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Poly(2-acrylamido-2-methylpropane sulfonic acid) is a polyelectrolyte currently used in numerous industrial applications.
Herein, we report the use of reversible addition fragmentation chain transfer (RAFT) polymerization to prepare a range of

well-defined homopolymers and block copolymers of 2-acrylamido-2-methylpropane sulfonic acid (AMPSG) and either N-

hydroxyethyl acrylamide (HEAm) or 4-acryloylmorpholine (NAM) as a comonomer. We also describe the one-pot synthesis

of multiblock core cross-linked star copolymers of AMPS’ and HEAm with low dispersities (< 1.3). The influence of several

parameters such as the cross-linker type, cross-linker to chain transfer agent (CTA) ratio, arm length and composition on

the polymerization efficiency are investigated.

Introduction

Polyelectrolytes, and sulfonated polymers in particular, have
gradually become key components in important industrial
processes such as water purification, oil recovery or fuel cells
preparation.l_3 Amongst them, polymers of 2-acrylamido-2-
methylpropane sulfonic acid (AMPSQ) are of a particular
interest as they combine high thermal stability, resistance to
hydrolysis and a high solubility in water over a wide range of
pH. Poly(2-acrylamido-2-methylpropane sulfonic acid )
(PAMPS) is used as a rheology modifier, a dispersant for oil
spills, or as biocompatible hydrogels for various biomedical
purposes.l’z""5 In all these applications, the molecular weight,
architecture and chain-end functionality of the polyelectrolyte
plays an essential role in controlling the physico-chemical
properties of the resulting material.

PAMPS is commonly prepared via conventional
polymerization in aqueous solution at low temperature, a
process that has been widely used for about three decades,
albeit with a lack of control over the resulting polymer’s
molecular weight and chain-end functionality, typically
resulting in dispersities above 1.5.%7 Today, the emergence of
controlled/living radical polymerization such as nitroxide-
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mediated radical polymerization (NMP)S, atom transfer radical
polymerization (ATRP),9 or reversible addition-fragmentation
chain transfer polymerization (RAFT)10 allows for the easy
both
Mincheva et al.

preparation of well-defined polymers, in term of
molecular weight and
optimized the polymerization of AMPS’ using copper-mediated
ATRP in a mixture of methanol and water and reported the

influence of pH and ligand type on the resulting materials.* In

. 11
architecture.

another example, Nikolaou et al. achieved full monomer
conversion in less than 30 minutes by polymerizing AMPS’
using copper-mediated living radical polymerization in
aqueous solution at 0 °C.” While facilitating the preparation of
short polymers with narrow molecular weight dispersity, these
methods yielded poor control over the polymers with a degree
of polymerization (DP) higher than 80. The use of a metal-
catalyst also requires a further step of product purification,
which might be an issue for associated applications. A more
convenient approach to preparing PAMPS consists of using
RAFT polymerization. RAFT polymerization has been
successfully used to polymerize AMPS’ in water and yielded
materials with low dispersity (P < 1.3) and a linear increase of
the molecular weight over time.™ In order to diversify its
functionality and optimise its physical properties, AMPS’ is
often polymerized with other comonomers such as acrylic
acid,1 acrylamide,
acrylamido-.%-methylbutanoate,16 or poly(ethylene glycol).17
For example, diblock copolymers of PAMPS-b-PAMBA with low
dispersity values were successfully obtained in water within 12
hours by Sumerlin et al.’®

Despite this progress, the range of PAMPS architecture studied
to date remains limited to linear homopolymers, linear diblock
or random copolymers. complex PAMPS
architectures, such as multiblock or star copolymers, could

N,N-dimethylacrylamide,15 sodium 3-

Access to

help to develop a novel class of polyelectrolytes with physical
properties that differs from currently available materials.
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Highly ordered multiblock copolymers can be obtained by
RAFT polymerization in aqueous solution,18 especially when
using monomers with a high rate of polymerization (k;), such
as acrylamide. Such systems lead to the preparation of
multiblock copolymers (up to 20 blocks, ® < 1.5) in a one-pot
process where full monomer conversion was reached for each
chain extension step.lg_21 RAFT polymerization was shown to
be particularly advantageous in that the final materials did not
require extensive purification steps. In addition, the presence
of the CTA in the polymers, which can easily be converted into
a thiol, offers a convenient functionalization handle at the end
of the polymer chain. Alternately, the CTA can be subsequently
removed by post-polymerization modifications.”

RAFT polymerization also provides a suitable method for the
preparation of more complex architectures such as star-
shaped polymers, hyperbranched polymers and
nanoparticles.B_25 The physical properties of star polymers are
known to vary greatly in comparison to their linear
counterparts, making them attractive materials for numerous
applications ranging from oil recovery to drug delivery.26
Polymerization techniques used to prepare star polymers can
be divided into two general strategies; core-first or arm-first.”’
The core-first approach relies on the use of multifunctional
CTAs and typically results in star-shaped polymers with a well-
defined number of arms.”®** The arm-first approach is a
convergent method that consists of chain extending a
previously-synthesized arm in the presence of a
multifunctional monomer that behaves as a cross-linker. The
latter typically allows less control over the number of arms
incorporated, but provides better control over the length of
the arms incoporated.3°’31 Using the arm-first approach, RAFT
emulsion polymerization has been previously utilized to
synthesize stars with excellent dispersity (P < 1.3) with high
incorporation of polymeric arms (~ 90 %).32 A couple of
examples in the literature compares the two approaches for
the preparation of multiblock star copolymers using acrylate
monomers. Using ATRP, the arm-first approach proved better
suited than the core-first approach, which required the
synthesis of complex multiarm initiators. In both cases,
however, low conversions (typically < 70 %) were obtained,
demonstrating that RAFT is possibly better suited for the
preparation of star-shaped polymers.33‘34

Despite the existence of readily available methods, the
preparation of linear and star shaped multiblock polymers of
PAMPS has not been reported so far. Here, we describe the
optimization of RAFT polymerization in aqueous solution for
the preparation of complex architectures of PAMPS. This
includes homopolymers with a wide range of DP (from 10 to
400) and well-defined multiblock and random copolymers of
AMPS with either HEAm or NAM comonomers. We also
describe the synthesis of core crossed-linked star polymers
using the arm-first approach and either a homopolymer of
AMPS or an octablock copolymer of AMPS and HEAm.

Experimental Section:

2 | J. Name., 2012, 00, 1-3

Materials. Sodium hydroxide (NaOH; Fischer Scientific, 97 %,
pellets), 1-butanethiol (Sigma-Aldrich, 99 %), carbon disulfide
(CS2; Sigma-Aldrich, 99 %), 2-bromo-2-methylpropionic acid
(Sigma-Aldrich, 98 %), hydrochloric acid solution (HCI, VWR
chemical, 35 %), acetone (Sigma-Aldrich, 99 %), n-hexane
(VWR chemical, 99 %), chloroform (Sigma-Aldrich, 99 %),

distilled  water, sodium  2-acrylamido-2-methylpropane
sulfonate (AMPS®2405, Lubrizol, 50 % in water), 2-
(((butylthio)-carbonothioyl)thio)-2-methylpropanoic acid
(BDMAT, synthesized wusing method35), 4,4'-azobis(4-
cyanopentanoic acid), 2,2'-azobis[2-methyl-N-((2-
hydroxyethyl)propionamide] (VA-086, WAKO, 98 %), N,N’-
Methylenediacrylamide (BIS, Sigma-Aldrich), di(ethylene
glycol) diacrylate (Sigma-Aldrich, 75 %, technical grade),
deuterium oxide (D20, Sigma-Aldrich, 99.9 % D atom),

methanol-d4 (MeOD; Sigma-Aldrich, 99.8 % D atom). The
chemicals were used as received with no further purification.
Instrumentations. "H NMR spectra were recorded on either a
Bruker AV300 or a Bruker HD300 spectrometer using either
deuterium oxide (D,0) or deuterated methanol (MeOD).
Chemical shift values (8) are reported in ppm. Size Exclusion
Chromatography (SEC) was carried out on an Agilent
Technologies PL-GPC Integrated GPC System, the instrument
was equipped with a differential refractive index (DRI). Agilent
PL aquagel OH Mixed M 8 um, two set of columns in series was
used alongside with an 8 um aquagel guard column. The
mobile phase used was 80 % NaNO;in water at 0.1 M and 20 %
methanol. Column oven and detector temperatures were set
at 40 °C. Flow rate was set at 1 mL-min™. Poly(ethyleneoxide)
standards (Agilent EasyVials) were used for calibration. Analyte
samples were filtered through a hydrophilic membrane with
0.22 um pore size before injection. Respectively, experimental
molar mass (M, sec) and dispersity (D) values of synthesized
polymers were determined by conventional calibration using
Agilent  GPC/SEC  software. Static light scattering
measurements were done using an ALV-CGS3 system (ALV-
Langen) operating with a vertically polarized laser at a
wavelength of 632.8 nm. Measurements were done at 45 °C in
water containing 0.1 M NaNO3, over a range of scattering
wave vectors g varying from 4.8x10° to 2.8x10° m™* (g =
4nin/®.sin(X/2)), with © being the angle of observation and n
the refractive index of the solvent).

Methods

Determination of Monomer Conversions. Monomer
conversion (p) was calculated from 'H NMR data using
Equation 1:

J1Is5-6.75 ppm

_IMle g Tla (1)

_ Mlo=[Mle _ _
[M]O DPtargeted

T M

Where [M], and [M]; are the monomer concentrations at time
0 and time t, respectively; ([ 15,5_6,75ppm/f I,) is the corrected
integration of the signal for the vinyl protons of the monomer;
DPygrgeted is the number average degree of polymerization

This journal is © The Royal Society of Chemistry 20xx



targeted; [1I,is the integration of the signal for the three
methyl protons belonging to the Z group of the RAFT agent (-
CH,-CH5s) used as an internal reference.

Calculation of the Theoretical Number-Average Molar Mass
(Mpth). The theoretical number-average molar mass (M)
was calculated using Equation 1:

My en = %"‘ cTA (2)

Where [M], and [CTA], are the initial concentrations of
monomer and chain transfer agent, respectively; p is the
monomer conversion as determined using equation 1; M,, and
Mpcra are the molecular mass (g mol’l) of the monomer and
chain transfer agent, respectively.

Calculation of the Theoretical Number Fraction of Living
Chains (L).36 The number of living chains (L) was calculated
using Equation 2:

L = [CTA]y (3)

T [CTAJo+2f[I]o(1—eKat)

Where [l], and [CTA], are the initial concentrations of initiator
and chain transfer agent, respectively; k, is the decomposition
rate constant (in s‘l) of the azoinitiator at a given temperature;
t is the polymerization time (in s); f is the efficiency of the
initiator and is equal to 0.5.

Determination of the Chain Transfer Constant (C,). The
apparent chain transfer constant (C,) of AMPS monomer (salt
form) in phosphate buffer tablet solution at 90 °C was then
determined experimentally by plotting Ln([CTAlconsumed) iN
function of Ln([AMPS]onsumeq) Using Equation 4:

app __ dLn[CTA]
Cor™ = dLn[M] (4)

Consumption of the chain transfer agent and monomer were
followed by '"H NMR (Figure SI 1 and 2). CTA consumption was
followed by the appareance of a peak at approximatelly 1.10
ppm corresponding to the C(CHs), of the R group of the CTA as
the polymer chains form. Monomer consumption was
followed by the disappearance of the vinylic proton between
5.50 and 6.50 ppm. The CH,-CHs; (C4Hg alkyl chain) of the Z
group (~ 0.90 ppm, triplet) was taken as the internal reference
due to the chemical shift remained unchanged for
incorporated and non-incorporated monomer units.

Determination of the Molecular Weight by Static Light

Scattering (SLS). The molecular weight was determined using a
Zimm plot which follows Equation 5:

ke _ 1 a*R§
Re_Mw(l-l_ 3) (5)

This journal is © The Royal Society of Chemistry 20xx

Where K is a constant; c is the polymer concentration in g.L_l;
Re is the Rayleigh ratio; M,, is the average molecular weight; g
is the wave vector; R, is the apparent radius of gyration. For
each polymer, four solutions of 7.0, 5.0, 2.5 and 1.0 mg.mL'1
were made up, filtered and the ratio Kc/R measured at
different angle (20, 30, 50, 70, 90, 110, 130 and 150°). M,, was
then determined by extrapolating the equation at the
intercept with the y-axis at concentration equal to 0 mg.mL’l.

Calculation of the Percentage of Arm Incorporated into the
star.’’ The percentage of arm incorporated into each star was
determined by deconvolution of multimodal SEC traces using
Equation 6:

fAirStar ( )
[ Airsear+[ Airarm

Conversion to Star =
Where [ Airg,qr is the integration of the SEC signal
corresponding to the star polymer and [ Airy.,, is the
integration of the SEC signal corresponding to the arm only.

Synthesis.

Chain Transfer Agent Synthesis: BDMAT. BDMAT was
synthesized by adapting a procedure from Lai et al.® Briefly, a
solution of a 17 % NaOH aqueous solution (44.0 mL, 222
mmol) was added to a mixture of butanethiol (24.0 mL, 222
mmol) and acetone (12 mL), and the colourless miscible
solution was stirred for 30 minutes at room temperature.
Carbon disulfide (15 mL, 244 mmol) was then added and
stirred for another 30 minutes at room temperature to give an
orange solution. The solution was cooled in an ice bath (~ 5 °C)
and 2-methyl-2-bromopropanoic acid (38.00 g, 227 mmol) was
added slowly, keeping the internal temperature below 30 °C,
forming a yellow precipitate. Another 17 % NaOH aqueous
solution (44.0 mL) was added (internal temperature again kept
below 30 °C) to dissolve the orange precipitate. The solution
was left to stir overnight at room temperature. After 17 hours,
the reaction mixture was diluted with 200 ml of water before
being washed twice with hexane. The aqueous phase was then
cooled to 0 °C and hydrochloric acid (200 mL, 1 M) was added
dropwise (pHsinal ~ 2-3) until a yellow precipitate was observed.
The solid was collected by suction filtration and washed twice
with cold water. Subsequently, the solid was dissolved in
chloroform (200 mL) and dried over MgSO,. After filtration and
removal of the dichloromethane in vacuo, the solid was
recrystallized from hexane. The yellow solid was finally dried
on vacuum (42.00 g, 76 % yield). 6, (300 MHz, CDCl3) 3.29 (2H,
t, J = 7.4, SCH,), 1.72 (6H, s, C(CHs),), 1.69 — 1.61 ( 2H, m,
SCH,CH,), 1.52 — 1.35 (2H, m, CH,CH3), 0.93 (3H, t, J = 7.3,
CH,CH3); 8¢ (300 MHz, D,0) 178.95 (COOH), 55.57 (C(CHs)),
36.75 (SCH,), 29.85 (SCH,CH,), 25.21 (C(CHs),), 22.13 (CH,CHs),
13.64 (CH,CH3); m.p.: 57-58 °C (Lit. 52 °C)*%; M/zZ (M-H'
CoH155:0, requires 251.0) found 251.0; Vma/cm™ 3000-2500
(m, COO-H, stretch), 1734 (s, C=0, stretch), 1049 (s, C=S,
stretch).

J. Name., 2013, 00, 1-3 | 3



Homopolymer Synthesis. BDMAT (26 mg, 0.1 mmol), AMPS
(2.00 g, 5.1 mmol), phosphate buffer tablet solution (1.5 mL),
sodium hydroxide (5.1x10'2 mmol, 2 mg) and VA-086 (8.4x10'3
mmol, 2.4 mg) (from stock solution at 20.0 mg.mL'l) were
introduced into a flask equipped with a magnetic stirrer bar
and sealed with a rubber septum. The solution was
deoxygenated by bubbling through with nitrogen for 10
minutes, and the vial was then placed in a temperature
controlled oil bath at the desired temperature (90 °C), for the
duration of time required to reach nearly full conversion (~ 2
hours). At the end of the reaction, the mixture was allowed to
cool down at room temperature and then opened to the
atmosphere. Final materials were characterized using 'H NMR
and SEC (M, sec and D were determined).

Random Copolymer Synthesis. BDMAT (26 mg, 0.1 mmol),
HEAm (0.47 g, 4.1 mmol), AMPS (1.60 g, 4.1 mmol), phosphate
buffer tablet solution (3.4 mL), sodium hydroxide (5.1x10'2
mmol, 2 mg) and VA-086 (1.4x10‘2 mmol, 4 mg) (both taken
from a stock aqueous solution at 20.0 mg.mL‘l) were
introduced into a flask equipped with a magnetic stirrer bar,
and sealed with a rubber septum. The solution was
deoxygenated by bubbling through with nitrogen for 10
minutes, and the vial was placed in a temperature controlled
oil bath at the desired temperature (90 °C) for the time
required to reach nearly full conversion (~ 1 hour). After the
reaction, the mixture was cooled down to room temperature
and opened to the atmosphere. The monomer conversion was
then determined using 'H NMR and the material was analysed
by SEC (M, sec and D were determined).

Block Copolymer Synthesis. For the synthesis of the first block,
refer to Homopolymer synthesis above. Iterative chain
extension with various comonomers were carried out using a
similar protocol. An example of synthesis is given here for a
diblock copolymer of AMPS and HEAm (PAMPSsy-b-PHEAmMS;).
Briefly, a solution containing HEAm (0.58 g, 5.1 mmol) and
further VA-086 (0.9 mg, 3.0x10° mmol) was degassed and
added via a syringe to the polymerization medium. The
polymerization mixture was allowed to polymerize at the same
temperature (90 °C) for the time required to reach full
monomer conversion (1 h for AMPS, and 1.5 h for NAM and
HEAm). Before each new block, a sample was taken with a
degassed syringe for analysis (1H NMR and SEC). The quantity
of each compound used for the multiblock copolymer
synthesis with HEAm and NAM is reported in table SI 3 and Sl
5.

Star Polymer synthesis. For the synthesis of the initial arm,
refer to Homopolymer Synthesis or Random Copolymer
Synthesis or Block Copolymer Synthesis above. Star polymer
synthesis were carried out using the same protocol. An
example of the synthesis is given here for a star comprised of
homopolymer PAMPSs,. A solution of additional initiator (0.6
mg, 2.2x10° mmol) and cross-linker (0.17g, 8.1x10™" mmol)
was degassed and added via a syringe to the polymerization
medium. The polymerization mixture was allowed to
polymerize at the same temperature (90 °C) for the time
required to reach full cross-linker conversion and maximum
conversion of the arm into the star (0.5 h). Before the star
polymer synthesis, a sample was taken with a degassed syringe
for analysis (lH NMR and SEC).

Results and Discussion

PAMPS Homopolymer

RAFT polymerization combines good control of the molecular
weight and dispersity of syntheized polymers, catalyst-free
protocols, easy purification steps and a high livingness that is
essential for the preparation of complex architectures. At first,
a range of homopolymers of AMPS with degrees of
polymerization varying from 10 to 400 were prepared (Scheme
1). The polymerization reactions were invariably carried out in
phosphate buffer tablet solution at pH = 7 to ensure that pH
changes will not affect the kinetics of the reactions and the
solubility of the reactants (monomer, CTA and initiator).ag’40
BDMAT was chosen as the CTA because its melting point (63
°C) is lower than the reaction temperature (90 °C), allowing full
CTA solubilisation within the first few minutes of the
reaction.”* Sodium hydroxide (0.5 equivalents per CTA) was
also added to the polymerization mixture to further ensure the
CTA solubility in aqueous solution. The CTA concentration was
decreased from 0.15 M to 3.7x10° M with increasing DPs
(Table 1) to keep the monomer concentration constant across
all reactions (1.5 M).

HOOCBDI;/IATS AMPSO VA-086, PB,NaOH | PAMSPS .
+ n _——
KoY PR "7 90 2hours ﬂj?%
o) NH
NS [AMPS], = 1.5 M
n = 10, 20, 50, SOsNa

100, 200 and 400

Scheme 1: RAFT polymerization of AMPS (DP 10 to 400)

Table 1: RAFT polymerization of AMPS homopolymers using BDMAT as chain transfer agent in phosphate buffer tablet solution (pH ~ 7) at 90 °C.

Polymer DP [AMPS]:[CTA]o:[1]o Livingness Conv.? Mo w® M, sec” p°
(mol'L™) (%) (%) (gmol™) (gmol™)
1 10 10:1:0.017 99.7 98 2,500 5,500 1.09
2 20 20:1:0.033 99.3 >99 4,800 8,100 1.10
3 50 50:1:0.083 98.4 >99 11,600 13,000 1.11
4 100 100:1:0.167 96.8 >99 23,000 17,600 1.16
5 200 200:1:0.333 93.4 >99 45,600 29,900 1.25
6 400 400:1:0.667 87.6 >99 91,000 41,300 1.51

4| J. Name., 2012, 00, 1-3
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2 Determined by *H NMR using equation (1) (see experimental section); ® Determined using equation (2) (see experimental section);  Determined by Aqueous-SEC with

PEG standard.

The polymerization conditions were optimized to retain a high
“livingness” of the system. RAFT polymerization typically leads
to two types of polymer chains, thiocarbonyl-thio ended
chains (living chains) and initiator-ended chains (dead chains).
In order to subsequently prepare block copolymers with good
precision, it is important to have both a low percentage of
dead chains and a good retention of the end group, which is
typically referred to as the “livingness” of the system.21 High

livingness is typically obtained by either keeping the
concentration of initiator low or by using a slowly
decomposing initiator. In this study, an optimum

concentration of initiator (VA-086) was determined to be of
2.5x10° M. Using this parameter, 20 % of the initiator is
expected to be decomposed after 2 hours. When targeting DP
= 10, this represented an initial ratio [CTA],/[VA-086], = 60, a
final ratio of [CTA]o/[VA-086]consumed = 300 and a livingness of
approximately 99.7 % for the polymerization. The initiator
concentration was kept constant with varying DPs in order to
have similar kinetic profiles for each reaction. Using these
conditions, livingness higher than 90 % was obtained for
polymerization targeting DP lower than 200 (Table 1). Only the
reaction at DP = 400 was found to be slightly below this
threshold (L = 87.6 %).

0.8
0.6

0.4 4

dw/dLog(M) (Normalized a.u.)

0.2

0.0

T Y
10000 100000

Molar Mass (g'mol_I )

Figure 1: Aqueous SEC chromatograms (Refractive Index) of PAMPS homopolymers
with DPs varying from 10 to 400.

Aqueous SEC (Figure 1) was used to characterize the polymer’s
molecular weight, showing narrow dispersities (< 1.25) for
polymers with a DP below 200. For the higher DP (Table 1,
Entry 6) a broader chromatogram (i.e. ® = 1.51) was obtained
containing a tail at lower molecular weights. This phenomenon
is commonly observed for high molecular weight polymers and
is usually referred to as “gel effect”. The viscosity of polymers
is known to increase with molecular weight. For high DPs, this
leads to a decrease in the diffusion of polymer chains and an
accumulation of radical species that can affect the kinetics of
termination and propagation of the reaction, thus leading to
an increased percentage of smaller polymer chains.* To
determinate the CTA efficiency, we determined the chain
transfer constant (G = ky/kp) a value that characterizes the

This journal is © The Royal Society of Chemistry 20xx

efficiency of a RAFT agent for a given monomer, solvent and
temperature system. C, was determined using the Walling
method plot using 'H NMR to follow consumption of CTA and
monomer.*** Using this method, the C,”* was estimated to
be around 25 (Figure SI 1 and 2). A C,-*" higher than 1 means
that the rate of transfer is higher than the rate of monomer
propagation (kt,>kp).44 The high value obtained here indicates
that the number of monomer units incorporated into the CTA
is controlled, and that the CTA was efficient under the
conditions studied (i.e. control of molecular weight and low
dispersity).

Multiblock Copolymer of NAM / HEAm and AMPS

VA-086, PBS, NaOH
90 °C, 1 hours

AMPS or HEAm or NAM SOz Na* SOz Na*
HoOC S_S R — Hooc s._S
—»> b
O —— SR S
S - s
07 NH > 07 NH 07 "NH 10
<
. >99 %
SOgNa SOy Na* OH

HOOC S-S
-

SOz Na*

Scheme 2: Synthesis of multiblock copolymers of AMPS, AMPS with HEAm and NAM.

The preparation of multiblock polymers was first investigated
using blocks strictly made of AMPS. An
homopolymer (Scheme 2, Polymer 7)
synthesized by a one-pot sequential

method. Full monomer conversion was obtained between
each chain extension (Table SI 1 and 2, Figure S| 4) despite the
monomer concentrations decreasing from 1.5 to 0.32 M
during the polymerization. It is noteworthy that the first block
needed a longer reaction time (2 hours) to reach full monomer

octablock
successfully
monomer addition

was

conversion, with subsequent blocks only taking approximately
1 hour, which can be attributed to the slower consumption of
the initial CTA, upon comparison to the macroCTA formed
later. SEC analysis shows monomodal chromatograms and a
shift towards higher molecular weight after each monomer
addition (Figure 2a, right). The monodisperse nature of the
final octablock homopolymer (i.e. 1.18) confirms the high
livingness of the system throughout the whole process (~ 98.5
%) (Table 2). This is further supported by the relatively linear
increase of the number-average molecular weight observed
with increasing number of blocks (Figure 2a, left). The
number-average molecular weight measured by SEC was
found to be slightly higher than the theoretical values, which
can be attributed to dissimilarity in the hydrodynamic volume
of PAMPS (polyelectrolyte) and the PEG-standard used for
calibrating the aqueous SEC.2%* Overlay of the
chromatograms of (P(AMPS).0)s and P(AMPS)g, prepared

J. Name., 2013, 00, 1-3 | 5



earlier (Figure SI 5) shows a slightly higher molecular weight octablock (9 hours verses 1.5 hours) and the higher solution
for the octablock ((P(AMPS)y0)s: My, sec = 19,000 g.mol’1 , D = viscosity of the octablock reaction mixture compared to the
1.18; PAMPSgo: M, sec = 15,000 g.mol’l, D = 1.14). This can be homopolymer. A similar observation was

attributed to the longer reaction times used to prepare the

Table 2: Copolymers prepared in this study.

Polymer  Copolymer M h° My, sis MHISECb p°
(g.mol?) (gmol™) (g.mol ™)
’Determine
1 P(AMPS)1o 2,500 2,300 5500 109 4 g
P(AMPS)10-b-P(AMPS)10-b-P(AMPS)1o-b-P(AMPS) ¢-b- equation (2)
7 ( hob-P{ haob-P( haob-PA o 18,400 33,300 19,000  1.18 (see
P(AMPS)10-b-P(AMPS)10-b- P(AMPS)10-b-P(AMPS) 10
i t
8 P(AMPS)y5-b-P(HEAM);q 3,700 5,700 4000 125 EET
9 P(AMPS)10-b-P(HEAM)10-b-P(AMPS) 10 6,000 8,000 9,100 113  Dpetermined
P(AMPS)1-b-P(HEAM)19-b-P(AMPS)14-b-P(HEAM)10-b- using
10 ( haob-P( hao™b-P( hao™b-P( ko 13,900 33,400 16,700  1.48 AdUEOUS.
P(AMPS)10-b-P(HEAM)19-b- P(AMPS)10-b-P(HEAM)1o a .
SEC wit
11 P(AMPS)0-b-P(HEAM)40 13,600 25,900 8,300  1.35 PEG
tandard.
12 P(AMPS) 4o-co-P(HEAM) 4o 13,900 14,800 13,900 1.13 o
13 P(AMPS)10-b-P(NAM)10-b-P(AMPS)19-b-P(NAM)10 7,600 20,000 4,000 141  Figwe 2
Stepwise

characterisation of the block extension of multiblock copolymers of a) (P(AMPS)1o)s; b) (P(AMPS)19-b-P(HEAM)10)a; €) (P(AMPS)10-b-P(NAM)y0),; (left) molar mass and dispersity;
(right) aqueous-SEC chromatograms.

made by Gody et al, for a decablock of poly(N,N- counterpart.46
dimethylacrylamide) (PDMA) versus its homopolymer Copolymerization of PAMPS with other monomers was studied
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next, using two different water soluble comonomers as a
model:  N-hydroxyethyl acrylamide (HEAm) and 4-
acryloylmorpholine (NAM). These monomers were chosen as
representative of acrylamide monomers because of their
hydrophilicity and good reactivity. Octablock copolymer
PAMPS-b-PHEAmM and tetrablock copolymer PAMPS-b-PNAM
were synthesized with an average DP of 10 for each block
(Scheme 2, Polymer 10 and 13). Chain extension of PAMPS
macroCTA with HEAm or NAM required a longer reaction time
to reach full monomer conversion than chain extension with
AMPS itself (1.5 hours versus 1 hour), which can be attributed
to differences in the k, value of each monomer.”* "H NMR was
used to confirm full monomer conversion between each
monomer addition (Table SI 3 and 4, Figure SI 6). Monomodal
distributions were obtained after each block addition, with
dispersities ranging from 1.09 for the first block, to 1.48 for the
last block of the octablock copolymer of PAMPS and HEAm.
While the general trend shows a linear evolution of the
experimental molecular weight with increasing number of
blocks (Figure 2b), a shift at lower molecular weight when
PAMPS,, was chain extended with HEAm, followed by a shift at
higher molecular weight when macroCTA (PAMPSo-b-
PHEAmM,,) was further chain extended with AMPS, can be
observed. This “step effect” can be attributed to differences in
the nature of the two monomers (electrolyte versus neutral).47
PAMPS being a negatively charged polyelectrolyte,
electrostatic interactions are expected to expand the polymer
more than in the case of the neutral polymer segments (i.e,
NAM and HEAm), accounting for the irregular variation of
hydrodynamic volumes, and therefore molecular weights
observed. The difference of molecular weights of the two
monomers (Mawps = 229.2 g.mol™ and Mygam = 115.1 g.mol™) is
expected to further enhance this phenomenon. This is in
accordance with an observation made by McKenzie et al. for
the synthesis of a hexablock copolymer of ethyl acrylate (EA)
and methyl acrylate (MA).33 To verify this hypothesis, static
light scattering (SLS) measurements were used to determine
the absolute molecular weight of our copolymer (Equation 5).
As expected, a linear increase of the molecular weight was
observed for 1 (2,300 g mol™), 8 (5,700 g mol™) and 9 (8,000 g
mol™) (Table 2).

NAM, which has been widely used in the
synthesize well-defined multiblock homo- and copolymers due
to its high reactivity, was used here as an alternative
comonomer to demonstrate the robustness of the method.
Using similar conditions to those for HEAm, full monomer
conversions (Table SI 5 and 6, Figure SI 8) and monomodal
chromatograms (Figure 2c) were obtained after each
sequential monomer addition. As expected, a similar trend was
seen to that of HEAm, with steps observed in the plot of the
experimental molecular weight versus the number of blocks.
Similarly, we attributed this artefact to differences in the
hydrodynamic volume of AMPS and NAM segments, as
illustrate by SLS measurement that the absolute molecular
weight of 13 is higher than the value measured using SEC.
Next, a diblock (11) and a random copolymer (12) of similar
composition and molecular weight than octablock copolymer

literature to

This journal is © The Royal Society of Chemistry 20xx

10 was prepared for comparison. An induction period of 8
minutes was observed for the random copolymer synthesis,
compared to approximately 25 minutes for AMPS
homopolymer synthesis. This is likely due to the slow
consumption of the CTA, following full monomer conversion
which was obtained in 45 minutes (Figure SI 3). Error!
Reference source not found. shows an overlay of the SEC
chromatograms for 10-12. All three chromatograms showed
monomodal distribution with dispersities varying from 1.13 to
1.35. The narrower chromatogram observed for the random
copolymer when compared to the block copolymers is likely
due to a better distribution of both monomers along the
polymer chains lowering the repulsion between the negatively
charged AMPS. Using SEC, the experimental molecular weights
of polymers 10, 11 and 12 were found to be 16.7, 8.3 and 13.9
kg.mol‘l, respectively. These differences can be attributed to
differences in the conformation of the three architectures.
Indeed, spreading of the negative charge over the backbone is
expected to result in a more elongated polymer, which
explains why the hydrodynamic volume measured for the
diblock 11 is smaller than for its mixed counterparts 10 and 12.

11 12 10
14
Random Copolymer

- —— Diblock Copolymer
3
= —— Octablock Copolymer
©
(5]
N
©
E
S
£
s
k=)
o
-
2
2
o

0 T T

1000 10000 100000

Molar Mass (g.mol”)

Figure 3: Aqueous-SEC chromatogram of random, diblock and octablock copolymer of
AMPS and HEAm.

Complementary analysis using SLS gave molecular weight
values of 33.4, 25.9 and 14.8 kg.mol’1 for polymers 10, 11 and
12, respectively. While the random copolymer values obtained
using both SEC and SLS are in good agreement, a twofold
increase in the values obtained by SLS were obtained for the
block copolymers. Again, this could be explained in terms of
differences between the hydrodynamic volume of the charged
AMPS and the PEG standards used for calibration, with the
better distribution of the two monomers in the random
copolymer being expected to lessen this effect. Such a
phenomenon has been reported in the literature previously.48
The broader chromatograms obtained for the di- and octa-
block copolymers give an additional insight to explain the
discrepancy between the SLS and SEC values. The
chromatograms for 10 and 11 show shoulders at higher
molecular weight, indicating the presence of a small
population of larger chains that will have more contribution to
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the weight average molecular weight than they would have on
number average molecular weight.

Star-Shaped (Co-)Polymer of AMPS and AMPS/HEAmM

Next, we explored the use of RAFT polymerization to prepare a
range of star-shaped polymers of both homopolymers and
copolymers of AMPS. These polymers were synthesized using
an “arm-first approach” in which a linear polymer is used as
the initial arm, with subsequent addition of a cross-linker in a
one-pot fashion, without any purification step in between
(Scheme 3). At first, the influence of the ratio of cross-linker to
CTA was investigated using simple N,N’-
methylenebisacrylamide (C1) as the cross-linker, and
homopolymer PAMPS;, (3) as the model arm. C1 was chosen
as the model because its acrylamide functions ensure similar
reactivity between the newly incorporated monomer and the
newly reinitiated group (AMPS monomer). Due to the low
solubility of C1 in water (20 g.L‘1 at 20 °C), the cross-linker was
first dissolved in DMSO (150 mg.mL'l) before being added to
the polymerization mixture alongside additional initiator.

HOOC S S ! /\ZV/ HOOC S S
EEEE—— b
Ky RKope ™
z S
07 "NH S 07 "NH 5
n=1,8,15and 30
4 Conv.>99%
SOz Na* SOz Na
c1 c2
H H
= X
Ayt “Q
Xz
o [¢]
o =
- ca

OH O

Cc3
!
AT Ao Os
OH (o]

[¢] (¢}

Scheme 3: Synthesis of star polymers using the arm-first approach. Bottom insert
shows the different cross-linkers used in this study.

Effect of cross-linker to CTA ratio

The ratio of cross-linker to CTA was varied from 1 to 30 (Figure
4, left, Table 3, Entries 14 to 17) using C1 as the cross-linker.
The molecular weight of the resulting material increased from
32 to 125 kg.mol‘1 with increasing ratio of cross-linker to CTA
from 1 to 15. When using a ratio C1/CTA of 30, a gel-like
polymer was formed in less than 30 minutes, likely due to the
formation of a highly branched polymer that could not be
analysed by SEC. For C1/CTA = 1, the percentage of arm
incorporated was found to be relatively low (37 %) when

compared with the percentage of arm incorporated (92 %)
obtained with a C1/CTA ratio of 8. Higher ratios (i.e. 15) led to
the observation of a tail by SEC chromatography with the
peaks at retention times of 16, 13 and 12 minutes
corresponding to unreacted arm, star polymer and star-star
coupling respectively. In view of these results, a cross-linker to
CTA ratio of 8 appears optimal as it allows low dispersity
(1.24), high molar mass (64 kg.mol'l), high arm incorporation
(90 %) and no visible star-star coupling. It was noteworthy that
the percentage of arm incorporated never reached 100 % in all
cases. This could either be due to high electrostatic repulsions
between the negatively charged arms, or to the presence of
dead chains remaining from the synthesis of the initial arm.
This is in agreement with previous reports of star-shaped
polymers synthesized in the literature.*

Effect of cross-linker group

Having determined the optimal cross-linker to CTA ratio, we
turned to study the influence of the cross-linker structures. A
range of cross-linkers with different solubility values in
aqueous solution were tested, using functionalities such as an
aromatic cross-linker (C2), a hydrophilic acrylamide (€3) and an
acrylate (C4),(Table 3, Entry 15, 18, 19 and 20). C2 and C4 are
liquid at room temperature and were injected alongside the
initiator without additional solvent. C3 is a solid and was pre-
dissolved in a sodium hydroxide solution (20 mg.mL‘l), at a
concentration of 150 mg.mL'l, prior to introduction to the
polymerization mixture. The chromatograms obtained using
the four different cross-linkers are shown in Figure 4 (right).
Acrylate cross-linker (C4) was found to give the narrowest
chromatogram, which can be attributed to the lower reactivity
(lower k;) of acrylates when compared to acrylamides.20 c2
resulted in a shift towards a lower molecular weight peak
corresponding to the star polymer, when compared to star
polymers prepared using either C1 or C4. . This can be
explained by the poor solubility of C2 in water (0.005 %) which
limits the incorporation of the arm into the star (estimated to
be 70 % after 24 hours.).32

Table 3: Star polymers as prepared by RAFT polymerization using various cross-linker type, and cross-linker to CTA ratio

b

Polymer  Cross-linker Solvent [Cross-linker]/[CTA],  Arm Incorporation®  Star Mnlsgcb b
(%) (kgmol™)
14 c1 DMSO 1 37 32 -
15 c1 DMSO 92 64 1.24
16 c1 DMSO 15 94 125 1.90
17 c1 DMSO 30 - - -
18 c2 - 8 70 42 111
19 Cc3 NaOH (aq.) 8 0 12 1.27
20 Cc4 - 89 67 1.15

? Determined using equation (6) (see experimental section); ® Determined using Aqueous-SEC with PEG standard.
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Figure 4: Aqueous SEC chromatograms of star polymer prepared by RAFT polymerization, (left) using C1 with an increasing ratio from 1 to 15, (right) using cross-linker

(C1, C2, C3 and C4) with an optimum ratio of [cross-linker]/[CTA]O = 8.

Interestingly, no star polymer was formed using C3. In the
literature, C3 was used to synthesize a core cross-linked star
polymer of poly(oligoethylene glycol-acrylate) (POEG) via
emulsion polymerization, vyielding a material with low
dispersity (< 1.20) and a high percentage of arm incorporation
(> 90 %).32 In our case, absence of star formation can be
attributed either to the difference in reactivity of the
polymers, with acrylamide being typically more reactive than
acrylate, or to the influence of solvent (water rather than
toluene).

Effect of arm length

Using C4 as cross-linker, we then investigated the influence of
arm length on the synthesis of star-shaped PAMPS. Arm length
was increased while keeping the ratio of cross-linker to CTA at
8, and varying the molecular weight of the initial AMPS
homopolymer arm from 11 to 38 kg.mol'1 (Table 4, Entries 20,
21, 23 and 26). Figure 5 (top left) shows the chromatograms
obtained with increasing the arm. In each case, two peaks
were observed which corresponds to the star polymers and
the unreacted arms. With increasing length of the initial arm,
the molecular weight of the resulting stars increased from 67
to 385 kg.mol‘l, while the dispersities remained between 1.1
and 1.2. The efficiency of the reaction decreased however with

increasing arm length, and the percentage of arm incorporated
calculated was reduced from 89 to 48 %, using the ratio of the
two peaks by SEC. This can be attributed to either an increased
viscosity of the reaction mixture or to the increase of steric
hindrance.

Using the molecular weight of the SEC peak corresponding to
the star and the linear, the number of arms per star was
approximated to around 6 arms of small molecular weight, but
increased up to 10 for the larger molecular weight arms. This
the decrease in quantity of arms
incorporated as calculated previously using the ratio of the
two peaks, suggesting that the use of linear PEG to calibrate
the aqueous GPC is again responsible for the artefact
observed. The hydrodynamic volume of a linear system is
different from a branched system of equivalent molecular
mass, and the discrepancy is expected to increase with

result contradicts

increase of the molecular mass. In the above experiments,
cross-linker concentration was decreased from 0.23 M to 0.03
M with a DP 400 to keep the ratio of cross-linker to CTA equal
to 8 (Table 4, Entries 20 and 26). In a separate experiment, the
cross-linker to CTA ratio was gradually increased from 8 to 15
and then 30 (Table 4, Entries 23 to 25) for a DP 200 instead.

Table 4: Star polymers prepared by RAFT polymerization using C4 and increasing degrees of arm polymerization from 50 to 400

This journal is © The Royal Society of Chemistry 20xx
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Polymer DP Arm M, sec” [Cross-linker]/[CTAl,  [Cross-linker] Arm Incorporation” Star My sec” D°
(kgmol™) (%) (kgmol™)
20 50 11 0.23 89 67 1.15
21 100 16 0.12 80 126 1.17
22 100 16 15 0.21 85 129 1.21
23 200 23 8 0.06 68 199 1.16
24 200 23 15 0.11 75 177 1.18
25 200 23 30 0.21 74 271 1.30
26 400 38 8 0.03 48 385 1.19
27 400 38 15 0.06 51 423 1.19
28 400 38 30 0.11 47 501 1.19
’Determined using Aqueous-SEC with PEG standard; ® Determined using equation (6) (see experimental section)

26 23 21 20

dwidLog(M) (Normalized a.u.)
dwidLog(M) (Normalized a.u.)

—— [Cross-linker] = 0.21 M

25 2324

[Cross-linker] = 0.12 M [Cross-linker] = 0.06 M
— [Cross-linker] = 0.11 M

[Cross-linker] = 0.21 M

dwidLog{M) (Normalized a.u.)

)

15
Retention Time (min)

15

Retention Time (min)

15
Retention Time (min)

Figure 5: Aqueous SEC chromatograms of star polymers obtained by RAFT polymerization using C4 as cross-linker and increasing the arm length (DP50 to 400 and C4/CTA = 8)
(left), increasing C4/CTA ratio from 8 to 15 (DP 100) (middle) and increasing the ratio from 8 to 15 and then 30 for a DP 200 (right)

While no improvement in the percentage of arm incorporated
was observed, an increase in molecular weight of the resulting
star was observed, corresponding to a higher quantity of cross-
linker incorporated in the star (higher hydrodynamic volume of
the core)

Effect of the arm composition:

The effect of arm composition was investigated by preparing
star copolymers from copolymers of AMPS and HEAm namely
octablock 10, diblock 11 and random 12 (Table 2). Synthesis of
star polymers using an arm made of diblock 11 and the
conditions previously described (0.22 M of C4, C4/CTA = 8)
resulted in the formation of a gel-like polymer which could not
be analysed by SEC (Table 5, Entry 29). We attributed this
behaviour to the high concentration of cross-linker used. Upon
decreasing the concentration of cross-linker to 0.16 and 0.12
M (Table 5, Entries 30 and 31), star polymer were formed in
solution, with a molecular weight of about 110 kg.mol'1, a
dispersity below 1.2 and about 70 % of arm incorporated.
Using random polymer 12 and a concentration of C4 equal to
0.14 M, a star copolymer with a molecular weight of about 100
kg.mol‘1 and high arm incorporation (85 %) was obtained
(Table 5, Entry 32, Error! Reference source not found.). Finally,
a star copolymer derived from octablock 10 was synthesized
which resulted in a product with a high molecular weight (180

10 | J. Name., 2012, 00, 1-3

kg.mol‘l) but lower arm incorporation (Table 5, Entry 33).
Again, this be attributed to differences in the
hydrodynamic volume of diblock, octablock and random
polymers, resulting in artificially shifted SEC measurements.

can

\

33 30 32

—— P(AMPS), -co-P(HEAm),
—— P(AMPS),-b-P(HEAM),,
—— (P(AMPS), -b-P(HEAM), ),

dw/dLog(M) (Normalized a.u.)

20
Retention Time (min)

Figure 6: Aqueous SEC chromatograms of star polymers obtained by RAFT

polymerization using C4 as cross-linker and diblock, octablock and random copolymer

asarm.
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Table 5: Star polymers as prepared by RAFT polymerization using C4 as cross-linker and various copolymer as arms. Theoretical molecular weight was kept constant.

Polymer Arm composition Arm Mn,sgcb [Cross-linker]; Arm Incorporation® Star Mn,sgcb o
(kg mol?) (%) (kg mol™)
29 P(AMPS)0-b-P(HEAM )40 9 0.22 - - -
30 P(AMPS)0-b-P(HEAM )40 9 0.16 72 113 1.19
31 P(AMPS)0-b-P(HEAM )40 9 0.12 71 111 1.17
32 P(AMPS),o-co-P(HEAmM) 4o 12 0.14 85 101 1.22
33 (P(AMPS)10-b-P(HEAM)10)a 13 0.16 62 180 1.27
° Determined using equation (6) (see experimental section); ® Determined using Aqueous-SEC with PEG standard.
(4) Koromilas, N. D.; Lainioti, G. C.; Vasilopoulos, G.;

Conclusion:

We have reported the synthesis of a range of complex
architectures of PAMPS using RAFT polymerization. High
ordered multiblock polymers and copolymers of AMPS were
obtained with full monomer consumption in between each
block chain extension. An octablock copolymer (P(AMPS)o-b-
P(HEAmM)4p)s was successfully synthesized within 9 hours with a
final dispersity of 1.48. The influence of monomer distribution
on the polymerization was studied by comparing the octablock
polymer with a diblock and random copolymer of analogous
composition. Finally, we reported the first synthesis of AMPS-
derived star-shaped polymers with narrow dispersity (B <
1.30). This is, to the best of our knowledge, the first example
of multiblock core cross-linked star (CCS) copolymerization via
RAFT polymerization. The ratio of cross-linker to CTA and the
nature of the cross-linker turned out to be a crucial parameter
where optimization resulted in high arm-incorporation and
narrow molecular weight distribution. Additionally, random
and diblock-based CCS copolymers of similar structures were
prepared. Our group is currently investigating the influence of
such complex architectures for both physical properties and
biological applications of the resulting polyelectrolytes.
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Figure SI1: Walling plot for the polymerization of AMPS monomer targeting a DP of 20 with the chain transfer agent BDMAT (in
water at 90 °C)
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Figure SI2: "H NMR spectra (D,0, 300 MHz) showing the chain transfer agent and monomer consumption after 16 minutes of the
polymerization of AMPS with BDMAT at 90 °C in water.
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Figure SI3: Conversion (Blue) and pseudo-first order plot (Black) versus the time for the synthesis of the random copolymer
P(AMPS)40-co-P(HEAM), synthesized in water at 90 °C with VA-086.

Table SI1: Conditions used for the preparation of (P(AMPS;,))s via RAFT polymerization in phosphate buffer solution at 90 °C.

Block 1 2 3 4 5 6 7 8
Monomer AMPS  AMPS  AMPS  AMPS  AMPS  AMPS  AMPS  AMPS
DPargeted 10 10 10 10 10 10 10 10
Mumonomer added (ME) 580 580 580 580 580 580 580 580
Mcra (Mg) 64 - - - - - - -
MyA-086 added (ME) 1.22 0.85 0.82 0.89 0.96 1.03 1.11 1.17
Miaor (Mg) 506 - - - - - - -
Mio (M) 358 - - - - - - -
Viotal (ML) 1.7 2.5 3.4 43 5.2 6.0 6.9 7.8
VA-086onsumed (%)° 20 11 11 11 11 11 11 11
Mya-08s total (ME)° 1.22 1.83 2.46 3.08 3.72 435 4.99 5.62
[AMPS], (M)° 1.50 1.00 0.74 0.59 0.49 0.42 0.37 0.32
[CTA]/[VA-086], 60 40 30 24 20 17 15 13
[CTA]/[VA-086]consumed 301 380 282 225 186 159 139 123
L (%)° 99.7 99.8 99.8 99.8 99.8 99.8 99.8 99.8
Cumulative L (%)' 99.7 99.5 99.3 99.1 99.0 98.8 98.6 98.5

® Represents the sum of the volume of the monomer added + Vo, from the previous block. ® Determined using the following
equation VA-086.onsumed = [VA-086]consumed/[VA-086]o *100 = 2f(1-exp(-kqt))(1-f/2)*100 with f = 0.5, f, = 0, kg = 3.1x10° s™. ©
Represents the total weight of VA-086 at the start of each chain extension characterised by the sum of the weight of VA-086
added plus the weight of VA-086 remaining from the previous block. d Represents the concentration of the monomer at the
beginning of each block extension. ¢ Theoretical estimation of the fraction of living chains per block. f Theoretical estimation of
the cumulated fraction of living chains
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Table SI2: 'H NMR and SEC data analysis for the multiblock homopolymer (P(AMPS),)g after chain extension

Block Multiblock composition Monomer conversion® Mo M sec” N
(%) (gmol”)  (gmol™)

1 P(AMPS) 10 99 2,500 5,700 1.09

2 P(AMPS)10-b-P(AMPS) 10 99 4,800 8,300 1.09

3 P(AMPS)10-b-P(AMPS)19-b-P(AMPS)10= >99 7,100 9,600 1.09
P(AMPS);0-b-P(AMPS)19-b-P(AMPS)14-b-

4 ( h1o-b-P( J10b-P( ho >99 9,300 12,300 1.10
P(AMPS) 10
P(AMPS);0-b-P(AMPS)19-b-P(AMPS)1o-b-

5 ( J10-b-P( J10-b-P( ho >99 11,600 14,800 1.12

P(AMPS)0-b-P(AMPS) 10
P(AMPS);0-b-P(AMPS)19-b-P(AMPS)14-b-

6 ( J10b-P( J10b-P( Jo >99 13,900 17,000 1.13
P(AMPS);0-b-P(AMPS)19-b-P(AMPS)10

P(AMPS)10-b-P(AMPS);o-b-P(AMPS);o-b-

7 P(AMPS)1-b-P(AMPS)1-b-P(AMPS);o-b- >99 16,200 17,700 1.16
P(AMPS)o
P(AMPS)1-b-P(AMPS)1-b-P(AMPS) o-b-

8 P(AMPS)1-b-P(AMPS)1-b-P(AMPS) o-b- >99 18,400 18,900 1.18

P(AMPS)19-b-P(AMPS)10
® Determined by 'H NMR in MeOD. ° Determined using equation 2. © Determined using aqueous SEC with a Rl detector using PEG
as a standard.
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Figure Sl4: 'H NMR spectra (MeOD, 300 MHz) displaying the monomer conversion for each new chain extension (up to 8 blocks).
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Figure SI5: Comparison of the final SEC chromatograms (aqueous SEC using PEG standard) obtained for the homopolymer
P(AMPS)g, and the 8™ blocks of the octablock (P(AMPS)4p)s synthesized by RAFT polymerization.

Table SI3: Conditions used for the preparation of (P(AMPS),o-b-P(HEAmM)40)4 via RAFT polymerization in phosphate buffer solution
at 90 °C.

Block 1 2 3 4 5 6 7 8
Monomer AMPS  HEAm  AMPS  HEAm  AMPS  HEAm  AMPS  HEAm
DPargeted 10 10 10 10 10 10 10 10
Mumonomer added (ME) 580 292 580 292 580 292 580 292
Mcra (Mg) 64 - - - - - - -
MyA-086 added (ME) 1.22 0.47 0.91 0.43 1.08 0.53 1.25 0.64
Mnaot sdded (ME) 506 - - - - - - -
Vino 358 - - - - - - -
Viotal (ML) 1.69 1.99 2.85 3.15 4.01 433 5.19 5.51
VA-086onsumed (%)° 1.22 1.42 2.06 2.26 2.89 3.11 3.73 3.98
Mya-08s total (ME)° 20 20 11 20 11 20 11 20
[AMPS], (M)° 1.50 1.27 0.89 0.80 0.63 0.59 0.49 0.46
[CTA]/[VA-086], 60 51 36 32 25 23 20 18
[CTA]/[VA-086]consumed 301 255 338 161 240 117 186 92

L (%)° 99.7 99.7 99.8 99.7 99.8 99.7 99.8 99.7
Cumulative L (%)' 99.7 99.3 99.2 98.8 98.7 98.3 98.2 97.8

® Represents the sum of the volume of the monomer added + Vo, from the previous block. ® Determined using the following
equation VA-086.onsumed = [VA-086]consumed/[VA-086]0 *100 = 2f(1-exp(-kqt))(1-f/2)*100 with f = 0.5, f, = 0, kg = 3.1x10° s™. ©
Represents the total weight of VA-086 at the start of each chain extension characterised by the sum of the weight of VA-086
added plus the weight of VA-086 remaining from the previous block. d Represents the concentration of the monomer at the
beginning of each block extension. ¢ Theoretical estimation of the fraction of living chains per block. f Theoretical estimation of
the cumulated fraction of living chains
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Table SI4: 'H NMR and SEC data analysis for the multiblock copolymer (P(AMPS),o-b-P(HEAmM),()4 after chain extension

Block Multiblock composition Monomer conversion® Mo M sec” D°
(%) (gmol”)  (gmol™)

1 P(AMPS) 10 99 2,600 5,500 1.09

2 P(AMPS);0-b-P(HEAM)10 99 3,700 4,000 1.25

3 P(AMPS);0-b-P(HEAM)15-b-P(AMPS) 10 >99 6,000 9,100 1.13
P(AMPS);o-b-P(HEAM)15-b-P(AMPS)1-b-

4 ( J10°b-P(HEAM)10-b-P( Jo >99 7,100 8,400 1.18
P(HEAM)10
P(AMPS);o-b-P(HEAM)15-b-P(AMPS)1-b-

5 ( h10-b-P( J10-b-P( Jo >99 9,400 13,100 1.18

P(HEAM)10-b-P(AMPS)10
P(AMPS);o-b-P(HEAM)15-b-P(AMPS)1-b-

6 ( J10-b-P(HEAM)10-b-P( J1o >99 10,500 11,800  1.25
P(HEAM)19-b-P(AMPS)14-b-P(HEAM) 10

P(AMPS)1-b-P(HEAM)19-b-P(AMPS) 4-b-

7 P(HEAM)10-b-P(AMPS)19-b-P(HEAM)10-b- >99 12,800 17,700  1.30
P(AMPS)1o
P(AMPS)1-b-P(HEAM)19-b-P(AMPS) 4-b-

8 P(HEAM)10-b-P(AMPS)19-b-P(HEAM)10-b- >99 13,900 16,700  1.48

P(AMPS)10-b-P(HEAM)4

® Determined by 'H NMR in MeOD. ° Determined using equation 2. © Determined using aqueous SEC with a Rl detector using PEG
as a standard.
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Figure S16: '"H NMR spectra (MeOD, 300 MHz) displaying the monomer conversion for each new chain extension (up to 8 blocks).
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Figure SI17: SEC chromatogram (aqueous SEC with PEG standard) of the macro CTA-PAMPS10 (Black) then chain extended with
PHEAMq0.

Table SI5: Conditions used for the preparation of (P(AMPS)9-b-P(NAM)1,), via RAFT polymerization in phosphate buffer solution
at 90 °C.

Block 1 2 3 4
Monomer AMPS NAM AMPS NAM
DPargeted 10 10 10 10
Mumonomer added (ME) 1160 715 1160 715
Mera (ME) 128 - - -
Munoss added (ME) 2.43 0.74 1.61 0.97
Muson added (M) 10.13 - - -
Viso 1080 - - -
Viotal (ML)? 3.38 4.07 5.79 5.63
VA-086onsumed (%)° 1.22 1.45 1.98 2.25
Mya.oss total (ME)° 20 20 11 20
[AMPS], (M)° 1.50 1.24 0.88 0.90
[CTA]/[VA-086], 60 50 35 31
[CTA]/[VA-086]consumed 301 325 334 203
L (%)° 99.6 99.6 99.8 99.7
Cumulative L (%)f 99.6 99.3 99.1 98.8

® Represents the sum of the volume of the monomer added + Vo, from the previous block. P Determined using the following
equation VA-086.onsumed = [VA-086]consumed/[VA-086]o *100 = 2f(1-exp(-kqt))(1-f/2)*100 with f = 0.5, f, = 0, kg = 3.1x10° s™. ©
Represents the total weight of VA-086 at the start of each chain extension characterised by the sum of the weight of VA-086
added plus the weight of VA-086 remaining from the previous block. d Represents the concentration of the monomer at the
beginning of each block extension. ¢ Theoretical estimation of the fraction of living chains per block. f Theoretical estimation of
the cumulated fraction of living chains.
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Table SI66: *H NMR and SEC data analysis for the multiblock copolymer (P(AMPS)1o- b-P(NAM),(), after chain extension

Block Multiblock composition Monomer conversion® Min® My sec p°
(%) (gmol™)  (gmol?)

1 P(AMPS);o 99 2,500 5,400 1.09

2 P(AMPS),5-b-P(NAM)1o 99 4,000 1,800 1.50

3 P(AMPS),5-b-P(NAM);0-b-P(AMPS) 1o >99 6,200 9,100 1.10
P(AMPS)10-b-P(NAM)9-b-P(AMPS)1o-b-

4 ( J1ob-P( Jiob-P( hio >99 7,600 4,000 1.41
P(NAM)4o

? Determined by 'H NMR in MeOD. ° Determined using equation 2. ¢ Determined using aqueous SEC with a RI detector using PEG
as a standard.
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Figure SI87: 'H NMR spectra (MeOD, 300 MHz) displaying the monomer conversion for each new chain extension (up to 4
blocks).
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Figure SI9: 'H NMR spectra (MeOD, 300 MHz) showing the monomer conversion for the arm (bottom) after 2 hours and the
cross-linker conversion for the star (top) after 2.5 hours.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21

Please do not adjust margins




