerization, as
the design of the composition has to take into account mass
transfer between the two phases (e.g. radical entry). It is likely
that higher molecular weight macroCTAs cannot be used for
chain extensions because of increased viscosity. Finally, the
order of monomer addition is fixed by the requirement of
water solubility of the first block, serving as the surfactant. In
our opinion, the PISA method is best suited for in situ syn-
thesis of diblock copolymer nano-objects, which are never
meant to be isolated from the latex.**> We propose here
another approach based on polymerizable ionic liquids, which
allows us to overcome the mentioned limitations.

Polymerizable ionic liquids (PILs) are a subset of organic
ionic liquids that contain vinyl functionalities, allowing them
to undergo free radical polymerization.>® They are generally
constituted by ionic groups neutralized by some bulky organic
counterions that favor them to remain dissociated and in
liquid form at room temperature by hindering the formation
of a strong ordered lattice. AMPS-based PILs are reported in
the literature as precursors for functional materials obtained
by free radical polymerization. The AMPS monomer has been
previously transformed into a polymerizable ionic liquid by
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neutralization with triethylamine. The resultant monomer has
been copolymerized with styrene®* and with acrylamide to
yield superabsorbent gels.>® Copolymer gels were also attained
by polymerization of AMPS neutralized with butylamine or 2-
(N,N-dimethylamino)ethyl ~methacrylate.®® The 1-methyl-
imidazole-AMPS monomer has been co-polymerized with
styrene, yielding a material for proton exchange membranes.*’
Other imidazole derivatives have also been used to produce
protein-adsorbing polymers from AMPS.?® Surface-active poly-
mers were made by using a surfactant amine (cetyltrimethyl-
ammonium hydroxide).>®> AMPS has been polymerized and
then the chains have been neutralized by tetrabutylammonium
hydroxide to allow the polymer chains to be studied in a range
of organic solvents.*>*" Although PILs have been polymerized
with CRP, also to make block copolymers,””** we are not
aware of any attempts to attain control of the polymerization
of AMPS-based PIL by means of CRP, nor to utilize this
approach to access strongly ionic non-PIL polyelectrolytes,
which could be used as, e.g., water viscosifiers.

In this work we investigated the possibility of the synthesis
of strongly charged amphiphilic Na-AMPS-block-styrene block
copolymers according to the reaction sequence shown in
Scheme 1. Neutralization of AMPS with triethylamine leads to
an organic-soluble (Et;N-AMPS)-RAFT macroCTA, which can
be chain extended with the hydrophobic monomer styrene in a
homogenous mixture.

Experimental

Materials

Styrene (S, Sigma-Aldrich, >99%) was passed through a basic
alumina column to remove the inhibitor and was purged with
argon before use. 4,4’-Azobis(4-cyanovaleric acid) (ACVA, Sigma-
Aldrich, >98%) and 2,2’-azobis(2-methylpropionitrile) (AIBN,
Sigma-Aldrich, 98%) were recrystallized from methanol prior to
use. 2-Acrylamido-2 methylpropanesulfonic acid (AMPS, Sigma-
Aldrich, 99%), triethylamine (Et;N, Sigma-Aldrich, >99%) and
4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4 ~ cyanopentanoic
acid (CVPTTC, Boron Molecular, 98%) were used as-received,
without further purification. Water used for the reactions was
obtained from a Merck Milli-Q filtration system. Synthesis of
BDMAT?® and MCEBTTC"* RAFT agents was performed accord-
ing to the literature reports. Synthesis of polystyrene-RAFT
macroCTA is also described elsewhere.’® Structures of RAFT
agents and RAFT macroCTAs are reported in Scheme 2.

Nuclear magnetic resonance

'H NMR data for the kinetic study in Fig. 1A were recorded in
D,O on a 500 MHz Varian Inova. NMR spectra in Fig. 3C were
recorded in d6-DMSO on a 600 MHz Bruker Avance NEO. All
remaining NMR measurements were performed on a 400 MHz
Varian Mercury Plus, using d6-DMSO. '"H DOSY experiments
were carried out on a 600 MHz Bruker Avance NEO, using the
bPGSTE pulse sequence. The raw data were processed using
options available in the Mnova package. The PAMPS degree of
polymerization was calculated based on the ratio of integrals
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STEP 1: preparation of monomer
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E NH solvent, 25 °C NH
—_—
SO3H SO4” EtzHN*
STEP 2: RAFT homopolymerization SOz EtzHN"
/YO S CTA/INI =10, [M]; =2 mol/dm3 SHN o
+ H,0, 80 °C, 2-3 hours
NH ZJ\ R 2 ZJ\S
:sog- EtHN*
STEP 3: chain extension
%Aso3 EtsHN* Xy SOz EtsHN*
L DMSO, 80 °C, 24 hours HN_ _O 3
/U\ R PY
z A S” "z

STEP 4: cation exchange

303 EtgHN*

'\I% NaOH(aq)

%/\so3 Na*

HN

FI% + BNt 4 H0

Scheme 1 Reaction sequence leading to the amphiphilic diblock polyelectrolytes studied in this work.

S
Ms)ksxfo
BDMAT OH
S O
HO S)J\S/\/”\OH
(o] CVPTTC
S
/\/\S)J\S - 0O
MCEBTTC-PS O\
S
/\/\S/U\S n 0}
BDMAT-PS OH

Scheme 2 Structures of RAFT agents used in this research.

of 6 1.41 (6H) singlet (AMPS methyl groups) to ¢ 2.45 (2H) and
0 2.73 (2H) multiplets (-CH,—CH,- from polymer end groups).
Monomer conversions for the kinetic studies were determined

This journal is © The Royal Society of Chemistry 2021

by relating the integral of vinyl protons to the integral of the ¢
1.41 signal.

UV-VIS

A Thermo Spectronic Aquamate UV-VIS spectrophotometer was
used for all measurements. The samples were measured in
glass cuvettes, immediately after preparation. The concen-
tration of the samples was adjusted so that the signal was
within the limits of the instrument.

Gel permeation chromatography

The GPC traces of DMF solutions reported in Fig. 1, Fig. S11
and S121 were measured on a Viscotek GPCmax equipped with
model 302 TDA detectors, with two columns (Agilent
Technologies-PolarGel-L and M, 8 pum, 30 cm) at a flow rate of
1.0 ml min~" and at a temperature of 50 °C. The eluent was a
10 mM solution of LiBr in DMF. The system was calibrated
using PMMA standards.

The chromatograms in Fig. S12f were deconvoluted by
fitting a lognormal distribution using Fityk software.*”

The GPC traces and values for DMF solutions reported in
Table 2 and Fig. 3 were measured on an Agilent 1200 Series
system, equipped with an Agilent 1200 RI detector, and a 3x
PSS Gram Analytical Linear column (particle size: 10 pm; 8 x

Polym. Chem., 2021,12, 5505-5517 | 5507
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Fig. 1 Comparison between the polymerization kinetics of the EtsN-AMPS monomer involving two different RAFT agents: BDMAT and CVPTTC.
Reactions correspond to Table 1 entries: 6 (a, b, and e) and 12 (c, d, and f).

300 mm). The system used 10 mM solution of LiBr in DMF at
50 °C and a flow rate of 1 mL min~". The system was calibrated
with polystyrene standards and used a toluene flow marker.

All aqueous solutions were recorded with the Agilent 1200
Series system using a PSS SUPREMA column and a PSS
SECurity RI detector. The system was calibrated with polyacryl-
amide standards and an ethylene glycol flow marker. The
eluent was 0.05 M NaNO; with a 1.0 mL min~" flow rate.

5508 | RPolym. Chem., 2021, 12, 5505-5517

Examples of PIL homopolymerization procedures

Synthesis of (Et;N-AMPS);,-RAFT macroCTA. The RAFT
polymerization of the Et;N-AMPS monomer targeting DP = 50
was carried out as follows: 10.1262 g (49.00 mmol) of AMPS
was dissolved in 10 mL of water in a 100 mL round-bottom
flask. While stirring, 6.82 mL (49.00 mmol) of triethylamine
was added in small portions. Then, 27.6 mg (9.8 x 10~> mmol)

This journal is © The Royal Society of Chemistry 2021
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of ACVA and 301.6 mg (9.8 x 10~" mmol) of CVPTTC were
added into the flask, followed by 7.6 mL of water. After full dis-
solution, the flask was sealed with a rubber septum and
purged with argon for 30 minutes, after which the flask was
submerged in a 80 °C oil bath. The total reaction time was
120 minutes. Throughout the reaction, NMR and SEC samples
were taken at predetermined time points. After the reaction,
the mixture was precipitated in acetone, the produced solid
was washed with acetone, and dried in an 80 °C oven over-
night, yielding a brittle, glassy yellow solid.

Free radical polymerization of Et;N-AMPS. The conditions
for this process were chosen to mimic the conditions for RAFT
polymerization targeting DP = 200 so that the influence of the
RAFT agent could be assessed. 6.749 g (33.00 mmol) of AMPS
was placed in a 100 mL round bottom flask. Then, a solution
consisting of 4.5 mg (1.6 x 10~> mmol) of ACVA and 11.7 mL of
DMSO was added into the flask, followed by portion-wise
addition of 4.54 mL (33.00 mmol) of triethylamine. The
mixture was stirred until full dissolution. The flask was sealed
with a rubber septum and purged with argon for 30 min,
before submerging in the 80 °C oil bath. The total reaction
time was 18 hours. The reaction mixture was precipitated in
acetone, forming a white sticky solid. The solid was washed
three times with acetone, dissolved in a minimal volume of
water, washed three times with DCM to remove traces of
DMSO, and precipitated again in acetone. The recovered solid
was dried overnight at 80 °C.

Examples of chain extension procedures

Synthesis of (Et;N-AMPS), oo-block-(S),5-RAFT diblock copoly-
mer (“PAMPS-first”). 3.0463 g (9.78 x 107> mmol) of
(Et3N-AMPS),0o-CVPTTC was placed in a 25 mL round bottom
flask along with 3.7 mL of DMSO and stirred overnight at
50 °C until dissolution. Upon cooling down, 2.6 mg (9.28 x
10~* mmol) of ACVA was added and the mixture was purged
with argon for 30 min. Then, 170 pL of styrene (1.48 mmol)
was added into the main reaction flask with an argon-flushed
syringe. The flask was sealed gastight with a rubber septum
and the reaction was started by placing it in the 80 °C oil bath.
The total reaction time was 52 hours. Styrene conversion was
tracked using "H NMR in dg-DMSO. The reaction mixture was
precipitated in acetone. This yielded a sticky yellow solid,
which was washed with acetone, dissolved in a minimal
volume of water, and extracted three times with DCM to
remove traces of DMSO. The polymer was recovered from the
solution by precipitation in acetone, after which it was dried in
the 80 °C oven overnight, yielding a glassy yellow solid.

Synthesis of (S),;-block-(Et;N-AMPS);,-RAFT diblock copoly-
mer (“PS-first”). 174.8 mg (1.25 x 10~" mmol) of S;;-MCEBTTC
macroRAFT agent was dissolved in 2.25 mL of DMF in a 25 mL
round bottom flask. To that, 1.9411 g (6.29 mmol) of the
freshly prepared Et;N-AMPS monomer and 4.0 mg (2.44 x 10~>
mmol) of AIBN were added. The flask was sealed with a rubber
septum and the contents were purged with argon for 30 min.
The reaction was started by placing the flask in the 80 °C oil
bath. The total reaction time was 43 hours. The reaction

This journal is © The Royal Society of Chemistry 2021
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mixture was quenched by exposing it to air and precipitating
in acetone. The obtained sticky solid was washed with acetone,
dissolved in a minimal volume of water and washed three
times with DCM. The product was precipitated in acetone and
dried in the 80 °C oven overnight, obtaining a glassy yellow
solid.

Results and discussion
Et;N-AMPS homopolymerization

In order to estimate the reactivity and degree of control over
the RAFT process, the Et;N-AMPS monomer has been com-
pared with Na-AMPS with respect to its behavior in a polymer-
ization reaction. Table 1 summarizes the homopolymerization
reactions. Several observations can be made on the polydisper-
sity of the P(Et;N-AMPS) polymers as a function of the solvent
and RAFT agent employed. When BDMAT is used with water as
solvent, the PDI values are approximately in the range 1.3-1.4,
which is significantly less than the value for a product of free
radical polymerization, with PDI = 3.16; this confirms that the
RAFT agent is effective. A clear trend of PDI increasing with
the targeted degree of polymerization (DP) can be identified,
with the maximal values of 1.6-1.7 occurring for a reaction
involving CVPTTC and targeting DP = 200. The discrepancy
between the effects of BDMAT and CVPTTC on the final PDI
value could be due to the BDMAT RAFT agent releasing a more
reactive radical in the course of the RAFT mechanism, but it
could also be explained by a known effect of improved control
over acrylate polymerization in water over other solvents.*® The
differences between both RAFT agents are discussed in the fol-
lowing section. Interestingly, the results when using CVPTTC
seem to be nearly independent of the solvent, with water yield-
ing only slightly lower PDIs than DMSO, at a given target DP.
Conducting the aqueous process at a temperature of 50 °C
instead of 80 °C is another way to reduce the PDI, albeit at a
cost of a significantly slower rate of conversion. With the Na-
AMPS monomer, a similar PDI vs. DP trend is observed;
however, the PDI values are clearly lower, even for DP = 200.
Unlike Et;N-AMPS, Na-AMPS seems to produce consistent PDI
values irrespective of the choice of the RAFT agent. The conver-
sion rates are similar in both monomers, and near-quantitative
conversion is reached in 2-3 hours at 80 °C. The homopoly-
merization of Et;N-AMPS is also possible in ethanol (Table 1
entry 13), as both the monomer and the polymer are soluble in
this solvent. This reaction has not been studied by us in detail,
as its purpose is demonstration of the feasibility of using yet
another solvent for the described process and chain extension
with styrene could give solubility problems; however, a kinetics
plot and a SEC trace of the product are available in the ESI
(Fig. S5t). Similarly, Table 1 entry 14 refers to an attempt to
polymerize the AMPS form in DMSO. We found that the
product of this reaction is unstable, presumably owing to the
presence of strongly acidic non-neutralized sulfonate moieties.
See the ESI (Fig. S6T) for a photograph of the decomposed
sample and an "H NMR spectrum.
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Table 1 A comparison between the outcomes of EtsN-AMPS homopolymerization and Na-AMPS homopolymerization, under various conditions

Target M, RAFT Temp. M, NMR M,, SEC* Conversion”
Entry Monomer  [kg mol™'](DP) [CTA]y/[I], [M], agent Solvent  [°C] [kg mol™"] [kg mol™']  PDI, SEC [%]
1 Et;N-AMPS  15.2 (48) 10.0 113 CVPTTC DMSO 80 13.8 15.4 1.24 85
2 12.9 (41) 9.1 2.9  CVPTIC 80 13.0 17.3 1.24 99
3 62.0 (200) 5.0 3.0  CVPTIC 80 30.3 35.5 1.70 96
4 62.0 (200) 10.0 2.0  CVPTIC 80 26.1 29.3 1.60 95
5 FRP FRP 2.0  CVPTIC 80 — 45.2 3.16 98
6 15.7 (50) 10.0 2.0 CVPTTC Water 80 — See Fig. 1B See Fig. 1B See Fig. 1B
7 31.2 (100) 10.0 2.0  CVPTIC 70 — 30.7 1.31 100
8 62.0 (200) 10.0 2.0  CVPTIC 80 27.8 59.1 1.64 99
9 62.0 (200) 10.0 2.0  CVPTIC 50 — 46.2 1.55 98
10 62.0 (200) 10.0 2.0  BDMAT 80 — 48.0 1.34 100
11 62.0 (200) 10.0 2.0  BDMAT 60 — 61.7 1.39 100
12 15.7 (50) 10 2.0  BDMAT 70 — See Fig. 1D See Fig. 1D See Fig. 1D
13 6.4 (20) 10 1.5 BDMAT Ethanol Reflux — 6.5 1.26 95
14 AMPS acid ~ 37.1 (178) 9 2.2 BDMAT DMSO 80 — — — 95
15 Na-AMPS 1.1 (5) 9.12 1.73 CVPTTC Water 70 — 4.0 1.25 100
16 4.6 (20) 5.09 2.0  CVPTIC 70 — 8.4 1.17 100
17 11.5 (50) 12 2.0  BDMAT 80 — 21.0 1.23 100
18 19.5 (85) 4.85 2.0  CVPTTC 70 — 20.4 1.20 100
19 45.8 (200) 10 2.0  CVPTIC 80 — 41.8 1.30 99
“Measured in 0.05 M NaNOj eluent. ” Measured by NMR; 100% means no integrable vinyl signals.
The kinetics of Et;N-AMPS homopolymerization was inves- a
tigated in detail. To this end, two RAFT polymerization reac- -2 —x
tions targeting DP = 50 were conducted in water, each using a g** 3t R%=095 e E
different RAFT agent. Both processes were studied by tracking EO ,,,,, =
the conversion, M, and PDI with time. Fig. 1B and D show that = -4r - B
the evolution of molecular weight with conversion is approxi- 5 5<)<'
mately linear for both reactions, as expected for a controlled ~o 50 100 150
process. The PDIs also decrease over time, which is typical of time [min]
RAFT." Comparing Fig. 1A with C, it can be seen that in both b —r— 14
cases the kinetics conforms to the pseudo-first-order model; —9000 o 9 /,/" ° %
what stands out, however, is the presence of a significant g R?=0.9 x - -7 g
induction period (taking up approximately 25% of the total Bg000 T =
reaction time) for the reaction using the CVPTTC RAFT agent, § - >c§ s
which is virtually absent for the process using BDMAT. In 7000 . . ; 10 &
general, such an induction period indicates either a slow 0 20 40 60 80
propagation constant of the monomer or insufficient re-initiat- c conversion [%)]
ing capability of the R’ radical.’® In this case, the latter is -
speculated to be more probable, as the cyano-stabilized tertiary =27 gmf”
radical from CVPTTC is far more stable than a radical formed % 12'“,::}“
from BDMAT. st 22 min [
= 50 min
Chain extension experiments 0 ' -
10* 10°

Before proceeding to the synthesis of amphiphilic block copo-
lymers, to investigate chain end retention, we conducted chain
extension experiments with Et;N-AMPS on a P(Et;N-AMPS),,
macroRAFT agent. In this way, the polymer could be character-
ized by aqueous SEC without the need to switch to a different
solvent and column. Fig. 2 shows the pseudo-1* order kinetics
and the evolution of the molecular weight and PDI. The SEC
traces were monomodal and shifted to higher molecular
weights as the reaction progressed, which indicates that the
process was controlled and that the macroCTA had a high pro-
portion of living chains.

5510 | Polym. Chem., 2021, 12, 5505-5517

mol wt.[g/mol]

Fig. 2 Kinetic study of a polymerization of EtzN-AMPS using a
P(EtsN-AMPS)-BDMAT RAFT agent.

Synthesis of amphiphilic diblocks

Amphiphilic diblock copolymers were synthesized by following
either the “PAMPS-first” or “PS-first” approach. In the first
type of reaction, the hydrophobic monomer styrene is polymer-

This journal is © The Royal Society of Chemistry 2021
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ized in the presence of P(Et;N-AMPS)-RAFT macroCTA, while
in the other case the Et;N-AMPS monomer is polymerized in
the presence of PS-RAFT macroCTA. All the reaction con-
ditions, along with the attained conversions, SEC results and
DOSY diffusion coefficients are summarized in Table 2. Even
though the homopolymerization of Et;N-AMPS using CVPTTC
or BDMAT RAFT agents is rapid (approx. 2 hours of reaction
time) and results in near-quantitative conversion, it is not the
case for polymerization using polystyrene macroCTA. The
attained conversions for all “PS-first” chain extensions (entries
1-4 in Table 2) were never full, despite over 20 hours of
polymerization time (also see Fig. S77). This can be attributed
to the fact that in the “PS-first” scheme, the less-activated
monomer (styrene) is polymerized first, while from the point
of view of the RAFT mechanism it is advantageous to first poly-
merize the more-activated monomer. The dispersity values
reported for all “PS-first” reactions (entries 1-4 in Table 2) are
between 1.08 and 1.21. While these values are low and there-
fore suggest very good control over the polymerization, they
may have been affected by the purification by acetone repreci-
pitation, which can selectively separate dead PS chains and
shorter diblocks. This may also explain the overshot PAMPS/PS
ratios and M,, values, measured by NMR and SEC, respectively.

After purification by precipitation in acetone, the polymers
were characterized by 'H-NMR, UV-VIS, elemental analysis,
"H DOSY, and DLS. Results for the sample from entry 9 can
be seen in Fig. 3. The UV-VIS spectrum of the 10 mg mL ™"
aqueous solution of the diblock product features several weak
bands in the range 250-280 nm, which confirm the presence
of aromatic compounds in the product. The spectra were
recorded in aqueous solutions, as both DMSO and DMF
absorb UV light in the region of interest. Therefore, the
signals may have been attenuated by the formation of PS-core
self-assembled structures in the solution. A qualitative pres-
ence, however, is clearly visible when compared with a homo-
polymer macroCTA’s spectrum (Fig. 3A). Similar observation
can be made for the remaining samples in Table 2 (see
Fig. S97).

The presence of styrene units in the copolymer is also
evident from the NMR spectra in Fig. 3C, showing two broad
peaks around 6.5 ppm and 7.1 ppm coming from the poly-
styrene block, which are not present in the spectrum of the
homopolymer (for more 'H-NMR spectra see Fig. S37). As the
aromatic signals might be subject to significant intensity
changes following chain self-assembly,”>*! we calculated the
diblocks’ compositions only based on NMR spectra recorded
with a high recycle delay of d1 = 30 s. The aromatic peaks are
overlapped with the amide proton peak from AMPS, which can
be deconvoluted in the software before integration. Finally, to
further demonstrate that the polystyrene blocks are covalently
joined with the P(Et;N-AMPS) blocks, 'H-DOSY experiments
were performed. Briefly, this method allows us to assign a
diffusion coefficient to every peak in an '"H-NMR spectrum. If
two peaks are assigned similar diffusion coefficients, it can be
inferred they come from the same molecule. In the '"H-DOSY
plot in Fig. 3D, both the polystyrene signal at around 6.5 ppm

This journal is © The Royal Society of Chemistry 2021

Table 2 A summary of all performed chain extension reactions leading to P(EtsN-AMPS)-block-PS copolymers

Diffusion coefficient@
1.41 ppm [10” cm® s7']

M,, SEC

Conversion,
NMR [%]

Target DP

[St] : [AMPS]

PDI, SEC

[kg mol™]

Temp [°C]

Solvent

MacroCTA

[M]o/[1]o

Mo

[CTALo/[1]o

(AMPS + styrene)

Entry

3.91
3.83
3.33

4.4
3.9

5.5
10.1
7.8

1.17
1.08
1.13

15.1
22.7
31.6

77
56
90

80
80
80

DMF
DMF
DMF
DMF

(S)11-MCEBTTC

S,4-BDMAT
S,¢-BDMAT

S,5-BDMAT

1000
2000

250
500
480
1

2
2
2

10
10

50 +11
50 + 30
100 + 30

1
2
3

Polym.

View Article Online

Paper

2.3

4.06
3.51
2.16
1.46
1.38

9.0
15.2
11.2
16.8

1.21
1.81
1.28
1.18
1.29
1.25

48.7
10.7
15.9
38.3
67.9
75.9

85
48
79
78
83
48

80
80
80
80
80
80

DMSO
DMF
DMSO

Et;N-AMPS),;-CVPTTC  DMSO
Et;N-AMPS),0-CVPTTC  DMSO

Et;N-AMPS),,-CVPTTC
Et;N-AMPS);,-CVPTTC
Et;N-AMPS),(,-BDMAT

(
(
(
(
(

10
150

75
370

1.59
0.38
0.31
0.40

2

10
10
10
10

200 + 30
41 + 48
32 +22
100 + 15
200 + 15
200 + 37

4
5
6
7
8
9
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Fig. 3 Comparison between a (EtsN-AMPS),00 macroCTA and an amphiphilic diblock produced from it (Table 2 entry 9): A — UV-VIS spectra of a
10 mg mL™* aqueous solutions, B — *H DOSY projection of the macroCTA, C — *H NMR in dg-DMSO (amide proton signal in the macroCTA's spec-
trum has been cleared by the addition of D,0), and D — *H DOSY projection of the diblock.

and the -CH; AMPS signal at 1.39 ppm have a diffusion coeffi-
cient close to 10™7 em” s™*, characteristic of a very large mole-
cule. Thus, we conclude that the architecture of the products
is indeed that of a diblock copolymer. A similar conclusion
can be drawn for all the samples listed in Table 2 (see
Fig. S10f). The small variations in the measured diffusion
coefficients for AMPS and aromatic peaks are a result of a
single-exponential fitting and are expected. Elemental analysis
results for entry 9, which confirm a smaller proportion of

5512 | Polym. Chem.,, 2021, 12, 5505-5517

nitrogen in the diblock product, compared with the
macroCTA, are available in Table S1 (ESIY).

SEC analysis of the amphiphilic diblock copolymers

All the diblock samples outlined in Table 2 along with their
corresponding macroCTAs have been analysed using a an SEC
system using DMF (Fig. 4). The diblocks’ peaks are monomo-
dal, indicating a high end-group retention in the macroCTAs.
The shifting of the SEC traces towards lower elution volumes

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 SEC traces in DMF/LiBr of all amphiphilic diblock copolymers
enumerated in Table 2, together with the corresponding macroCTAs.
The anomalous peak “shuffling” is discussed in text.

in the course of the chain extension process was not reliable.
This unusual behavior is likely a consequence of the diblock
structure. Problematic SEC characterization of block copoly-
mers has been recently outlined,>® stressing that aspects such
as a rod—coil architecture and strong block-block and block-
column interactions exacerbate this issue. In the case of
Et;N-AMPS-block-St copolymers, the extreme difference in
polarities of the blocks and the difference in block rigidities
are factors that could cause such behavior. Further evidence
that this effect is related to non-ideal chain behavior comes

This journal is © The Royal Society of Chemistry 2021
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from the fact that it seems to depend on the type of column
used (compare Fig. 4 to Fig. S11,7 which contains SEC traces
for the same samples, measured using a different SEC appar-
atus with the DMF eluent).

This phenomenon is observed only for some of the
“PAMPS-first” samples (entries 5-9, Fig. 4), while the “PS-first”
SEC traces behave as expected (entries 1-4, Fig. 4). In order to
establish whether the “PAMPS-first” is a valid method of pro-
ducing the amphiphilic diblock copolymers, we examined this
effect in more detail, as follows. A “PAMPS-first” reaction has
been performed, targeting a large (DP = 200) molecular weight
of the polystyrene block, in order to maximize the chances that
the SEC peak shifting would be visible. DMF SEC samples
were drawn periodically from the reaction (Fig. S12t). The
trace at ¢ = 0 min corresponds to the P(Et;N-AMPS) homopoly-
mer macroCTA. Interestingly, the samples taken at short times
(low styrene conversion) produced SEC traces that were shifted
to lower apparent molecular weights than that of the
macroCTA. However, within the series of traces corresponding
to the growing diblock, the shifting is monotonic towards
higher molecular weights, as expected. Therefore, there seems
to be a discontinuity in the behavior of the polymer chains in
the SEC system as the type of polymer changes from a homo-
polymer to an amphiphilic diblock. This initial shift towards
lower apparent molecular weights has to be overcome by
growing the polystyrene chain by a given amount of units
before the measured “net” trace is shifted in the expected
direction with respect to the original macroCTA. Indeed, an
analogous situation is described for highly incompatible block
copolymer systems in the previously cited work,>> where the
elution time initially increases as the block copolymer is
formed.

The discussed effect could be sufficient to explain the unre-
liable SEC trace shifting of some entries in Table 2. In
“PAMPS-first” reactions, the targeted low DP of the polystyrene
block along with non-quantitative conversions of the styrene
monomer means that the expected increment in molecular
weight is always low (ranging from approximately 2% for the
sample in entry 8 to 19% for entry 5). As discussed above, this
increment might not have always been enough to compensate
for the initial lowering of the apparent molecular weight. On
the other hand, for “PS-first” reactions, the expected molecular
weight increment was always large, ranging from 300% for
entry 2 to 1800% for entry 4. Given this explanation and the
fact that other presented results do not differentiate between
the “PS-first” and “PAMPS-first” methods, we conclude that
both are valid approaches towards the synthesis of PS-block-
PAMPS amphiphilic block polyelectrolytes.

Formation of an amphiphilic product was further con-
firmed by studying the properties of its aqueous solution.
Fig. 5A shows the comparison between hydrodynamic dia-
meters, measured by DLS, of 0.5% solutions of P(Et;N-AMPS)
macroCTAs and 0.5% solutions of the corresponding diblock
products. In every case, the diameters measured in the solu-
tions of the copolymers were close to or above 100 nm, while
the macroCTAs were close to 1 nm. This indicates that, in fact,

Polym. Chem., 2021,12, 5505-5517 | 5513
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Fig. 5 Solution properties of the amphiphilic diblocks. A: DLS compari-
son between hydrophilic macroCTAs and amphiphilic diblock copoly-
mers. Entries correspond to those in Table 2 B: appearance of 0.5 wt%
aqueous solutions of Table 2 entry 8 macroCTA (left) and diblock (right),
after being shaken by hand for 30 s and left steady for 15 min.

the copolymers form self-assembled structures in solution,
while the macroCTAs (being fully hydrophilic) do not.
Furthermore, upon addition of salt solution to the diblock
DLS samples, their hydrodynamic diameters decreased in all-
but-one case. This could be attributed to the collapse of the
negatively charged coronas as a result of increased ionic
strength, although this cannot be stated conclusively as the
effects related to the thickness of the electrical double layer
could also play a role. Note that the DLS results shown here
have not been corrected for viscosity, which is bound to intro-
duce a small positive error in the absolute values of the hydro-
dynamic diameters, but it is unlikely to affect the overall dis-
cussed trend. DLS number-average diameter distributions and
the values of number-average mean diameters, Z-average mean

5514 | Polym. Chem., 2021, 12, 5505-5517
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diameters and polydispersity indices are shown in Fig. S8 and
Table S2.7 As a final piece of evidence towards the amphiphilic
nature of the copolymers, the photograph in Fig. 5B shows the
formation of persistent foam after agitation of a 0.5% diblock
solution, while the foam does not persist in the macroCTA
solution. Observation of foaming has been used before as a
qualitative test of interfacial adsorption of amphiphilic

species.’*™>¢

Conclusions

There are several approaches available to synthesize strongly
ionic amphiphilic block copolymers. The main practical
difficulty with many of these systems is the high incompatibil-
ity of a polyelectrolytic block and a strongly hydrophobic one.
Heterogeneous methods, such as PISA,> can be applied, as
well as methods based on protection-deprotection
chemistry.”>*® Some anionic monomers, when in acid form,
may also be polymerizable in universal solvents such as
DMSO*" or NMP.*° In this work, we have shown that it might
be advantageous to proceed via RAFT polymerization of a poly
(ionic liquid), obtained by neutralizing the monomer (here
AMPS) with an organic amine such as triethylamine, in order
to ensure the solubility of the resulting polymer macroCTA in
organic solvents. In particular, we showed that AMPS-block-
styrene copolymers can be prepared by homogeneous RAFT
using either a “PAMPS-first” or a “PS-first” approach, with the
latter being slower, but providing lower dispersities, in various
organic solvents, such as DMF or DMSO. The polymerization
kinetics has been followed, and the formation of block copoly-
mers with good control and high end-group fidelity has been
demonstrated with the support of chain extension experiments
and several characterization methods such as 'H-NMR, UV-vis,
SEC, "H-NMR-DOSY, and DLS.

The design of the homogeneous RAFT process is easier
than that for emulsion polymerization, and additionally the
acidic monomer is neutralized, which prevents polymer degra-
dation and allows for facile SEC characterization, both in
organic and aqueous eluents. The improvement over protec-
tion—-deprotection methods is the reduced number of steps
and the lack of chemical alterations to the monomer, which
tend to reduce the overall yield. The last step of cation
exchange leads to the final sodium-salt product (see Fig. S4 in
the ESIT), suitable for areas of application where the presence
of common inorganic ions is more desirable, such as indus-
trial water viscosifiers and polymeric surfactants.

Since the process is homogeneous, we have demonstrated
here that it is possible to arrive at the block copolymer either
by hydrophilic-first or hydrophobic-first sequences, which
would not work with PISA without changing the emulsion
type. Even though there might be other requirements of the
order of monomer addition stemming from the RAFT mecha-
nism, this is still an advantage given the difficulties in study-
ing the diblock product with SEC: as the macroCTA homopoly-
mer can usually be fully characterized, it is possible to design

This journal is © The Royal Society of Chemistry 2021
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the synthetic procedure according to research requirements,
for instance for structure-property relationship studies, when
the characterization of one of the blocks could be more impor-
tant or difficult than the other.

We believe that this work provides an interesting alternative
to existing methods of synthesis of amphiphilic block polyelec-
trolytes characterized by a strongly hydrophobic block. This
approach could be expanded to other anionic monomers.
Further studies in this matter could also involve a thorough
comparison of all available approaches, with respect to the
reactivities of the monomer, attainable PDIs, stability of the
products and reaction flexibility. Such a database would
enable an informed choice for researchers wishing to access
strongly anionic block copolymers. Finally, the characteriz-
ation of solution behavior and aggregation of the obtained
block copolymers is certainly within the scope of possible
future research.
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