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ABSTRACT: A double-hydrophilic block copolymer (DHBC)  perentcopotymer Deprotected polymer with mult functions
exhibiting a multifunctional block was obtained via a multistep _ o T f =08
synthesis. First, the parent copolymer, Par. Pol, P(OEGMEA)-b- ’ (i) Deprotection

PAA, composed of a neutral block of poly(oligo(ethylene glycol))-
methyl ether acrylate (P(OEGMEA)) and a weak polyacid block of
poly(acrylic acid) (PAA), was synthesized by RAFT polymer- .
ization. Then, the PAA block was modified via the activation/ A —
amidation route, using N-(3-(dimethylamino)propyl)-N’'-ethyl- v
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to activate by

the DHBC, yielding the activated copolymer Act. Pol., before sspHs9

reaction with N-Boc ethylenediamine. The resulting amidated B S e S S L

copolymer, named Ami. Pol,, composed of P(OEGMEA)-b-P(AA-

s-(Acyl urea)-s-(N-Boc)), exhibits several functional groups on the second block: acrylates from the PAA backbone, pending N-Acyl
urea, and finally pending N-Boc ethylenediamine. N-Acyl urea exhibits tertiary amines, while N-boc ethylenediamine adds primary
amines protected by a tert-butyl group, which can later be removed by a deprotection step using trichloroacetic acid (TCA), yielding
the final P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/NH,)) copolymer, labeled De. Pol. We characterized the DHBC at every stage
of the modification (i.e., parent copolymer, activated copolymer, amidated copolymer, and deprotected copolymer) using a
combination of NMR and elemental analysis to assess the number of units of each group in the second block. After activation/
amidation, N-Acyl urea groups represent ca. 13—32% of the second block, depending on the activation conditions, while the amount
of N-Boc ethylenediamine groups is ca. 8—34%, depending on the amidation conditions. We demonstrated the efficient removal of
the tert-butyl protection groups after deprotection without any damage to the DHBC. Due to the presence of acrylates and amine
functions, the activated, amidated, and deprotected copolymers exhibit pH-tunable self-assembling properties. Samples were studied
at pH values ranging from 2 to 9, using dynamic light scattering (DLS), {-potential measurements, and ATR-FTIR, and well-defined
micelles were observed at pH values ranging from 4—9. The combination of measurements, coupled with DLS studies as a function
of salt, provided evidence that micelles were formed by electrostatic complexation between the positively charged N-Acyl urea
pending groups and the unmodified negatively charged acrylate species. Micelles were then characterized using a combination of
light and small-angle neutron scattering (SANS). Notably, an optimum pH range for micellization of S—7 with a single population
was obtained by dynamic light scattering (DLS). SANS data were successfully fitted using a model of polymer micelles, which
provided information about the core radius of the micelles R (6.3 + 0.1 nm for amidated copolymer at pH = 5), the gyration radius
of the P(OEGMEA) chains in the micelle shell R, (3.3 £ 0.1 nm), and the polydispersity in size 6 (13 + 1%). SANS patterns of
amidated copolymers as a function of concentration were also studied, and data were successfully fitted by adding a hard-sphere
structure factor, providing evidence of intermicellar interactions. Finally, SANS patterns of the deprotected copolymer showed a
decrease in the core radius (R = 5.3 = 0.1 nm at pH = 5), consistent with the removal of the bulky tert-butyl groups. The method
developed here allows the formation of DHBCs that not only exhibit self-assembling properties in water due to the addition of N-
Acyl urea groups but also present extra functional groups (in our case, primary amines).
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Block copolymers, composed of well-defined blocks of
different chemical natures, have attracted particular attention
as structuring agents for self-assembled nanomaterials.' >
Many of them display amphiphilic behavior due to differences
in the hydrophilicity of the copolymer blocks. Finely
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Scheme 1. Methodology to Design a DHBC, Which Exhibits Self-Assembling Properties in Water While Presenting Several

Functions on its Second Block”
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“Step 1: Activation of a previously synthesized P(OEGMEA)-b-P(AA) parent polymer (Par. Pol.) (a) with EDC/NHS forms an activated
copolymer (Act. Pol.) made of P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-(Acyl urea)) (b). Step 2: Amidation of Act. Pol. by reaction with N-Boc-
ethylenediamine forms an amidated polymer (Ami. Pol.) made of P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc)) (c). Step 3: Deprotection by
reaction with TCA removes the tert-butyl group of the N-Boc-ethylenediamine, freeing the primary amine functions of the final deprotected
polymer (De. Pol.), P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/NH,)) DHBC (d). The P(OEGMEA) comb-like block is shown in classic blue,
the PAA linear block in green, NHS-activated esters in yellow, N-Acyl urea pendant functions in red, the protected amine in navy blue, and the
primary amine functions in turquoise. At the bottom of the scheme, the chemical structure of each DHBC is given.

controlling the chemical structure and relative mass fraction of
each block allows these copolymers to spontaneously self-
assemble in aqueous solutions to form micelles, fibers, vesicles,
and microphase-separated matrices.*”® A specific type of block
copolymer, the double hydrophilic block copolymer (DHBC),
is distinguished by its entirely hydrophilic nature, but some of
them can still micellize in aqueous solvents under specific
conditions.”® Indeed, DHBCs can self-assemble in water in
response to internal or external stimuli, such as pH,”'® ionic
strength,g’ll temperature,lo’” or the nature of added
which selectively decrease the hydrophilicity of
one of the blocks and trigger the self-assembly, while the
second block remains hydrophilic and ensures the formation of
stable core—shell micelles. Thanks to a judicious choice of the
two blocks of the DHBC, researchers have been able to form
pH-sensitive vesicles (using zwitterionic polymers)13 or even
structure-reversible micelles, whose core and shell can be
switched using a DHBC with dual thermosensitivity.'* This
has paved the way for multi-stimuli-responsive DHBCs,">~"”

12
solvents,

5111

with applications as drug carriers that often require controlled

18—20
or

breaking of the carrier at a specific pH or temperature,
as catalytic nanoreactors, where micellization enhances the
catalytic properties of the polymer.”'

Some DHBCs, exhibiting a charged block and a neutral
block, require a micellization partner to form micelles in
solution via electrostatic interaction between the charged block
of the DHBC and a micellization partner of opposite charge.
Depending on the type of micellization partner, polyelectrolyte
or multivalent metal ion, the micelles formed are labeled as
polyion complex (PIC)**~** or hybrid polyion complex
(HPIC)***® micelles, respectively. HPIC micelles have found
a natural application in the field of nanoparticle synthesis by
using the micelle core as a nanoreactor for particle growth
(with the metal ions as precursors), while the shell of the
micelles controls the size of the nanoparticles and the overall
shape of the micelles, influencing that of the nano-
particles.”” ~>" PIC (and HPIC) micelles have also found a
fascinating application in the formation of mesoporous
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functional materials.>’”*° An example lies in DHBCs
comprising a neutral ethylene oxide-based hydrophilic block
(for instance, poly(oligo(ethylene glycol) methyl ether
acrylate) P(OEGMEA)) and a polyelectrolyte block (for
instance, poly(acrylic acid) P(AA)). PIC micelles formed with
these DHBCs can be used as both structure-directing and
functionalizing agents for the formation of an ordered
mesoporous structure whose pores are functionalized by
polyelectrolytes.”” These dual features are related to the
specific properties of the two blocks of the DHBC: the
ethylene oxide units of the neutral block strongly interact with
silicic species in aqueous solution via hydrogen bonding to
form the hybrid interface of the material, while the
polyelectrolyte block imparts its functionality to the final
material>**>* In the case of weak polyelectrolytes, the pH-
dependent ionization rate of the charged block of the DHBC
and of the micellization partner controls the range of pH
associated to (H)PIC micelles formation. This mechanism
places requirements on the micellization partner, such as good
coacervation properties, but also on the formulation, including
the fine control of the ratio of micellization partner to DHBC
in solution, a controlled pH window, and the efficient removal
of the micellization partner after material formation. Further, a
salient limitation of this approach is that the nature of the
polyelectrolyte block of the DHBC chosen must be adapted
each time to the targeted application; this implies designing
new polymer synthesis procedures for each new DHBC. Since
direct polymerization with target functions is not always easily
achievable, this methodological drawback limits the variety of
functions that can be integrated into PIC micelles and their
resulting functional hybrid materials. Hence, it prevents
versatile use of the functional materials. Thus, our goal is to
design a P(OEGMEA)-based DHBC whose polyelectrolyte
block exhibits several complementary functional groups in
order to provide both direct self-assembly properties in
aqueous solution and versatility in targeted applications.

This goal can be achieved by postsynthesis modification of
the DHBC in order to specifically tune the physicochemical
properties of its polyelectrolyte block without degrading its
neutral block.>*™* For instance, introducing specific hydro-
philic and hydrophobic sections within the copolymer allows
its self-assembly under aqueous conditions.””***"** Postsyn-
thesis modification also enables the addition of functional
groups that are not easily accessible through direct polymer-
ization.® In the case of acrylic and methacrylic polymers, a
common method is to activate carboxylic acids using N-
hydroxysuccinimide (NHS)*™* to form active esters that
enhance their amidation reaction with nucleophilic amine
species under mild aqueous conditions, due to the stability of
NHS-activated esters against hydrolysis.”**® NHS activation is
typically achieved by using N-(3-(dimethylamino)propyl)-N’-
ethylcarbodiimide (EDC), which increases the reactivity of
carboxylic acids with NHS.**™* Examples of nucleophilic
amines used for this amidation procedure include aliphatic and
cycloaliphatic amines for therapeutic applications*’ while
ethylenediamine provides access to pendant primary amines,
unlocking applications ranging from CO, capture® to the
removal of metallic pollutants.””*" In the latter case, the
homobifunctional nature of ethylenediamine poses the
challenge of cross-linking the polymer chains. It is therefore
worth replacing it with N-Boc-ethylenediamine, where one of
the amines is protected by the Boc-((CH,;);COCO) group,

5112

which can be removed at a later stage to free the primary
amine,”' %

Here, postsynthesis modification has been developed as a
novel and effective approach to form poly(acrylic acid)-based
DHBCs that exhibit self-assembly capabilities with pH-
sensitive micellization behavior, while containing additional
functional primary amine pendant groups. We followed a
multi-step strategy that is summarized in Scheme 1. First, the
polyacid block of the parent P(OEGMEA)-b-P(AA)>>°%%¢
copolymer, named Par. Pol. (a in Scheme 1) was activated via
the EDC/NHS route in an aqueous medium. We demon-
strated that the reaction of EDC with carboxylic acids also
introduces N-Acyl urea pendant groups into the polymer,
resulting in the activated copolymer, or Act. Pol. (b),
composed of P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-(Acyl
urea)), with AA-NHS corresponding to 2,5-dioxopyrrolidin-1-
yl acrylate species from the grafting of NHS to the backbone
and Acyl urea to N-((3-(dimethylamino)propyl)carbamoyl)-
N-ethylacrylamide groups formed by the reaction of EDC with
acrylates.”’ " The introduced N-Acyl urea groups contain a
tertiary amine with a pK,y of 9.76, which can provide positive
charges to the modified polymer under mild pH condi-
tions.®”°! Meanwhile, NHS-activated esters are also formed on
the PAA block and can further react by amidation with N-Boc-
ethylenediamine. After this amidation step, the resulting
amidated copolymer was named Ami. Pol. (c), composed of
P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc)), with N-Boc
corresponding to tert-butyl (2-acrylamidoethyl)carbamate
groups in the polymer. This copolymer was found to not
only self-assemble in aqueous solutions as a result of the new
interactions between acrylates from the PAA backbone and
tertiary amines from grafted N-Acyl urea, but also to contain
additional protected primary amines. Finally, a simple
deprotection step allows the primary amines to be exposed,
resulting in the deprotected copolymer, or De. Pol. (d),
composed of P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/
NH,)), where AA/NH, are N-(2-aminoethyl)acrylamide
groups obtained after removal of the tert-butyl group.”’ ™"
The self-assembling behavior observed for the amidated
copolymer is maintained after deprotection, while the primary
amine groups can act as extra functional groups. Each DHBC
modification step was characterized by nuclear magnetic
resonance (NMR) and elemental analysis, while self-assembly
properties were assessed by light scattering. The shape of the
micelles was fully characterized using small-angle neutron
scattering (SANS). Finally, the mechanisms of micellization
were studied using {-potential measurements and ATR-FTIR
as a function of pH, and by DLS as a function of salt
concentration. This new DHBC has great potential for the
direct formation of multifunctional mesoporous materials
whose properties can be adjusted as a function of pH,
depending on the need to expose the initial acrylic acid
function or the new primary or tertiary amine functions
obtained after modifications in the mesopores.

2. MATERIALS AND METHODS

2.1. Chemicals Used. Oligo(ethylene glycol) methyl ether
acrylate (OEGMEA, 99%, M, = 480 g/mol, 9 EO units on
average) and acrylic acid (AA, 99%, M, = 72.06 g/mol) were
purchased from Sigma-Aldrich. Removal of radical inhibitors
by adsorption with alumina particles (Sigma-Aldrich) was
carried out prior to their use in polymerization. The initiator,
4,4'-azobis(4-cyanopentanoic acid) (ACPA, 98%) was pur-
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chased from Sigma-Aldrich, while the chain transfer agent, 2-
(butylthiocarbonothioylthio)-2-methylpropanoic acid
(BDMAT), was synthesized according to previously docu-
mented protocols.””*® N-(3-Dimethylaminopropyl)-N'-ethyl-
carbodiimide (EDC, 98%) was purchased from Alfa Aesar and
used as received. Meanwhile, N-hydroxysuccinimide (NHS,
98%) and N-Boc-ethylenediamine (>98%) were also pur-
chased from Sigma-Aldrich. Milli-Q water with a resistivity of
18.2 MQ-cm at 25 °C was used for chemical synthesis and
sample preparation. pH modification was carried out using
NaOH and HCI (1 M and S M, respectively) solutions. For
small-angle neutron scattering and NMR analysis, D,O from
Sigma-Aldrich was used as solvent.

2.2. P(OEGMEA)-b-P(AA) Synthesis. The parent copoly-
mer, poly((oligoethylene glycol) methyl ether acrylate)-b-
poly(acrylic acid), or P(OEGMEA)-b-P(AA), was synthesized
using reversible addition—fragmentation chain-transfer poly-
merization (RAFT) in an aqueous solvent.”* The synthesis of
P(OEGMEA),,-b-P(AA)s; (35 wt % polymeric solution) was
carried out as described below: BDMAT (0.1705 g, 7 X 107*
mol) acting as the chain transfer agent, ACPA (0.0186 g, 7 X
107> mol) acting as the radical initiator, OEGMEA (7.59 g, 1.6
X 1072 mol) monomer, and 14.4 mL of Milli-Q water were
added to a 250 mL round-bottom flask. The reaction medium
was stirred at ca. 250 rpm and purged with nitrogen for 30 min,
followed by heating at 80 °C for 4.5 h. Subsequently, the
second block was obtained by adding ACPA (0.0178 g, 6 X
107° mol), AA (2.40 g, 3.3 X 107> mol) and 4.5 mL of Milli-Q_
water to the reaction medium at room temperature. The
reaction medium was then degassed again with nitrogen for 30
min, followed by heating at 80 °C under stirring. A 1 mL
portion of the samples was collected after the synthesis of each
block of the DHBC for "H NMR and elemental analysis. The
degree of polymerization of each block, provided in Table 1,
was determined from the '"H NMR data as described in the
Supporting Information. The sample is labelled Par. Pol. for

parent polymer.

Table 1. Description of Parent Polymer (Par. Pol.)
Obtained by RAFT Polymerization, with (For Each Block)
the Degree of Polymerization (DP) Extracted from the
Analysis of the NMR Spectra Given in Figure S1

DP P(OEGMEA)
24

DP P(AA)
s3

Sample name

Par.Pol.

Type of polymer
P(OEGMEA)-b-P(AA)

2.3. Amidation of the Copolymer. Amidation of Par.
Pol. (P(OEGMEA)-b-P(AA)) was carried out using EDC/
NHS carboxylic acid activation, followed by an amidation
reaction with N-Boc-ethylenediamine. We carried out six
syntheses: one involving solely the activation step, yielding the
activated copolymer Act. Pol, and five involving both the
activation and amidation procedures, with variations in
reaction time and pH, yielding the S amidated polymers,
Ami. Pol. 1-35. The six polymers and their synthesis conditions
are given in Table 2. Ami. Pol. S was synthesized for
complementary measurements and was characterized only by
NMR.

A typical amidation procedure, corresponding to P-
(OEGMEA),,-b-P((AA),s-s-(Acyl urea),,-s-(N-Boc)s) (Ami.
Pol. 1 in Table 2), is described as follows: P(OEGMEA)-b-
P(AA) (2.55 g of 35 wt % Par. Pol. solution, 6 X 10~° mol)
was mixed in 10.0 mL of Milli-Q water in a 250 mL round-
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bottom flask and stirred at 200 rpm (temp: SO °C) for 15 min.
Then, EDC (0.823 g, 5 X 107 mol) diluted to 30 wt % (using
1.92 mL Milli-Q water) was added. Five minutes later, NHS
(0.610 g, 5 X 107> mol) at 30 wt % (using 1.42 mL Milli-Q
water) was introduced. After a certain activation time f,
(overnight for Ami. Pol. 1, 1S min for the others), a 30 wt %
aqueous solution of N-Boc-ethylenediamine (0.832 ¢, 5 X 10~
mol) was added to the reaction medium, which was left at S0
°C for >2 days to obtain the final amidated copolymer. The
pH of all solutions except N-Boc-ethylenediamine (DHBC,
EDC, NHS) was adjusted to pH, (with pH,, = 7 for Ami.
Pol. 1 and 2) using 1 M HCl or 1 M NaOH beforehand.
Furthermore, after the addition of the N-Boc-ethylenediamine
solution without pH regulation, the pH of the total reaction
medium was adjusted to pH,,q (=8 for Ami. Pol. 1). After
synthesis, the amidated copolymer Ami. Pol., P(OEGMEA)-b-
P(AA-s-(Acyl urea)-s-(N-Boc)), was dialyzed against Milli-Q
water for 3 days (with six solvent exchanges) using a dialysis
bag with a molar mass cutoff of 2.5 kDa (from CelluSep
membranes). It is worth noting that in the case of Act. Pol,, the
dialysis was carried out for 1 day only (involving two water
exchanges) to try to avoid the removal of activated ester
groups. Finally, the sample was freeze-dried.

Each sample was characterized by NMR and elemental
analysis to calculate the number of units for each group and,
hence, determine its precise chemical structure.

2.4. Deprotection of the Amidated Copolymer.
Deprotection of amidated copolymer Ami. Pol. (P-
(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc))) was under-
taken using trichloroacetic acid (TCA). In a S0 mL beaker, a
ca. 1 wt % solution of Ami. Pol. was prepared in 10 mL of
Milli-Q_ water, and the solution was stirred at room
temperature for 1 h after the pH was adjusted to 1.75 using
a 1 M TCA aqueous solution. After deprotection, the sample
was purified by dialysis with Milli-Q water for 1 day (two water
exchanges) using a cellulose dialysis bag with a molar mass
cutoff of 2.5 kDa. Eventually, the sample was freeze-dried to
obtain the final deprotected copolymer, De. Pol, with a
chemical composition of P(OEGMEA)-b-P(AA-s-(Acyl urea)-
s-(AA/NH,)). The deprotection rate was evaluated by NMR
and elemental analysis. Table 3 provides a list of deprotected
samples prepared.

2.5. Preparation of Suspensions. Polymers (Par. Pol,
Act. Pol,, Ami. Pol. 1-S, or De. Pol. 1—4) were dispersed in
aqueous suspensions for DLS/SLS or SANS analysis.
Suspensions were prepared at room temperature. For DLS/
SLS analysis, H,O was used as the solvent, while D,O was used
for SANS. In light scattering experiments, samples were
prepared at a concentration of 0.1 wt % in DHBC, while in
neutron scattering, the typical concentration used was 1 wt %,
unless stated otherwise. Similarly, for {-potential measure-
ments made at various pH, samples were prepared at 1 wt %.

Regarding Act. Pol, suspensions for DLS/SLS and SANS
were prepared at three different pH levels: 3, S, and 9, to
demonstrate the formation of micelles at pH = S and the effect
of acidic (pH 3) or basic (pH 9) conditions on these micelles.

For the amidated polymers, several suspensions were
prepared. For Ami. Pol. 1, the first samples were prepared
again at pH = 5, and then a complete study of the role of pH
was conducted by varying the pH between 2 and 9 in
increments of 1. Similarly, for the same polymer, the role of
concentration was studied using SANS at pH = 5 by examining
concentrations ranging from 1 to 5 wt % in DHBC in
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Table 2. List of Activated (Act. Pol.) and Amidated (Ami. Pol.) Polymers Pre;ared, along with Their Experimental Conditions
and the Key Results Obtained from NMR and Elemental Analysis (EA)“"*

Atomic ratio from EA Ratio calculated from NMR
N-Acyl N-Boc
Block copolymer modified urea amidation
sample name (number of units from NMR) pH,, pH,.q Percentage  Percentage N/C S/C H/C N/C S/C H/C
Act. Pol P(OEGMEA),,-b-P((AA)yes- 7 21 0111 000119 225 0111 0000294  1.80
(AA-NHS),,-s-(Acyl
urea);;)¢
Ami Pol. 1  P(OEGMEA),,-b-P((AA),s- 7 8 32 15 0132 000010 228 0102 0000307  1.87
s-(Acyl urea) ;-s-(N-Boc)g
Ami. Pol. 2 P(OEGMEA),,-b-P((AA) - 7 8 32 15 0130 000123 199 0102 0000307  1.87
s--(Acyl urea),,-s-(N-Boc)s)
Ami. Pol. 3 P(OEGMEA),,-b-P((AA)ys- 9 9 23 34 0110 000010 221 0119 0000282  1.88
s-(Acyl urea),;-s-(N-
Boc);s)
Ami. Pol. 4  P(OEGMEA),,-b-P((AA).,- 8 8 13 26 0111 000067 201 0101 0000304  1.87
s-(Acyl urea),s-(N-Boc),,)
Ami. Pol. S P(OEGMEA),,-b-P((AA),- 7 7 32 08

s--(Acyl urea),,-s-(N-Boc),)
“Excess ratios used were ca. 1.70 for EDC, NHS, and N-Boc. The reaction time was 60 h in all cases except for Ami. Pol. 1, in which the reaction
time was 84 h. “The pH conditions for both activation (pH,.) and amidation (pH,,,4) are provided. “For all samples, the number of units of each
block was obtained by NMR. This allowed estimating the percentage of activation and amidation obtained (N/ Ny, 100) with N, the number of N-
Acyl urea or N-Boc pending groups, and N,,, the number of acrylates in Par. Pol.). “The number of units also allowed calculating the elemental
atomic ratios N/C, S/C, and H/C, which were compared to the ratios found by EA. “The number of units were found using EA.”Activation time
t. = 16 h for this sample (vs 1S min for all the other Ami. Pol. samples).

Table 3. List of Deprotected Copolymers Prepared (De. Pol. 1 to 4)“

Atomic ratio from EA

Sample Amidated copolymer Deprotection: acid used,

name used Amidated copolymer used (DPs from NMR) reaction time N/C S/C H/C
De. Pol. 1 Ami. Pol. 1 P(OEGMEA),,-b-P((AA),-s-(Acyl urea),,-s-(N-Boc)s) TCA, 1Hour 0.115 0.00052 2.11
De. Pol. 2 Ami. Pol. 2 P(OEGMEA),,-b-P((AA),g-s--(Acyl urea);,-s-(N-Boc)s) TCA, 1Hour 0.114  0.00078  2.07
De. Pol. 3 Ami. Pol. 3 P(OEGMEA),,-b-P((AA),-s-(Acyl urea),,-s-(N-Boc)g) TCA, 1day 0.119  0.00043  2.05
De. Pol. 4 Ami. Pol. 4 P(OEGMEA),,-b-P((AA),g-s--(Acyl urea);;-s-(N-Boc)s) HCI, 1day 0.116  0.00095  2.04

“For each sample is given the amidated polymer (Ami. Pol.) used for deprotection, the conditions of deprotection (acid used and reaction time),
the number of units of each block from NMR and the atomic ratios N/C, S/C, and H/C obtained by elemental analysis (EA).

increments of 1 wt %. To compare the different amidated D,O0 for characterization. Other samples (activated, amidated,
polymers, Ami. Pol. 2 to 4 were also prepared at 1 wt % and and deprotected copolymers) were not directly dried to avoid
pH = 5 for SANS studies. As Ami. Pol. 1—4 were used entirely unwanted reactions but were characterized by NMR after
in DLS and SANS, complementary {-potential measurements dialysis at neutral pH, freeze-drying and redispersion in D,0O
were carried out on a fifth sample, Ami. Pol. 5, at 1 wt % and (ca. 10 mg in 1 mL D,0). The NMR data were processed
pH ranging from 2 to 9. Finally, the effect of salt was studied in using TopSpin 4.1.4, and chemical shifts (§) are presented in
DLS on suspensions of Ami. Pol. 5 at 0.1 wt % and pH S by ppm.

adding NaCl in order to achieve concentrations of 0, 0.1, 0.5, NMR data analysis allows for the extraction of the number
and 1 M. of units of each pending group on the polymers. For Act. Pol.,

Concerning the deprotected polymers, De. Pol. 1 was Ami. Pol,, and De. Pol,, conversion rates in N-Acyl urea and N-
studied using both DLS/SLS and SANS at three pH levels (3, Boc pending groups correspond to the number of units of said

S, and 9) to compare the results with the activated and group N, divided by N, = 53, the overall number of acrylate
amidated copolymers. units in the parent polymer (see Table 2).

Lastly, the parent polymer Par. Pol. was also briefly studied 2.6.2. ATR-FTIR Spectroscopy. Attenuated total reflectance
at pH = 5 in DLS to confirm that micelles are not formed prior Fourier-transform infrared spectroscopy (ATR-FTIR) was
to DHBC modification. This sample was dispersed in 0.1 M performed in the 4000—400 cm™' region using a Thermo
NaCl to prevent electrostatic repulsion between PAA blocks. Scientific Nicolet 4700 apparatus (USA) with a 0.5 cm™" scan

Samples were prepared by mixing the required amount of resolution. Act. Pol. and Ami. Pol. 1 were freeze-dried
DHBC with the solvent, followed by pH adjustment through following the same procedure as for NMR analysis. For the
the addition of HCl or NaOH (1 or S M, respectively). studies as a function of pH, suspensions at 1 wt % of Ami. Pol.

2.6. Characterization Techniques. 2.6.1. NMR Spectros- S at pH values ranging from 2 to 9 were prepared and
copy. 'H NMR spectra of the copolymers were collected using homogenized before freeze-drying. To determine the ioniza-
a Bruker Avance III 600 MHz NMR Spectrometer using D,0 tion coefficient of the poly(acrylic acid) block for each pH, the
as the solvent. Regarding the parent copolymer, samples carbonyl region of each spectrum was investigated extensively.
collected during polymerization were dried in an oven at 50 °C The spectra were normalized using their most intense
overnight, and approximately 10 mg were dissolved in 1 mL vibrational band (C—O stretching at ca. 1050 cm™') and the
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region from 1350 to 1800 cm™! was isolated. The Origin

software was used to convert the transmittance spectra into
absorbance, define their baseline, and subtract it. The carbonyl
region (e.g.,, 1500 to 1800 cm™") exhibited 3 broads peaks that
were deconvoluted using S gaussians corresponding to the
carbonyl stretching in esters (1730 cm™"), carboxylic acids (ca.
1700 cm™'), amides (1640—1650 cm™), bound carboxylic
acids (1620 cm™), and carboxylates (1560 cm™") as well as
N—H bending from amides (1560 em™).%7% An example of
peak deconvolution is provided in Supporting Information.
The positions and areas of the components corresponding to
the ester and amide carbonyl bands were determined from the
spectrum acquired at pH 9 and set as constraints for fitting the
spectra at other pH values. No constraint was set for the other
components during peak fitting. Due to the overlap of
carboxylates and N—H bending bands, these two species
were fitted within the same Gaussian component. At pH 2, that
band almost disappeared, and its area was attributed to N—H
bending only. This allowed for a minor correction to the peak
areas measured at higher pH values, providing access to the
contribution of carboxylate species. The ionization coefficient
was determined using the following equation, where the factor
1.8 accounts for the different molar extinction coefficients of
carboxylic acid and carboxylate species:*°

a = A(COO")/[A(COO") + 1.8.(A(COOH)

+ A(COOH)Bound)] (1)
with A(COO~™), A(COOH) and A(COOH)y,,,q the peak
areas related to the carboxylates, carboxylic acids and bound
carboxylic acids stretching bands.

2.6.3. Elemental Analysis. Atomic percentages of C, H, N,
and S in the dried samples were obtained via elemental analysis
(approximately 50 mg of sample used for measurement) using
a Thermo Fisher Scientific spectrometer iCE 3000. The drying
procedure was the same as that used for NMR analysis.

2.6.4. {-Potential Measurements. The {-potential of Ami.
Pol. 5 at 1 wt % and at pH ranging from 2—9 was measured
using an AMERIGO system from Cordouan Technologies,
France. All measurements were taken at room temperature.
Laser Doppler electrophoresis measurements were performed
using a laser at 638 nm and a 20.27 V-cm™' applied electric
field. The {-potentials were extracted from the electrophoretic
mobility using the Smoluchowski equation. Results are
presented as the average of 6 experiments along with their
standard deviations.

2.6.5. Small-Angle Neutron Scattering (SANS). All samples
were dispersed in D,O and studied in 2 mm thick quartz
cuvettes. The signal of D,O alone was always recorded first.
Concentrations between 1 and 5 wt % were used for the
concentration studies, while the pH dependence of the samples
was confirmed using 1 wt % solutions with a pH range from 2
to 9. A pH meter calibrated using H,O was used to measure
the samples. The pH of the micellar solution in D,O can be
obtained using the expression pD = 0.929 X pH* + 0.42,
where pH* is the direct reading from a H,O-calibrated pH
meter.”® The samples were studied using SANS without any
pre-experimental filtration.

SANS measurements were mainly carried out at the D22
beamline of the Institut Laue—Langevin, Grenoble, France,
along with supplementary measurements on Larmor and
Sans2d at the ISIS Neutron and Muon Source at the
Rutherford Appleton Laboratory, Oxford, UK.
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At D22, experiments were carried out using a circular
neutron beam with a diameter of 13 mm. The wavelength of
the neutron beam and the q range investigated were 6 A (AA/4
=0.1) and 0.002 to 0.641 A™" respectively. The two different
detectors in D22, (i) a fixed front detector and (ii) a rear
detector, had sample-to-detector distances of 1.4 and 17.6 m
(with a collimation distance of 17.6 m), respectively, enabling
access to a wide q range. The neutrons were recorded using
SHe multitube detectors made of Reuter—Stokes tubes; the
front detector consists of 96 tubes, while the rear one has 128
(tube diameter: 8 mm and a pixel size of § mm X 8 mm).
Using the GRASP software,”” the two-dimensional multi-
detector data were corrected for direct beam transmission,
empty cell scattering, background scattering, and detector
efficiencies before being scaled to absolute intensity and
azimuthally averaged. Finally, incoherent scattering was
subtracted from each averaged dataset obtained.

The measurements performed on the time-of-flight instru-
ment Larmor at the ISIS Neutron and Muon Source used a
square beam of 6 X 6 mm with a neutron wavelength range of
0.9—13.5 A. The sample-to-detector distance of 4.1 m enabled
an effective g-range of 0.004—0.680 A™' (the source-to-
detector distance was also set to 4 m). Scattered neutrons were
recorded in event mode on a *He tube array detector (64 X 64
cm?) with a 4 mm X 8 mm pixel size. The raw data obtained
were converted to scattering cross-section data and set onto an
absolute scale after being corrected for transmission, empty cell
scattering, background scattering, detector efficiencies, and
radially averaged using Mantid Workbench software.”® Further,
at Sans2d small-angle neutron diffractometer at ISIS,” the
beamline operated with a neutron beam diameter of 12 mm,
and the wavelength range used was 1.75—16.5 A. The use of
two 1 m* detectors at 2.4 and 4 m from the sample provided
access to a g-range of 0.004—1 A7l with a g-resolution varying
from ca. 2% at the highest g-values to ca. 19% with decreasing
g-values, calculated using the Mildner—Carpenter equation.”
The same protocol was used to correct the 2D patterns (using
transmission, empty cell scattering, background scattering, and
detector efficiencies), which were then radially averaged,
converted to scattering cross-section data, and absolutely
scaled using a standard polymer in the Mantid software.”’
Then, the incoherent scattering was subtracted from all of the
corrected scattering curves from ISIS instruments as well.

2.6.6. Light Scattering. Light scattering measurements of
the 0.1 wt % aqueous polymer suspensions, gently stirred
overnight at the required pH and filtered using 0.45 ym PTFE
membrane-based Millipore filters (for the corresponding buffer
solutions, 0.22 um PTFE filters were utilized), were carried out
using an ALV CGS3 goniometer with an ALV 5004 correlator
(ALV GmbH, Langen, Germany). Multiple tau digital
correlators in the equipment allow measurements of static
and dynamic light scattering in parallel. The instrument is
equipped with a HeNe laser with a wavelength of 4 = 632.8 nm
and a maximum output power of 23 mW. Samples were
measured at 21.5 + 1.0 °C and at an angular range between
30° and 150°.

Complementary measurements of the effect of salt were
carried out on an AMERIGO instrument from Cordouan
Technologies, France, using a laser at 638 nm with a laser
power of 100% for all samples. Samples (Ami. Pol S at pH 5
with [NaCl] ranging from 0 to 1 M) were filtered using 0.8 ym
PTFE membrane-based Millipore filters. The data were
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measured at a scattering angle of 170°. The scattered intensity
was averaged over 45 s of measurements.

2.7. Scattering Data Analysis. 2.7.1. Models Used to Fit
the SANS Data. 2.7.1.1. Polymer Micelles Model. The SANS
data were fitted using the model of polymer micelles described
by Pedersen and Gerstenberg.””> This model is well-suited to
describe micelles made of diblock copolymers, where one
block forms the core of the micelle with a radius R and
scattering length density (SLD) p... and the second block
forms a shell with SLD pg,;; made of solvated chains, each with

a radius of gyration R, (see Scheme 2). N,y the aggregation

Scheme 2. Sketch of a Polymer Micelle of Core Radius R

and Shell Block Gyration Radius, R,

Volume of the shell (V)

Volume of the core (V or)

Radius of the core (R)

IR,

<>

number, represents the number of copolymers in each micelle,
while v, is the volume occupied by one block within the
micelle core, and v, is the volume occupied by one chain in
the shell.

By considering the total volume of the core

V. =4/3zR°

core

2)

the volume occupied by one block in the core v, can be
rewritten as

V(;Ore 4/3 ”R3
vCD[e = =
Nigg Nige (3)

Moreover, the scattering length densities can be estimated as
follows:

Prore = 0-50yy + 0.5y, 4)

(%)
with pau, Pan Proecmes and Pp,o the SLD of N-Acyl urea,
acrylic acid, the P(OEGMEA) block, and heavy water,

+ 07505 o

Petl = 0-250p0opcaEa

respectively. To simplify the model, we neglected any presence
of water within the core, while we estimated the amount of
water in the shell to be 75%.”* We also neglected the possible
presence of N-Boc-ethylenediamine within the core due to its
relatively low amount. Table 4 provides the densities and SLD
for each compound and the final SLD estimated for the core
and shell.

For noninteracting micelles, the scattered intensity I (cm™")
can be described as follows:

I(q) = anic(q) (6)

with n being the number of objects per unit volume (cm™)
and P,;.(q) the form factor of the micelles, with

Pmic(q) = NZ v2 Apj)repsphere(q’ R)

agg” core

2 A2
+ Noggnai A P4, Ry)

2 2
+Nagg(Nagg - 1)vshellApsheuscc(qf R, Rg)

2
+2NaggvcoreApcore VsheHA[)shen Ssc(q’ R’ Rg) (7)

where Ap, = p, is the SLD difference between the

~ Pp,o
object (X = core or shell) and the solvent.

Pyhere is the form factor of a simple sphere of radius R that
describes the core, with Py j....(q, R) = F*ere(q, R), with Fopere
is the form factor amplitude:

3[sin(gR) — gRcos(qR)]
(4R)’ (8)

P, describes the form factor of 1 polymer chain composing
the shell

P;phere(q’ R) =

2 —x) — 1
P‘:h(q} Rg) — R:h(x — (ng)Z) — [eXP( 922 + x]

(9)

while S_. and S, are cross terms between two different chains
and the core and one chain, respectively, arising when passing
from the form factor amplitude to the full form factor:

sin(qg(R + dR,)) i
S _ R ———
(a) = v(q, Ry) q(R + dR,) (10)
and
sin(q(R + ng))
S(q) =E » Ry(g, Ry)———————
(4) = Eyerdd, Ry (g, Ry) q(R + dR,) (11)

with

Table 4. Scattering Length Density of the Components Used in the Copolymer (SLDs of Core and Shell Included)

Component name
Oligo(ethylene glycol)methyl ether acrylate (OEGMEA)
Acrylic Acid (AA)
Acyl urea”
N-Boc-ethylenediamine
Peore = 0.5pau + 0.5pn
Psbel = 0-25pporamEa + 0.750p

“Density of urea used.
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Density (g/mL) SLD (107¢/A%)

1.80 0.719
1.051 1.45
1.320 1.19
1.012 0.647
1.32
4.97
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1 — exp(—«
va k) =yl = (R = -2
and 0< d < 1, the interpenetration parameter characterizing
how much of the outside chain interpenetrates within the core.
In our case, we always fixed d = 1 (no interpenetration).
The polydispersity in size over the micelle radius R was
taken into account using the Schulz—Zimm distribution, i.e.:

(P(q, R)), = /J(sz(r’ R, % - I)P(q, r)dr

(13)
with
x® 241} x
fo, (%, %0, 2) = m[ - ] exp[—(z + l)x—o]
(14)

and o the polydispersity index in %. The Schulz—Zimm
distribution was previously used successfully to characterize
the polydispersity in size of core—shell micelles.”

The model can be adapted to ellipsoidal or even cylindrical
polymer micelles.”®

When studying micelles as a function of concentration,
interactions between micelles arise, and the structure factor has
to be considered. Due to the complex nature of the model, the
intensity cannot be described as the product of the form factor
and the structure factor. Instead, the analytical calculation from
Pedersen’” should be used:

I=n(Bylq) + (Anl(@)[8(g) — 11) (15)
with
Aﬁl‘c/(q) = Nagg VcoreApcoreP;phere(q’ R)
sin(q(R + ng))
+ 1)she]lAps e W(q’ R )—
ORGSR | g
with A2 (q) the form factor amplitude of the average radial

scattering length density distribution.

The structure factor S(q) was accounted for by a hard-
sphere model, using the well-known Percus—Yevick solution.”®
S(q)=S(q, Rus, @us) depends on the hard-sphere radius Ry
and the volume fraction of interacting micelles @ys.

Data were fitted using a custom Fortran program.79

2.7.1.2. Secondary Models: Guinier Approximation and
Polymer Chains with Excluded Volume. In a few cases, shape-
independent models were used to characterize the SANS data.
The well-known Guinier approximation® was used to obtain
the radius of gyration Rg of the micelle to compare with SLS
data. In the Guinier approximation, the intensity can be written

(17)

with A as a scaling factor and B as a background term. R is not
to be confused with the radius of gyration R, of the
P(OEGMEA) chains that compose the shell of the micelles
used in the polymer micelles model (Rg > Ry).

On the other side, when micelles are not formed, the DHBC
remains free in suspension. This free polymer was described
using the polymer chains with excluded volume model.”" This
model, whose analytical form was given by Hammouda in
1993, depends on the radius of gyration R’; of the complete

I(q) = AR 4 B
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polymer chain (i.e., the complete DHBC) in solution and the
Porod exponent « that characterizes the signal at high angles (I
o q~%). For a linear polymer in a %ood solvent, a & 5/3, but it
is higher for comb-like polymers.”” R’, is not to be confused
with the radius of gyration R, of the P(g OEGMEA) chains that
compose the shell of the micelles used in the polymer micelles
model (R'g ~ Rg)

Those models are readily available on SasView.

2.7.2. Static Light Scattering. The weight-averaged
molecular weight M,, and radius of gyration of the scattering
objects Rg could be obtained from SLS data depicted using
Zimm’s approximation

Ke _ 1
AR, M

w

1 2 2
+ —R
av. ol

(18)

where ¢ and K are the concentration of the scattering objects
and the optical constant, respectively, and gq is the scattering
vector that depends on the scattering angle 0:

w

4n . 6
= ——sin—
Ao (19)
The optical constant K can be written as
4n? ( dn )2
= = n—
AN\ de (20)

d .
where 4y, N,, n, and d—" are the laser wavelength in vacuum,
C

Avogadro’s number, the refractive index of the solvent, and the
refractive index increment of the self-assembled species,
respectively. Experimentally, we measured the scattering
intensity <I> as a function of the scattering vector, q. The
Rayleigh ratio (AR,) was then obtained using eq 20

— <Isolution> — <Isolvent>[

Msolvent

AR,

<Istandard> Mstandard

2
] RRstandard
(21)

with <Isolution>! (Isolvent>7 and <Istandard> representing the
scattering intensities of the solution, solvent (i.e., water), and
standard (i.e., toluene), respectively. n, e = 1.33 and fgndaa
= 1.49 are the respective refractive indexes while RR, 40rq =
1.36 X 10° ecm™" for 4 = 632.8 nm at 21.5 + 1.0 °C is the
Rayleigh ratio of the toluene standard.

Plotting % against g” shows a linear dependence. The slope
0

(RTé) yields the radius of gyration and the intercept gives the
1
M

w

molecular weight (—) of the self-assembled entities. ? value

was not determined experimentally. Hence, we extracted only
the radius of gyration, Rg. Let us note that the radius of
gyration Rg obtained in SLS is different from the radius of
gyration of polymer chains in the shell of the micelles R, from
the SANS analysis made using the polymer-micelles model. In
SLS, R corresponds to the radius of gyration of the scattering
objects, which, in most cases, are the micelles. At pH values
where micelles are not formed, it would correspond to the
radius of gyration of the DHBC soluble in water.

2.7.3. Dynamic Light Scattering. In DLS, we measured the
scattered intensity as a function of time at a specific scattering
vector, q. From the scattered intensity, the normalized
intensity—time correlation function, g,(g,7) is obtained as a
function of time shift, 7. Utilizing Siegert’s equation, the

https://doi.org/10.1021/acs.macromol.4c02884
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electric field—time correlation function g,(q,z) could be
extracted.

(I(q, )I(g, t + 7))
(I(g, £)*) (22)

where I(q,t) and I(q,t + 7) are the scattering intensities at time
t and t + 7, respectively. ( ) indicates temporal averaging over
all the times, t.

The electric field correlation function relates to the particle
translational diffusion coeflicient, which can be obtained using
either the CONTIN method or the cumulant analysis. The
latter is well-suited for a quasi-monomodal distribution of
population, while the former is better tailored for systems that
exhibit several populations.

In CONTIN, developed by Provencher based on the
Laplace inverse, the electric field correlation function g;(g,7)
is related to the translational diffusion coeflicient D, by

g,(q,7) = =1+ 1g(q, )l

& 7) = / G(D,)-¢™>*'4dD,
i (3)

with G(D,) being the distribution function of D,.*

The cumulant fit describes the logarithm of g,(q,7) at fixed q
as a power series in 7,
PR L Y

D)
In(g(q, 7)) =T - iz + 7 (24)
with Iy, I}, [, and I'; as the cumulants. The first cumulant is
related to the z-averaged translational diffusion coefficient D
through I'; = Dq?, while the ratio between the second and the
square of the first cumulant unveils the polydispersity index

PDI = 2

ry

Here, the translational diffusion coefficient D is obtained at a
single scattering vector, q. To extract the translational diffusion
coefficient with greater accuracy, it is necessary to study the
sample at different scattering vectors and extrapolate the
translational diffusion coefficient at zero angle D,. For dilute
solutions, D, is calculated using the linear approximation
method described below:

D = Dy(1 + C-R;-q*) (25)
where C is a dimensionless constant that depends on
polydispersity and particle shape. By plotting D as a function
of g% the intercept allows extracting D,. If there is no angular
dependence, D, is obtained by averaging over the angular
range.

Once D, is obtained, the hydrodynamic radius Ry is
calculated via the Stokes—Einstein relationship:

KT 1

" 671 D,

(26)
with kg, T, and 5 denoting the Boltzmann constant,
temperature, and solvent viscosity, respectively. Finally,
combining static and dynamic light scattering data allows for
Rg 82-84

extracting the shape-reliant ratio =
H

Spherical objects
usually exhibit a ratio of ca. 0.78.

3. RESULTS AND DISCUSSION

3.1. Parent Block Copolymer, Par. Pol. (P(OEGMEA)-b-
P(AA)). The parent diblock copolymer, Par. Pol, made of
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P(OEGMEA)-b-P(AA), whose chemical structure is given in
Scheme 3, was synthesized by RAFT polymerization following

Scheme 3. Structure of the Parent Polymer, Par. Pol.,,
P(OEGMEA),-b-P(AA),

!

55,56

previously established protocols. The degree of polymer-
ization of each block was determined using '"H NMR, and the
results indicate 24 units of P(OEGMEA) and 53 units of
P(AA) (see Table 1), with a monomer conversion rate of ca.
99% for both blocks. This corresponds to a total molecular
weight of 15.6 kDa (including the terminal groups) for the
DHBC, with contributions of 11.5 kDa and 3.8 kDa from
P(OEGMEA) and P(AA), respectively (Figure S1).

3.2. Modification of the Parent Polymer by Activation
and Amidation of the Acrylic Acid Functions. 3.2.1. Acti-
vated and Amidated Copolymers, Act. Pol. (P(OEGMEA)-b-
P(AA-s-(AA-NHS)-s-(Acyl urea)) and Ami. Pol. (P(OEGMEA)-
b-P(AA-s-(Acyl urea)-s-(N-Boc))). In order to introduce new
functional groups to the ionic block and impart self-
micellization capabilities to P(OEGMEA)-b-P(AA) copoly-
mers, a specific modification of the P(AA) block was carried
out through activation/amidation of the carboxylic acid
groups. Since both blocks of the DHBC are based on acrylate
monomers, mild reaction conditions were necessary to achieve
specific reactions on the polyacid block P(AA) while leaving
the comb polyester block P(COEGMEA) untouched. Addition-
ally, since the copolymer synthesis was achieved in water, an
aqueous functionalization route was favored to reduce the
environmental impact of the synthesis. Activation of carboxylic
acid groups was achieved through successive reactions with 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) in order to achieve two aims:
(i) forming reactive esters P(OEGMEA)-b-(PAA-NHS) for
subsequent amidation and (ii) forming stable N-Acyl urea
pendant functions P(OEGMEA)-b-(PAA-Acyl urea), which
contain a tertiary amine (pKaH =9.76). The presence of amine
functions, together with acrylate functions, may induce
intramolecular complexation-driven self-micellization of the
newly formed DHBC.

Indeed, while the reaction of EDC on carboxylic acid forms
O-Acyl urea esters, these moieties can undergo hydrolysis or,
more importantly, rearrangement (N — O displacement)
before reacting with NHS. As a result, AA and N-Acyl urea-
grafted AA are obtained, respectively. These side reactions are
typically controlled by NHS addition, as it reacts with O-Acyl
urea esters to give an activated ester that can conveniently
react with primary amines.’” In contrast, the N-Acyl urea and
carboxylic acid side products do not react with primary amines
under mild conditions. Here, in our amidation protocol, after
EDC was added, there was a subsequent delay before NHS
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Scheme 4. 4a (a) Step 1: Activation of Par. Pol. (P(OEGMEA),,-b-P(AA),) into Act. Pol. (P(OEGMEA)-b-P(AA-s-(AA-NHS)-
s-(Acyl urea))); (b) Step 2: Amidation of Act. Pol. (P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-(Acyl urea))) into Ami. Pol.
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Figure 1. ATR-FTIR spectra of Par. Pol. (red line) and Ami. Pol. 1 (black line) (a) over the entire wavenumber range and (b) over 2000—900
cm™". The main band contributions have been highlighted, with each time the type of vibration ((s) for stretching, (b) for bending).

addition to the reaction medium in order to ensure the
formation of both stable N-Acyl urea and activated ester. Sam
et al. in their study of the EDC/NHS activation of acid end
groups (at 15 °C for 1.50 h in water), reported that the excess
of added EDC and NHS favors rearrangement and formation
of N-Acyl urea rather than the activated ester.”” Hence, in this
study, an excess of EDC and NHS (excess ratio of ca. 1.70 for
both) was used for the activation of the parent copolymer.
Therefore, the typical activated copolymer, Act. Pol,, obtained
has a fraction of the three possible products, giving
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P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-(Acyl urea)), see
Scheme 4a. To graft primary amines on the DHBC, the
activated copolymer was subsequently reacted with N-Boc-
ethylenediamine, forming the amidated copolymer or Ami. Pol.
exhibiting both N-Boc-protected amine and N-Acyl urea
pendant groups, with the following chemical formula,
P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc)), see Scheme
4b.

Although amidation of carboxylic acids can be achieved by
direct reaction with primary amines, it is virtually impossible to
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Figure 2. NMR spectra of (a) the parent copolymer P(OEGMEA),,-b-P(AA)q; (Par. Pol.) and b) the activated polymer, P(OEGMEA),,-b-
P((AA),s-s-(AA-NHS) ;-s-(Acyl urea),;) (Act. Pol.) and (c) amidated polymer, P(OEGMEA),,-b-P((AA),s-s-(Acyl urea),,-s-(N-Boc)g) (Ami.
Pol. 1). The number of units for each groups were calculated using the peaks highlighted using alphabetical characters. The insets, showing the
chemical formula of each copolymer, indicate the protons attribution to each peak. The peak at 4.30 ppm is used for calibration.

accomplish in water because the chemical equilibrium strongly
favors the hydrolysis of the acid groups. To overcome this
problem, direct amidation in the absence of EDC/NHS
activation requires high temperatures (160 °C—180 °C), which
would lead to the alteration of both blocks in the case of a
P(OEGMEA)-b-P(AA) copolymer.”® Therefore, activation of
the copolymer using the above protocol is essential for
achieving both amidation and grafting of N-Acyl urea groups
onto DHBC under mild and aqueous conditions.

3.2.2. ATR-FTIR Analysis. The polymers before (Par. Pol.)
and after amidation (Ami. Pol. 1) were studied by ATR-FTIR
(Figure 1). After amidation, new bands can be observed
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between ca. 1500 and 2000 cm™" characteristics of H—N and
C=O0 bonds in amides, proving successful amidation of the
P(AA) block. Furthermore, the signal at ca. 1700 cm™,
associated notably with the carbonyl stretching in the esters of
the P(OEGMEA) block, is still present after amidation,
suggesting the first block was not damaged by the procedure.
On top of those bands, the rest of the pattern is similar before
and after amidation (notably the presence of alkyls groups
between 2800—3000 cm ™" and O—C stretching from ethylene
glycol units at around 1050 cm™"), again hinting at the absence
of damage to the copolymer. A quantification of the
modification of DHBC was made using "H NMR.
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3.2.3. NMR Analysis. Figure 2 shows the '"H NMR spectra
of (a) the parent copolymer P(OEGMEA)-b-P(AA) (b) the
activated copolymer P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-
(Acyl urea)), and (c) the amidated copolymer P-
(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc)) labeled Par.
Pol, Act. Pol, and Ami. Pol. 1, respectively (see Tables 1
and 2). In Figure 2, the insets highlight, for each copolymer,
the relevant protons corresponding to the peaks used to
characterize the copolymer (labeled (a) to (h)).

In all three NMR spectra, the peaks between 0.2—3.2 ppm
are predominantly contributions from the acrylate backbone of
the copolymer (protons identified as (c)), while the peaks in
the range 3.2—4.4 ppm are ascribed to the protons from the
oligo(ethylene oxide) methyl ether comb in the P(OEGMEA)
block (a, b,e). In particular, the distinct peak at 4.30 ppm is
attributed to the two a-hydrogen atoms adjacent to the ester
bond in P(OEGMEA) (a).

In Figure 2b, a triplet at ca. 1.2 ppm, from the protons of the
methyl end group of N-Acyl urea and labeled as (g) allows for
the extraction of the number of units of N-Acyl urea in the
activated copolymer (which gives a conversion rate of ca. 20%
for Act. Pol.). Furthermore, the prominent peak at 2.90 ppm
could be a collective contribution from three different types of
protons: the protons in the tertiary amine group of the N-Acyl
urea (f1), the same protons from the tertiary amine of EDC
present in excess and not removed by dialysis, and the
equivalent protons in the NHS ring (£2), making it impossible
to discriminate the signal from both NHS and free EDC at this
stage.

In Figure 2c associated with the spectrum of Ami. Pol. 1,
four series of peaks can be noted: first, the same triplet at 1.2
ppm related to the methyl group of N-Acyl urea (g) allows the
number of N-Acyl urea groups to be extracted in the
copolymer. Second, the peak at 2.90 ppm is associated with
the protons in the tertiary amine group of N-Acyl urea and the
same protons on EDC in excess (f). Indeed, we assume all the
NHS-activated sites to have been either hydrolyzed or
amidated. A zoom on the peak at 2.90 ppm reveals that it is
composed of a broad peak (probably from protons of the
immobilized N-Acyl urea groups) and a sharp peak (from the
same protons but on the remaining EDC), proving that EDC
in excess is not fully removed after dialysis but is not covalently
attached to the DHBC. Once the contribution from N-Acyl
urea is known, this peak can hence be used to extract the
amount of EDC still present. Third, another peak at 1.47 ppm
corresponds to the tert-butyl group in the N-Boc-ethylenedi-
amine group (h). Finally, the peak at ca. 3.4 ppm is this time
not only due to the 3 protons of the methyl terminal group of
the P(OEGMEA), but also from the 4 protons before the
amine function in the Boc pending group (e). These last two
peaks (h and e) provide two methods to extract the number of
N-Boc pending groups, and we took the average.

Using the peak at 4.30 ppm in the spectrum of Ami. Pol. 1,
P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc)), for calibra-
tion, the conversion rates of acrylic acid to N-Acyl urea and
amide groups were found to be ca. 32% and ca. 15%,
respectively. Hence, Ami. Pol. 1 may be described as
P(OEGMEA),,-b-P((AA),s-s-(Acyl urea),,-s-(N-Boc)g). It is
worth noting that a strong contribution from non-covalently
bound EDC can still be observed, as for one DHBC, 11 EDC
molecules contribute to the NMR pattern. The relative
abundances of the three possible units obtained after the
transformation of AA groups, statistically arranged in the ionic
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block of the copolymers, have been quantified for all samples
(see Table 2). In order to confirm the percentage values of
activation and amidation, it is essential to verify that the
P(OEGMEA) block is not damaged during the amidation step.
Therefore, the peak at 4.30 ppm was again used as the
reference (corresponding to the two a-hydrogens adjacent to
the ester bond in P(OEGMEA), labeled a) to determine the
area of the peak between 3.6—4.0 ppm before and after
amidation. Similar values were obtained, confirming the
absence of damage (Figure S2), in agreement with ATR-
FTIR results.

After amidation, the copolymers contain an unmodified
P(OEGMEA) polyester block and a transformed P(AA) block
containing randomly distributed protected amine species,
tertiary amine species, and acrylic acid units. For moderate
pH values, the resulting P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-
(N-Boc)) copolymer thus simultaneously presents positive and
negative charges.

3.2.4. Elemental Analysis. The activated and amidated
copolymers were characterized using elemental analysis (EA)
to determine their CHNS composition. The primary purpose
of these results (presented in Tables 2 and S1) was to
complement the NMR analysis in accurately determining the
relative abundance of each possible product unit within the
P(AA) block after activation with EDC/NHS (Act. Pol.) and
subsequent amidation with N-Boc-ethylenediamine (Ami. Pol.
1—4), which introduced protected amine species into the
poly(acrylic acid) block. In the case of Act. Pol, which
corresponds to P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-(Acyl
urea)), the measured weight percentages were 46.95% carbon,
8.79% hydrogen, and 6.08% nitrogen, yielding atomic ratios of
N/C = 0.111 and H/C = 2.25. As the amount of N-Acyl urea
pendant groups is known from NMR, these elemental ratios
within the copolymer were used to estimate the amount of
activated ester groups. Act. Pol. was thus characterized as
P(OEGMEA),,-b-P((AA),5-s-(AA-NHS),,-s-(Acyl urea);,),
complementing the NMR measurements. In the amidated
copolymers P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc))
(Ami. Pol. 1—4), the obtained atomic ratios typically indicated
equal or higher nitrogen content compared to the activated
copolymer. For example, in Ami. Pol. 1, atomic ratios
determined by elemental analysis were found to be N/C =
0.132 and H/C = 2.28 (from 48.84% carbon, 9.28% hydrogen,
and 7.52% nitrogen weight ratios). These values are in
relatively good agreement with the calculated atomic ratios
based on the number of units deduced from NMR data, while
accounting for the contribution from EDC not removed by
dialysis (N/Cypr = 0.102 and N/Cg, = 0.132). This approach
of cross referencing data between NMR and EA analysis was
applied to Ami. Pol. 1—4 (see Table 2). It is worth noting that
ratios from EA are consistently found to be slightly higher than
the calculations made from the number of units obtained by
NMR pattern analysis, likely due to an underestimation of the
amount of EDC impurities in the sample.

Elemental analysis, along with NMR, fully confirms the
incorporation of amine entities in the activated and amidated
copolymers. The highest N-Acyl urea content is recorded in
Ami. Pol. 2 (32%) and the lowest in Ami. Pol. 4 (13%). For
Act. Pol,, Ami. Pol. 1 and Ami. Pol. 3, the conversion rates to
N-Acyl urea are found to be 21%, 32%, and 23%, respectively
(see Table 2). These results may be related to the pH of the
suspension during the addition of EDC and NHS (pH,.), as
the activation step for Ami. Pol. 2 was carried out at pH,, = 7,
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Scheme S. Deprotection of Ami. Pol. (P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc))), to Obtain the Targeted Deprotected
Polymer, De. Pol., (P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/NH,)))
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Figure 3. 1H NMR spectra of De. Pol. 1 from the deprotection of Ami. Pol. 1. The graduation in red (1.47 ppm) is the position where a peak
associated with the 9 protons of the tert-butyl group would be seen, highlighting its absence.

while Ami. Pol. 4 and Ami. Pol. 3 were done at pH,, = 8 and 9,
respectively. The activation pH chosen could influence the
balance between NHS and N-Acyl urea grafting and, hence, the
final ratio of N-Acyl urea. It is noteworthy that Ami. Pol. 1, 2,
and 5, all activated at pH = 7, show the same conversion rate
to N-Acyl urea, proving the consistency of the method.
Additionally, having a longer activation step (t,,) does not
improve the final N-Acyl urea content, as Ami. Pol. 2 was
activated for 15 min before N-Boc-ethylenediamine addition,
while Ami. Pol. 1 was activated overnight, without a significant
alteration in the amount of N-Acyl urea content in the
amidated polymer. Finally, the activated copolymer shows a
lower conversion rate, probably because some o-Acyl urea
groups are removed during dialysis prior to their modification
into N-Acyl urea. Furthermore, Ami. Pol. 1, 2, 3, 4, and 5 also
reported 15%, 15%, 34%, 26%, and 8% N-Boc conversions
rates, respectively (see Table 2). Ami. Pol. 1 and 2 exhibit the
same amidation rate, showing that a longer activation time t,
has little influence on this. However, the higher amidation rates
for Ami. Pol. 3 and 4 compared to Ami. Pol. 1, 2, and 5 hint
again at the role of pH both during the activation (pH,) and,

5122

most importantly, the amidation step (pH,q), with basic pH
(9 and especially 8) favoring higher conversion rates. This
trend may be rationalized by the better nucleophilic character
of N-Boc-ethylenediamine under pH conditions that are more
favorable for the existence of unprotonated amines. Control-
ling the activation and amidation steps will be crucial to
tailoring the number of N-Acyl urea and primary amines
available in the final copolymer.

3.3. Deprotection of P(OEGMEA)-b-P(AA-s-(Acyl
urea)-s-(N-Boc)). 3.3.1. Deprotected Copolymer, De. Pol.
(P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/NH,)). In order to
free the primary amine groups grafted with N-Boc-ethylenedi-
amine, deprotection of the copolymer was carried out by
selective acidic hydrolysis of the N-Boc protective group. This
was achieved by adding trichloroacetic acid (TCA) to a
suspension of the amidated copolymer at ca. 1 wt % until a pH
of 1.75 was reached. These acidic conditions were maintained
for one hour at room temperature. The success of the
deprotection was assessed by verifying the removal of tert-butyl
from the Boc group using NMR spectroscopy. The
deprotected copolymer thus presents both primary and tertiary
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Figure 4. SLS/DLS data of Act. Pol. at 0.1 wt % and pH S in H,O: (a) Intensity—time autocorrelation function g,(7) measured at a scattering angle
6 = 90° and its distribution of relaxation times from the CONTIN analysis (in inset, the associated hydrodynamic radius Ry and full width at half
maximum (FWHM) are given). (b) Diffusion coefficient D as a function of the scattering angle from the second order Cumulant analysis. The
black line is associated to the average value D, given in inset, with the corresponding hydrodynamic radius Ry.

amines as pendant groups in its P(AA) block, yielding
P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/NH,)), see
Scheme S.

3.3.2. Characterization Using NMR and Elemental
Analysis. The deprotection of Ami. Pol. 1 using TCA for 1
h (see Table 3), yielding the copolymer labeled De. Pol. 1, was
confirmed initially using 'H NMR, with the disappearance of
the peak at 1.47 ppm associated with the 9 protons from the
tert-butyl group of Boc, see Figure 3. A complete disappearance
of this peak contribution was found, suggesting total
deprotection. In addition, NMR analysis showed that the
contribution from protons of the P(OEGMEA) block was
unchanged, indicating that the deprotection conditions did not
lead to hydrolysis of the polyester comb. Finally, the
contribution from EDC impurities, although still present, was
found to be much lower than before deprotection (11 EDC for
1 DHBC before deprotection, whereas only 2 are measured
after), proving that the acidic treatment followed by further
dialysis helps remove these impurities. The abundance of
nitrogen in the copolymer composition was checked using
elemental analysis, where 50.77% carbon, 8.95% hydrogen, and
6.79% nitrogen weight fractions were found (De. Pol. 1, Table
S2). The high nitrogen content even after deprotection
confirms that the amide links on the P(AA) block remain
intact even at the low pH of 1.75 used for the deprotection.
The atomic N/C ratio obtained from elemental analysis
decreased after deprotection: it changed from N/C = 0.132
before deprotection (Ami. Pol. 1) to 0.114 (De. Pol. 1), again
hinting at the removal of extra impurities such as EDC.
Assuming all the Boc groups are removed, we can use the
number of units obtained before deprotection (from Ami. Pol.
1) and the number of units of EDC still present in the sample
to calculate an atomic ratio N/C = 0.0844, which is again
lower than the actual ratio found in elemental analysis. To
further explore the deprotection step, we compared, using Ami.
Pol. 2 as polymer, 3 deprotection procedures: TCA for 1 h,
TCA for 1 day, or HCI for 1 day. In all cases, the Boc groups
were successfully removed as seen by NMR (see Figure S3),
and the elemental analysis showed an atomic N/C ratio lower
after deprotection (see Table 3).
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We previously evidenced the presence of some EDC
impurities in the activated and amidated DHBC. Note that
due to the electrostatic nature of the interactions between
acrylate species and these impurities, a full removal of those
impurities by dialysis would require a pH of at least 2 to avoid
the formation of micelles that could entrap these impurities in
the core (see Section 3.4). However, the different deprotection
tests indicate that it is not possible to reach such pH levels
without also removing the Boc groups, which is why dialysis at
a pH not lower than 3 was carried out with the amidated
copolymers.

3.4. Self-Assembly Properties of the Different
Polymers Studied via Static and Dynamic Light
Scattering and Small-Angle Neutron Scattering. The
addition of N-Acyl urea and N-Boc-ethylenediamine groups to
the DHBC may both drastically influence its behavior in
solution, notably by imparting self-assembling properties to the
activated or amidated copolymers. Specifically, N-Acyl urea
bears positive charges at pH < pK,;; of the tertiary amine,’”**
while the tert-butyl group of N-Boc-ethylenediamine is
recognized for its hydrophobicity.”> Both phenomena could,
therefore, induce self-assembling properties in the copolymer
in aqueous solution, which were investigated using light and
small-angle neutron scattering.

3.4.1. Characterization of Par. Pol. and Act. Pol.:
Emergence of Self-Assembling Mechanisms After Polymer
Modification. The parent copolymer, Par. Pol. (P(OEGMEA)-
b-P(AA)), is double-hydrophilic and lacks the ability to self-
assemble (as confirmed by dynamic light scattering, Figure
SS); it requires an external additive, such as a polyion of
opposite charge, to induce a coassembly process and form
polyion complex micelles.

However, modification of the macromolecule by activation
with EDC/NHS gives a copolymer that can self-assemble
naturally. As a first step, Act. Pol. was studied to determine the
influence of N-Acyl urea tertiary amine groups in the P(AA)
block on the self-assembled micellar structures. The
autocorrelation function g,(7) of intensity vs time and the
corresponding relaxation time distributions were measured
using DLS at pH 5 and a scattering angle of 90°. Results are
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Table 5. Parameters Obtained from the SANS Data Fitting Using the Model of Polymer Micelles for Suspensions at 1 wt % and
Various pHs of 3 Different Polymers: Act. Pol., Ami. Pol. 1, and De. Pol. 14°

Radius, R,
Sample name pH Scale nm
P(OEGMEA),,-b-P((AA),s-s-(Acyl 3 040 x 1077 4.3 (0.2)
urea); (0.06 x 1077)
5 048 x 1077 5.2 (0.3)
(0.03 x 1077)
9 082x107 44 (1.3)
(0.88 x 1077)
P(OEGMEA),,-b-P((AA),s-s-(Acyl 3 065x%x107° 3.5 (0.1)
urea);,-s-(N-Boc)g) (Ami. Pol. 1) (0.83 x 107%)
4 029x10° 3.3 (02)
(0.06 x 107¢)
5 014 x107¢ 6.3 (0.1)
(0.01 x 107)
6 015x107° 6.5 (0.1)
(0.01 x 107)
7 016 x107° 5.7 (0.1)
(0.01 x 107)
8 020x107° 4.7 (0.1)
(0.01 x 107%)
9 026x107° 3.8 (04)
(0.03 x 107°)
P(OEGMEA),,-b-P((AA),¢-s-(Acyl 3 039x%x 1077 4.0 (0.2)
urea);,-s-(AA/NH,),) (De. Pol. 1) (0.01 x 1077)
4 019 x107° 5.3 (0.1)
(0.01 x 107°)
9 049 x 1077 5.3 (0.3)
(0.07 x 1077)

Structural factor

Radius of
gyration, R;,  Volume of shell, Polydispersity, =~ Volume  Hard sphere
1) Vgpelp DM’ o, % fraction, %  radius, nm
1.6 (0.2) 0.12 x 1073 37 (1) - e
(0.02 x 1073)
1.8 (0.2) 0.14 x 1073 36 (1)
(0.02 x 1073)
0.6 (0.1) 0.64 X 1073 74 (30) J
(0.48 x 1072)
2.1 (0.1) 0.75 x 107 55 (3)
(0.85 x 107%)
3.6 (0.1) 0.26 x 107° 28 (5)
(0.01 x 1072)
32 (0.1) 0.72 x 107> 13 (2) -
(0.02 x 1072)
2.5 (0.1) 0.84 X 1072 36 (2) [
(0.02 x 1072)
3.9 (0.1) 0.86 X 1072 16 (2) 6 (1) 19.4 (0.2)
(0.01 x 1072)
4.2 (0.1) 0.70 X 1072 22 (4) 5 (1) 18.1 (0.3)
(0.01 x 1072)
4.5 (0.1) 0.52 X 1072 32 (11) 5 (1) 17.8 (0.5)
(0.03 x 107%)
1.5 (0.2) 0.12 X 107° 40 (1)
(0.02 x 1073)
3.5(0.1) 0.62 X 1072 17 (1) 5(1) 15.0 (0.2)
(0.01 x 1072)
14 (0.3) 0.13 x 107° 37 (1)
(0.01 x 1073)

“Table S4 compares the micelle dimensions probed by DLS and SANS. bFor each parameter, the standard error is provided between parentheses.

depicted in Figure 4a. The CONTIN fit shows a single peak
corresponding to a stable and well-defined population of
colloids with a hydrodynamic radius of Ry = 13.4 + 0.3 nm at
pH 5. The data were analyzed at different scattering angles
(Figure 4b) to extract more precisely the translational diffusion
coefficient of the particles. D, was obtained via averaging over
the angular range (see Materials and Methods). This gave D,
(m*s™') = (1.9 + 0.1) X 107" m*s™' and hence the
hydrodynamic radius was found at Ry = 12.5 + 0.5 nm. The
sample was also studied by SLS, and fitting of the Zimm plot
was attempted to extract the radius of gyration of the scattering
particles R (Figure S6). Nevertheless, the SLS data show that
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Rg is very small (< 1/20); the scattering intensity was found
to be independent of the scattering vector, which prevents
extracting an accurate value. To calculate Rg/Ry; and get some
indication of the topology of the species, we hence have to rely
on small-angle neutron scattering. The SANS data for the same
sample, Act. Pol., measured at 1 wt % in D,0O were therefore
fitted first using the Guinier model to extract the radius of
gyration of particles Ry (Figure S7). At pH S, Rg was found to
be 7.8 + 0.1 nm, acquired in the very low q region (0.004 < q <
0.016 A™") of the scattering curve. This gives a ratio Rg/Ry; =
0.62 + 0.03, which corresponds to spherical species with a
nonhomogeneous distribution, as usually seen for micelles.
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Figure 6. (a) Intensity—time autocorrelation function g,(7) of Ami. Pol. 1 at 0.1 wt % and pH S in H,O, measured at a scattering angle 6 = 90 °
and its distribution in relaxation time from the CONTIN analysis (in inset, the associated hydrodynamic radius Ry and full width at half-maximum
(FWHM) are given). (b) SANS pattern of Ami. Pol. 1 at 1 wt %, pH S in D,O. In black, the fit made using the polymer micelle model.

The values of Rg, Ry, and the Rg/Ry ratio all suggest that
micelles have spontaneously formed from the self-assembly of
Act. Pol. alone at pH 5.

Considering that Act. Pol, P(OEGMEA)-b-P(AA-s-(AA-
NHS)-s-(Acyl urea)), contains both weak acid (pK, (AA
monomer) = 4.30) and basic (Acyl urea pK,y; = 9.76) sites, the
effect of pH on the stability, shape, and size of the micellar
species was studied using DLS at 90° under three different pH
conditions: pH = 3 (acidic conditions), pH = S, and pH = 9
(alkaline conditions). This pH window prevented any
hydrolysis of the copolymer during the experiment. The data
obtained were fitted using CONTIN analysis to determine the
particle size distributions (Figure Sa). The emergence of a
second small population at pH = 3 (R = 84.3 + 0.2 nm) and
the significant increase in polydispersity at pH = 9 both
indicate a pH-sensitive character of the micellization, which we
attribute to electrostatic interactions between the tertiary
amine and the carboxylate groups of the diblock.

Small-angle neutron scattering (SANS) experiments were
performed on Act. Pol. at the same pH values to further
confirm the results obtained from light scattering (Figure Sb).
For all pH levels, the signal in the low g region (0.005 < g <
0.040 A™") is characteristic of quasi-spherical objects, with a
plateau at the smallest angles and an decrease at ca. 0.010—
0.020 A™". Using the Guinier approximation, we find radii of
gyration of micelles (Rg) of 7.1 + 0.1, 7.8 + 0.1, and 8.1 + 0.2
nm at pH = 3, §, and 9, respectively. Furthermore, the very low
q region (0.004 < g < 0.010 A™") displays a clear plateau and
the absence of an upturn, confirming no aggregation in all
three solutions. At higher values of q (0.120 < g < 0.430 A™"),
the data show a power-law dependence I ~ ¢ with an
exponent  of ca. 2.77, 3.23, and 3.45 at pH = 3, 5, and 9,
respectively. This slope could be related to the contribution
from polymer chains in the shell of the micelles. Indeed, in the
case of comb-like chains such as P(OEGMEA) forming the
micelle shell, the slope is higher than in the case of linear
polymers in a good solvent, where it is typically o = 5/3.% For
that reason, the data were fitted using the model for the
polymer micelle described in the Materials and Methods
section. This model is well-suited for micelles made of block
copolymers, notably to accurately describe the shell of micelles
(Scheme 2).
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Compared to the optimum pH of §, the scattering intensity
shows a noticeable decrease in the low to medium g region
(0.010 < q < 0.050 A™") for pH = 3 and pH = 9, with an even
more pronounced decrease for the latter. This phenomenon
could be due to fewer micelles in solution, while more polymer
chains remain free in solution. At pH 5, both the acrylic acid
species and amine entities are mainly in their ionic form, unlike
at pH 3 and 9, where one species or the other is much less
charged. The shape of the neutron scattering curves,
characteristic of core-shell morphologies, is similar for the
three pH levels; nevertheless, it is less marked at pH 3 and 9
than at pH S. At pH S, the difference in intensity between the
low g domain and the high q domain is higher and better
marked, as expected for core—shell micelles with a well-defined
interface between the core and the shell. The three curves
could be fitted using the polymer micelle model, indicating a
micellar structure even as the pH is changed, with the results of
the fits given in Table S. Nevertheless, when moving from a
lower to a higher pH, a strong variation in the core radius, R,
and radius of gyration of the P(OEGMEA) chains, R, was
observed. Indeed, the core radius was determined as R = 4.3 +
0.2 nm, 5.2 + 0.3 nm, and 4.4 + 1.3 nm, and the radius of
gyration as R, = 1.6 £ 0.2 nm, 1.8 + 0.2 nm, and 0.6 & 0.1 nm
at pH = 3, 5, and 9, respectively. Let us note that the
surprisingly low value of R, at pH = 9 is accompanied by a
similar decrease in the volume of one chain in the shell vy
and is related to the very high polydispersity index at this pH,
which prevents extracting a completely accurate value for the
shell of the micelles. Indeed, the polydispersity in size (o)
varies from about 35% (at pH = 3 and §) to about 74% (at pH
=9). The lower intensity associated with a large increase in the
polydispersity in size confirms that at pH = 9, the system starts
to lose its self-assembling properties, in agreement with the
DLS data. This can be related to the value of the pH, which is
close to the pK, of Acyl urea.

3.4.2. Characterization of Ami. Pol.: Probing the
Micellization Mechanisms as a Function of pH and Salinity.
The pH sensitivity of this system was explored in more detail
with the amidated copolymer Ami. Pol. 1, P(OEGMEA),,-b-
P((AA),5-s-(Acyl urea);;-s-(N-Boc)g. The self-assembling
properties are maintained after the addition of the N-Boc
group (see Figure 6), and the pH-sensitive nature of the self-
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Figure 7. (a) Variation of the scattered light intensity of Ami. Pol. 1 suspensions normalized by the primary laser intensity as a function of pH (2—
9) in H,0 (0.1 wt %) and (b) associated size distribution from the intensity time autocorrelation function g,(7) at a scattering angle of 6 = 90 °
analyzed using CONTIN (associated correlograms are provided in Figure S8).

assembled structures was studied in detail using DLS while
varying the pH between 2 and 9 (Figure 7).

First, the variation of the normalized scattered light intensity
was studied as a function of pH (see Figure 7a). One can
observe an increase in intensity with pH up to pH 5—6,
followed by a decrease under alkaline conditions. This pH
dependence of the self-assembly of the copolymer further
suggests that electrostatic complexation between the negatively
charged acrylate species and the positively charged N-Acyl urea
groups is primarily responsible for micelle formation, similar to
polyion complex micelles,***** rather than an intrinsic
amphiphilic property of the polymer. Such an amphiphilic
property could also be expected from both the N-Boc-
ethylenediamine and N-Acyl urea grafting on the copoly-
mer,”>*** as both the tert-butyl group in N-boc and N-Acyl
urea species are known to exhibit moderate hydrophobicity.
Indeed, the highest value of the scattered intensity is obtained
at an intermediate pH range of 5—6, a range between the pK,
of the acrylic acid monomer (ca. 4.30)”° and that of the amine
in N-Acyl urea (ca. 9—10).°>°' Moving away from this ideal
pH range leads to the progressive dissociation of the micelles
into individual polymer chains, resulting in a decrease in
scattered intensity. Notably, the scattered intensity at pH = 2 is
very weak, suggesting that at this pH, no micelles are formed in
solution. This is further evidenced by studying the results from
the CONTIN analysis of the DLS data at different pHs (Figure
7b). In a specific pH window between 4 and 9, particles with a
monomodal size distribution and low polydispersity are
observed, further confirming an optimal pH range for
micellization around pH S. As soon as one moves away from
this pH range, the peaks widen, which may be due to multiple
populations or high polydispersity. At pH = 5, the hydro-
dynamic radius obtained was similar to that of the activated
copolymer (Act. Pol.), with an Ry of 14.6 + 0.2 nm at the
same pH (even though bulky N-Boc groups are grafted to the
copolymer). The CONTIN analysis shows a narrower size
distribution for the amidated copolymer (Figure 6a) compared
to that of the activated copolymer (Figure 4a). This narrow
size distribution could be attributed to the fact that the grafting
of the N-Boc species reinforces the self-assembling behavior of

the copolymers (through its hydrophobicity). As with the
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activated copolymer, the hydrodynamic radius Ry; obtained by
DLS was compared with the radius of gyration of micelles R
obtained using the Guinier approximation on the SANS data at
pH = 5 to characterize the shape of the species. This analysis
again corresponds to a nonhomogeneous but spherical
population, Rg/Ry; = 0.63 = 0.03 (Figure S9).

In order to further characterize the micelles, SANS
measurements of Ami. Pol. 1 at 1 wt % in D,0O and pH
ranging from 2 to 9 were performed (Figure 8). Once again,
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Figure 8. SANS patterns of Ami. Pol. 1 suspensions at 1 wt % and
various pHs (2—9) in D,O. In black, the fits were made using the
polymer micelle model (pH 3—9) or the model of free polymer chains
in solution (pH 2).

scattering curves from pH 3 to 9 were fitted with the polymer
micelle model. At pH S, the scattering curve for Ami. Pol. 1 is
similar to that of Act. Pol. at the same pH, albeit with a slightly
higher overall intensity at low g for the amidated copolymer
micelles. From the fit of the sample at pH S, the core radius R
and chain gyration radius R, were found to be 6.3 & 0.1 nm
and 3.3 + 0.1 nm, respectively (with a polydispersity in size ¢
13 + 2%). In the range of pH 3-9, the shape of the
scattering curves remains about the same. However, the overall
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intensity is notably lower at pH 3 and 4 than at pH 5, which
could be due to a partial assembly in solution, as P(AA) is only
partially charged at those pH values. According to the model,
at pH = 3, the radius of the core R and the gyration radius R,
of the polymers in the shell were 3.5 + 0.2 and 2.1 + 0.1 nm,
respectively, with a polydispersity in size ¢ = 55 & 3%. For pH
4, the core radius R was 3.3 + 0.2 nm, while R, was found to be
3.6 =+ 0.1 nm, with a polydispersity in size 6 = 28 + 5%. In pH
5—9, the shape and intensity are more constant and change
less. Nevertheless, the addition of a structure factor is required
to fit the data for pH 7—9 due to the appearance of a weak but
notable correlation peak at g ca. 0.010 A™', which was
interestingly absent at pH S and 6. The fitting values obtained
for the above pH levels are displayed in Table S. At pH 2, the
high intensity at the low to medium q-range disappears,
proving the absence of well-defined micelles at this pH. Also,
the decrease observed at ca. ¢ = 0.1 A™' does not correspond as
well to the second decrease from the micellar shell seen at the
other pH levels. It was hence associated with a signal from free
polymers in solution. Further, upon focusing on the low g
region (0.004 < q < 0.008 A™"), the SANS pattern indicates an
upturn suggesting interpolymeric interactions and, therefore,
aggregation of polymers. Consequently, the curve was fitted
using a free polymer chain model with a polymer radius of
gyration R’; = 2.7 & 0.1 nm, which is in line with the size of the
polymer chain. Let us note that at high q (0.1 < q < 0.4 A™"),
the intensity follows a q~* behavior, with a = 3.1 &+ 0.1, in
agreement with a copolymer presenting a comb-like block.
The prevailing effect of pH on the formation and
dissociation of micelles from the modified copolymers
(activated and amidated) concurs with the hypothesis that
the self-assembly results from the electrostatic interactions
between the unmodified acrylate groups and the tertiary amine
entities of grafted N-Acyl urea, rather than from the mild
hydrophobicity of N-Boc and N-Acyl urea. Indeed, the
behavior of the modified micelles described here is similar to
that of the well-studied polyion complex micelles; however, it
surpasses them in their ability to self-assemble without the
need for a complexation partner. To validate this hypothesis
unambiguously, we studied the {-potential and the ionization
coefficient of the acrylate groups of another amidated
copolymer, Ami. Pol. S, as a function of pH (Figure 9). The
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Figure 9. Comparison between the {-potential and the ionization
coefficient COO™/(COOH + COO~) in Ami. Pol. S as a function of
pH. The lines are for guiding the eye only.
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ionization coefficient, i.e., the ratio COO~/(COOH + COO™)
in the polymer, was calculated by a careful study of the COOH
and COO™ bands monitored in ATR-FTIR between 1800 and
1500 cm™" (see Figure S10). In acidic conditions, {-potential
measurements give an overall positive charge of ca. + 10 mV, in
agreement with the low ionization coefficient of the poly-
(acrylic acid) block (found at 0% at pH 2 and ca. 15% at pH
3), indicating the predominance of the positive charges of
tertiary amines. With increasing pH values, the poly(acrylic
acid) block in the copolymer is gradually deprotonated,
resulting in a larger ionization coeflicient and a decreasing {-
potential. Interestingly, the isoelectric point of the macro-
molecule was detected by {-potential measurements for pH =
5—6, which corresponds to ionization coeflicients of ca. 20 to
45%. NMR studies of Ami. Pol. 5 give conversion rates of 32%
in N-Acyl urea pending groups and ca. 8% in N-Boc, leaving
around 60% of acrylic acid functions on the polymer. From
these values, we calculated a theoretical isoelectric point for
this polymer at an ionization coefficient of 30%, which is
indeed reached at pH = 5—6, corroborating the {-potential
experimental data. In alkaline conditions, the ionization
coefficient further increases, reaching ca. 80% at pH = 9,
while the (-potential becomes strongly negative, as the
negative charges from acrylates become predominant over
the positive charges from tertiary amines. From the ionization
coeflicient curve, we could determine the apparent pK, of the
polyacid block in the copolymer at 6.4, in good agreement with
the literature.”® Although it was not possible to similarly
determine the ionization coeflicient of the tertiary amine, their
known high pK,y (around 9.76) suggests that positive charges
should be present in the entire pH range probed. When
compared with DLS and SANS studies, these results
demonstrate that micellization occurs around pH 3—4,
once Ami. Pol. starts exhibiting negative charges by the partial
ionization of the polyacid block that can interact with the
positively charged tertiary amines. Further, the micellization
optimum at ca. pH = 6, monitored in DLS and SANS, is
consistent with the point of charge equivalence in the
electrostatic balance of the polymer, as seen by the low value
of the {-potential and its closeness to the theoretical isoelectric
point.

A micellization process that depends on electrostatic
complexation should be sensitive to the ionic strength of the
system, as the addition of salt can screen the charges present
on the DHBC. We have therefore studied this phenomenon
using DLS in Ami. Pol. S at pH S and different concentrations
of NaCl, ranging from 0 to 1 M. Figure S11 presents the
averaged scattered intensity as a function of the salt
concentration and the associated correlation functions in
intensity g,(7). The scattered intensity shows a clear decrease
with increasing concentration, which is consistent with a
decrease in the number of micelles in solution. Accordingly,
the correlation function evolves from a signal of one well-
defined population at 0 M to a signal from highly polydisperse
systems at [NaCl] = 1 M, again aligning with the loss of
micellization properties as the salt concentration increases.

When thoroughly compared, these results establish con-
clusively that micellization occurs due to electrostatic complex-
ation as soon as the DHBC exhibits both positive and negative
charges, even if the charges are not completely balanced within
the polymer.

3.4.3. Characterization of Ami. Pol.: Probing the Effect of
Concentration. The effect of concentration on the size and
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shape of the self-assembling species was studied using Ami.
Pol. 1 suspensions at pH = S in D,0 (1—5 wt %), measured by
SANS. As shown in Figure 10, the absolute scattering intensity
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Figure 10. SANS patterns for Ami. Pol. 1 micelles made at pH = 5 in
D,0 and at different concentrations (1—5 wt %).

of the solutions increases with concentration, as expected due
to the increase in the number of scattering objects. At 1 wt %,
no characteristics of intermicellar interaction were observed,
and the data could be fitted using only the form factor of
polymer micelles (S(q) = 1). However, by increasing the
copolymer concentration from 2 wt % to S wt %, a structure
factor peak at g ca. 0.02 A™' becomes increasingly more
pronounced, indicating the emergence of intermicellar
interactions, modeled with a hard sphere structure factor
(see Materials and Methods).

The core radius of the micelles R was found to decrease with
concentration (from 6.3 + 0.1 nm at 1 wt % to 4.9 + 0.1 nm at
S wt %), while the gyration radius of the chains in the shell
remains roughly constant at ca. 3.3 nm. This phenomenon has
been observed previously for micelles formed by electrostatic
interaction between the charged block of a DHBC and an
oppositely charged micellization partner, as increasing the
concentration results in less water in the micelle core, thereby
reducing its size.”" This suggests that these self-assembled
micelles, also formed by electrostatic complexation between
positively and negatively charged units present within the same
block, follow the same trend. Hence, one could expect the
micelle core to be rich in water, as was previously observed
with PIC micelles, reaching in some cases up to 50 vol % of the
core.”* It should be noted that in our model, the SLD of the

core was calculated while neglecting the presence of water.
Although this is likely incorrect, it would have little influence
on the other parameters of the fits, except for the overall
scaling factor (related to the volume fraction of particles),
which would be affected by an error in SLDs. As SLDs cannot
be accurately extracted with a single contrast, the actual value
of the scale is not discussed here, but only the trends are
considered . Notably, with increasing concentration, the scale
factor increases almost linearly, which is expected because it
would follow the increase in volume fraction. More
surprisingly, the volume of the shell vy, decreases with
concentration, which may be related to a reduction in the
water content in the shell”* As for the intermicelle
interactions, they were modeled using the hard-sphere
structure factor, which is the simplest possible model. The
hard-sphere radius of interactions Ryg decreases as the
concentration increases (from 15.1 + 0.3 nm at 2 wt % to
12.5 &+ 0.1 nm at S wt %), as expected. By defining R,,, = R +
2R, the total radius of one micelle, it is interesting to study the

. R . . Ry
variation of = with concentration. =% decreases from 1.19 +

0.03 at 2 wt % to 1.09 + 0.02 at 5§ wt %, but remains >1,
indicating that micelles are not yet in close contact or
interpenetrating. On the other hand, the volume fraction of
interacting particles @y increases almost monotonously with
concentration, as expected. All of the parameters from the fits
are provided in Table 6.

3.4.4. Characterization of Ami. Pol.: Comparison
Between Ami. Pol. 1—4. The self-assembling nature of the
P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(N-Boc)) copolymer
was further substantiated using multiple batches of the
amidated copolymer (Ami. Pol. 1 to 4) comprising different
degrees of N-Boc grafting (up to 34% of the block units).
Figure S12 depicts the NMR pattern of the N-Boc-
incorporated copolymers, and Figure S13 shows the SANS
plot of the above polymers at 1 wt % in D,0, pH S. The shape
and scattering intensity of the different batches did not evolve
drastically (see fitting parameters in Table SS) proving the
consistency of the results discussed above, even at a higher
amount of N-Boc grafting. An interesting feature can
nevertheless be noted: Figure S13 shows that the self-assembly
process of the amidated copolymers is favored when the
fractions of N-Acyl urea are the highest, as evidenced by the
highest intensity at low q values and the much more marked
interface suggested by the higher slope at q ca. 0.04 A™" when
the fraction of Acyl urea is higher. These results highlight that
micellization is favored when the ratio between negative
charges (from the remaining acrylate groups) and positive
charges (from N-Acyl urea) is closer to one.

Table 6. Parameters Obtained from the SANS Data Fitting of Micelles from Ami. Pol. 1 at Various Concentrations (1—5 wt %)

Using the Model of Polymer Micelles”

Radius, R, Radius of
Concentration Scale nm gyration, Ry, nm
1 0.14 X 107 (0.01 x 10™%) 6.3 (0.1) 3.3 (0.1)
2 029 X 107 (0.01 x 107%) 5.9 (0.1) 34 (0.1)
3 0.42 X 1076 (0.02 x 10™%) 5.7 (0.1) 3.3 (0.1)
4 0.58 X 1076 (0.02 x 10™°) 5.3 (0.1) 3.3 (0.1)
5 0.73 X 1076 (0.02 X 10™%) 4.9 (0.1) 3.3 (0.1)

Structural factor

“For each parameter, the standard error is provided between parentheses.

Volume Hard sphere
Volume of shell vy, nm® Polydispresity, % fraction, % radius, nm
0.72 X 10* (0.01 x 10%) 13 (2) — e
0.71 X 10* (0.01 X 10%) 14 (1) 3 (1) 15.1 (0.3)
0.67 x 10* (0.01 X 10%) 15 (2) 5(1) 14.0 (0.2)
0.61 X 10* (0.01 X 10%) 16 (2) 8 (1) 13.1 (0.1)
0.58 x 10* (0.01 x 10%) 18 (2) 10 (1) 12.5 (0.1)
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Figure 11. (a) Distribution of size from intensity-time autocorrelation functions g,(7) studied at a scattering angle of @ = 90° for De. Pol. 1 micelles
at 0.1 wt % in H,O and various pHs using the CONTIN method (associated correlograms are provided in Figure S8) and (b) corresponding SANS
curves at 1 wt % in D,0. In (b), the fit made using the polymer micelle model is given as black lines. The pH studied are pH = 3 (red), S (green),

and 9 (purple).

3.4.5. Characterization of De. Pol.: Influence of Primary
Amines on the Self-Assemblies. Light and small-angle neutron
scattering experiments were conducted on De. Pol. 1
suspensions to investigate the effect of deprotection on the
self-assembling properties of the copolymer. DLS results
indicate matching features for both samples at pH = 5, before
and after deprotection (see Figure 6a for the sample before
deprotection and Figure S14a for the sample after
deprotection). The pH behavior is also similar for protected
and deprotected samples (see Figures 7b and 11a). Notably,
both samples at pH = S exhibit similar hydrodynamic radii,
with Ry = 14.6 + 0.2 nm before deprotection and Ry = 13.8 +
0.3 nm after deprotection (based on the CONTIN analysis).
Additionally, both samples display the same pH response, with
an optimal range at S—6. Similarly, SANS patterns before (see
Figure 6b) and after deprotection (Figures 11b and S14b)
show the same features, with a plateau at small angles followed
by a marked intensity decrease at ca. q = 0.02 A™!
corresponding to the size of the micelles, and a second
decrease at ca. ¢ = 0.1 A™! followed by a slope g7* > q7° (a =
3.0, 3.2, and 3.0 at pH = 3, §, and 9, respectively, for the
deprotected sample) associated with the shell of P(OEGMEA)
comb-like chains of the micelles. The highly similar results
obtained before and after deprotection are consistent with the
low fraction of protected N-Boc groups in the functional block
for this particular polymer (8 units in a $3-unit block): neither
the overall size (Ry), the shape (spherical), nor the pH
dependence of the micelle objects seems significantly affected
by the deprotection step. The self-association behavior
observed is likely primarily due to the electrostatic complex-
ation between the Acyl urea—amine groups and the acrylate
groups, which are present in more comparable amounts.

Nonetheless, overlapping SANS patterns of the polymer
before and after deprotection measured at pH = S (see Figure
S15) allows one to observe some subtle differences, notably
the emergence of a very weak correlation peak at ca. g = 0.012
A" after deprotection. The fit of the data at pH = $ for De.
Pol. 1 was carried out using the polymer micelle model, taking
into account the structure factor, and its results were compared
with the conclusions from the corresponding amidated
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copolymer before deprotection (see Ami. Pol. 1 and De. Pol.
1 at pH = S in Table S).

Upon fitting, a drop in core radius R from 6.3 & 0.1 nm to
5.3 + 0.1 nm was observed when transitioning from the
protected to the deprotected sample, which we attribute to the
removal of bulky N-Boc groups from the protected copolymer.
The radius of gyration of the polymer chains in the shell R,
remained nearly unchanged in both cases (3.3 + 0.1 and 3.5 +
0.1 nm, respectively), and the polydispersity was also found to
be within the same range (13 + 2% and 17 + 1%,
respectively). The weakly emerged correlation peak in the
deprotected sample indicates developing intermicellar inter-
actions and has been modeled using a hard sphere structural
factor, yielding a volume fraction of 5 + 1% and a hard sphere
radius of 15.0 + 0.2 nm. The emergence of intermicellar
interactions could suggest the formation of more micelles in
the deprotected sample compared to its precursor (in
agreement with the increase in scale factor (see Table S)
and may be related to changes in the charge balance and
hydrophobicity within the micelle core due to the removal of
N-Boc species. Notably, the deprotection of the copolymer
introduces more positively charged species into the core, which
may facilitate the formation of well-defined micelles.

To conclude, we have shown that it is possible to perform a
postsynthesis modification using the EDC/NHS activation
route followed by N-Boc-ethylenediamine, and with this
method, modify a P(OEGMEA)-b-P(AA) DHBC by grafting
N-Acyl urea groups and N-Boc-ethylenediamine. We have
observed that modifying the conditions of activation and
amidation, notably their pH, influences the amount of both
functional groups in the amidated copolymer. Notably, by
working at pH 8 for both the activation and amidation, a total
amount of ca. 34% of N-Boc-ethylenediamine species can be
grafted to the polymer. We demonstrated that the addition of
N-Acyl urea groups imparts self-assembling properties to the
polymer, allowing it to form well-defined spherical micelles in
suspension. pH variation studies, combined with salt
concentration studies, evidenced that electrostatic complex-
ation bonding between N-Acyl urea and acrylate groups of the
DHBC was responsible for these self-assembling properties,
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while further modification with N-Boc-ethylenediamine shows
that additional functional groups can be added to the DHBC.
We also verified that the deprotection step, which is mandatory
to remove the tert-butyl group from the N-Boc-ethylenedi-
amine, does not damage the DHBC and that the self-
assembling properties are maintained after deprotection. The
final DHBC, P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/
NH,)), thus displays acrylate groups, primary amines, and
tertiary amines—three different functional groups that could
be transferred to a functional mesoporous material, following
procedures established for materials templated with PIC
micelles,*””* for example, for removing a wide range of
pollutants in wastewater. The amount of primary amines (8 to
34%, depending on the amidation conditions) could be
improved by further optimization of both activation and
amidation protocols. Finally, the amidation procedure could be
adapted to other nucleophilic amine-containing molecules to
introduce additional functionalities to the DHBC.

4. CONCLUSION

In the present study, the self-assembly behavior of the double
hydrophilic block copolymer, P(OEGMEA)-b-P(AA) after
functionalization by partial amidation in an aqueous medium,
has been studied in detail. P(OEGMEA)-b-P(AA) synthesized
by RAFT polymerization using OEGMEA and AA as the
precursors, was initially modified using EDC/NHS to derive an
activated P(OEGMEA)-b-P(AA-s-(AA-NHS)-s-(Acyl urea))
copolymer that contains N-Acyl urea groups formed by the
rearrangement of O-Acyl urea esters. This activated DHBC can
self-assemble into well-defined micelles at controlled pH. The
activated polymer was then transformed using N-Boc-ethyl-
enediamine to yield the amidated copolymer, P(OEGMEA)-b-
P(AA-s-(Acyl urea)-s-(N-Boc)), grafted with protected pri-
mary amine species while retaining its self-assembling proper-
ties. The parent copolymer, P(OEGMEA)-b-P(AA), was
characterized using '"H NMR to determine the number of
units in each block along with the conversion rate, while the
modified macromolecules (activated and amidated copoly-
mers) obtained were studied using both NMR and elemental
analysis to confirm the degree of modifications.

The self-assembling properties of both the activated and
amidated copolymers were investigated using light and neutron
scattering. The pH sensitivity of the self-assembling structures
was studied through light scattering and further complemented
by neutron experiments and {-potential measurements, with
the pH varied between 2 and 9. For both activated and
amidated polymers, well-defined core—shell spherical micelles
were obtained over a wide range of pH (5—9, with an optimum
at pH = 5-7), with the modified acrylic acid ionic block
forming the core and P(OEGMEA) building the shell, as
inferred from the SANS experiments conducted. However,
moving away from this optimal pH range led to the progressive
dissociation of the self-assembled structures. All the data for
micellar suspensions obtained by SANS were fitted using a
polymer micelle model, and a structure factor based on a hard-
sphere model was applied when necessary. Specific informa-
tion, including the core radius R and the gyration radius R, of
the P(OEGMEA) polymer chains forming the shell of the
micelles, was collected from the neutron data. Additionally, we
observed the effect of concentration in the amidated
copolymer (Ami. Pol. 1) at pH S using SANS, confirming
that increasing the concentration induced the rise of

intermicelle interactions, which could be effectively modeled
using a hard-sphere structure factor.

The induced self-assembling character of the polymers is
expected mainly through complexation, deriving from the
positively charged tertiary amine species in the N-Acyl urea
chain and the negatively charged remaining acrylate functions,
as confirmed by the pH- and salt-susceptible nature of the
micelles. Notably, the gradual loss of micellization properties at
pH < 5, associated with a gradual loss of the ionization
coefficient of the acrylate groups, is well explained by the
uncharged nature of the acrylic acid groups at these pH levels.
A similar trend seems to emerge toward pH = 9, due to the
gradual loss of the positive charges of the tertiary amine.
Nonetheless, studies at higher pH (>10) were not performed
to avoid possible degradation of the P(OEGMEA) block.
Micellization can also be controlled by the addition of salt;
DLS measurements at various salt concentrations showed a
gradual loss of the micelles due to charge screening. The mild
hydrophobicity of the tert-butyl group and the N-Acyl urea
added to the polymer seem to have only a minor impact on the
self-assembling character of the micelle.

Acid hydrolysis of an amidated copolymer using TCA at pH
= 1.75 removes the tert-butyl group from the N-Boc
functionality of the copolymer and yields the final deprotected
structure, P(OEGMEA)-b-P(AA-s-(Acyl urea)-s-(AA/NH,))
featuring both primary and tertiary amines as pendant
functions in the ionic block of the copolymer. This structure
holds promise for applications in diverse domains, including
separation and purification.””™"* TCA, as a mild acid, is
preferred over HCI or trifluoroacetic acid because it selectively
removes the tert-butyl group of the N-Boc while preserving the
esters in the P(OEGMEA) block. Characterization of the
copolymer using NMR, EA, and scattering techniques confirms
efficient deprotection while maintaining its self-assembling
properties. Consequently, new DHBC polymers composed of a
neutral comb-type block and a multifunctional ionic block,
which simultaneously display anionic and cationic functions in
similar amounts across a wide pH range, were successfully
synthesized. Their self-assembly behavior results in the
formation of unique electrostatically driven polyion complex
micelles derived from a single polymer, which can be
dissociated in acidic conditions when acrylate functions are
neutralized.
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