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Abstract. Brush-shaped block copolymer with a dual hydrophilic poly(acrylic acid)-block-poly(oligo(ethylene glycol) acrylate) (PAA-b-POEGA) arms was synthesized for the first time via a simplified electrochemically mediated ATRP (seATRP)
under both constant potential electrolysis and constant current electrolysis conditions, utilizing only 30 ppm of catalyst complex. The polymerization conditions were optimized to provide fast reactions while employing low catalyst concentrations
and preparation of cellulose-based brush-like copolymers with narrow molecular weight distributions. The results from
proton nuclear magnetic resonance (1H NMR) spectral studies support the formation of cellulose-based graft (co)polymers.
It is expected that these new polymer brushes may find application as pH- and thermo-sensitive drug delivery systems.
Keywords: polymer synthesis, cellulose-based graft polymers, seATRP

1. Introduction

12], N,N-dimethylamino-2-ethyl methacrylate [5,
13], di(ethylene glycol) ethyl ether acrylate [12],
styrene [2], N-isopropylacrylamide [14, 15], and 2methacryloyloxyethyl phosphorylcholine [10], but
synthesis of cellulose-graft-(poly(acrylic acid)-blockpoly(oligo(ethylene glycol) acrylate) (Cell-g-(PAAb-POEGA) has not yet been reported. It is expected
that these synthesized graft copolymers have great
potential in biomedical, such as tissue engineering
scaffolds with double-responsive and antifouling
properties. Linear form of PAA has been one of the
most extensively studied industrially important watersoluble polymer [16]. It has significant pH response,
which is mainly due to high concentrations of
–COOH groups [17, 18], and therefore it is widely
used as pH-sensitive drug delivery systems [19–21].
Meanwhile, POEGA is a versatile co-monomer,
which has hydrophilic, temperature-responsive, nontoxic and biocompatible characteristics [22–25]. What

The most abundant renewable biomacromolecule,
cellulose has attracted considerable attention in recent years due to its biodegradable, biocompatible
and renewable character [1–5]. As its anhydroglucopyranose unit contains reactive hydroxyl groups,
cellulose has potential use in the design of advanced
polymeric materials [6, 7].
A variety of approaches has been reported for the
modification of cellulose by graft polymerization,
provides a significant route that combines the advantages of using natural cellulose and synthetic macromolecules in a wide range of potential applications,
such as new materials for drug delivery devices,
coatings, sorption agents, and membranes [2, 3, 8].
One of them is the ‘grafting-from’ technique, which
uses a multi-functional initiator to initiate atom
transfer radical polymerization (ATRP) [9–11].
Numerous monomers have been grafted from cellulose via ATRP, such as methyl methacrylate [2, 3, 11,
*
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methylimidazolium chloride (AMIMCl, 98%) was
purchased from Alfa Aesar, USA. 2-Bromoisobutyryl
bromide (BriBBr, 98%), dimethylformamide (DMF,
99.9%) tetrahydrofuran (THF, >99.9%), methanol
(MeOH, >99.8%), tetrabutylammonium perchlorate
(TBAP, >98%), copper(II) bromide (CuIIBr2, 99.9%),
n-butanol (>99.7%), sulfuric acid (>95%), trifluoroacetic acid (TFA, >99%), dichloromethane (DCM,
>99.5%), acidic ion-exchange resin (Dowex
Marathon), and sodium hydroxide (NaOH, >98%),
were purchased from Aldrich. Tris(2-pyridylmethyl)
amine (TPMA) was prepared according to a procedure [36]. Stock solutions of CuIIBr2 and TPMA were
prepared according to a reference [32]. tert-Butyl
acrylate (tBA, >99%, Aldrich) and oligo(ethylene
glycol) acrylate (OEGA, >99%, Aldrich) were passed
through a column filled with basic alumina prior to
use to remove inhibitor. Platinum (Pt) wire, Pt gauge
mesh and Pt disk (3 mm diameter, Gamry) were purchased from Alfa Aesar, USA. Cyclic voltammetry
(CV) and preparative electrolysis were conducted in
electrochemical cell kit (Gamry, USA).

is important, it exhibit antifouling effects to a wide
variety of proteins [23].
ATRP is one of the most utilized technique to produce polymers with precise and complex architectures, predetermined molecular weight distribution
(Mw/Mn, MWD), degrees of polymerization (DP),
and high end group fidelity [26–29]. The advent of
(re)generation of transition metal with ligands catalysts concepts allows use of ppm level of catalyst for
ATRP, such as simplified electrochemically mediated ATRP (seATRP) [30], which uses electric current
as external stimulus to reduce deactivator to the activator species [30–34]. seATRP can be conducted
at a fixed Eapp (constant potential electrolysis conditions) in a three-electrode cell, with working electrode (WE), counter electrode (CE), and reference
electrode (RE). On the other hand, electrolysis under
constant current conditions (Iapp) is particularly attractive from an industrial standpoint, because it
eliminates the RE compared with the electrolysis
under controlled potential conditions, providing twoelectrode system (WE and CE), furthermore it requires less expensive instrumentation (current generator vs potentiostat). In both cases, if the reduction
of deactivator to activator occurs at the WE surface
the reduced activator is spread out into the bulk reaction mixture by vigorous stirring. Activator reacts
with the initiator to form radicals and the deactivating complex. The radical species propagate to form
polymeric chains by reacting with the monomer, or
are deactivated back to dormant species by deactivator.
The main objective of this article is to report the first
example of the preparation of well-defined cellulosebased graft (co)polymers, consisting of the respective hydrophilic PAA and dual hydrophilic PAA-bPOEGA arms by seATRP under both constant
potential electrolysis and constant current electrolysis conditions. It was presented that polymerization
conditions were optimized to provide fast reactions
while employing low catalyst concentrations and
preparation of brush-like copolymers with narrow
MWDs.

2.2. Analysis
1
H NMR spectra in DMSO-d6 (CDCl3 for cleaved
PtBA homopolymer) used for the calculation of
monomer conversion were measured using Bruker
Avance 500 MHz spectrometer according to the previous research [30]. Molecular weights and molecular weight distributions were determined by GPC
(PSS columns: guard, 105, 103, 102 Å), with THF eluent at 25 °C, flow rate 1.00 mL/min, with a RI detector (Viscotek, T60A). The apparent molecular weights
and Mw/Mn were determined with a calibration based
on PS standards using TRISEC software. CVs and
preparative electrolysis were recorded on a Metrohm
Autolab potentiostat (AUT84337) using GPES EcoChemie software. The CVs and electrolysis were
carried out under Ar atmosphere using a Pt disk for
CV, and Pt mesh for electrolysis, working electrodes.
The sacrificial CE was Al wire (l = 10 cm, d = 1 mm).
Values for potentials applied for electrolysis were established from CV measurements at a 100 mV/s scan
rate using saturated calomel electrode (SCE; Gamry)
RE according to the previous research [33].

2. Experimental section
2.1. Materials
Microcrystalline cellulose (MCC, AVICEL PH-101,
with a ‘typical’ Mn = 10800, Mw/Mn = 3.00) [35] with
DP of 67 was obtained from Aldrich and dried under
vacuum at 100 °C for 24 h. Ionic liquid 1-allyl-3-

2.3. Synthesis of the cellulose
2-bromoisobutyrate macroinitiator (Cell-Br)
The process of esterification of cellulose with BriBBr
to obtain the macroinitiator Cell-Br was shown in
141

Chmielarz – eXPRESS Polymer Letters Vol.11, No.2 (2017) 140–151

Figure 1. Synthesis of cellulose-based ATRP initiator (Cell-Br)

(Eapp = Epc–55 mV). Then a solution of 71 mg of
Cell-Br (0.23 mmol) in 2 mL of DMF was injected.
The selected potential was applied using the controlled potential preparative electrolysis (Pt mesh
WE, Al CE, SCE RE). After this synthesis an identical reaction composition was prepared for the polymerization under multiple applied currents: Iapp,1 =
–1.32 mA (0.07 h), Iapp,2 = -0.9 mA (0.07 h), Iapp,3 =
–0.54 mA (0.07 h), Iapp,4 = –0.41 mA (0.07 h), Iapp,5 =
–0.28 mA (0.14 h), Iapp,6 = –0.22 mA (0.14 h), Iapp,7 =
–0.16 mA (0.14 h), Iapp,8 = –0.12 mA (0.14 h), Iapp,9 =
–0.08 mA (0.83 h), Iapp,10 = –0.06 mA (0.83 h), Iapp,11 =
–0.05 mA (1.50 h). At a certain interval time, an
amount of reaction mixture was withdrawn to follow
the monomer conversion using 1H NMR. The final
sample was purified by dialysis against methanol
(MWCO 1000). After filtered and washed, the white
solid products were collected and dried by air, dissolved in THF, passed through a neutral alumina column in order to remove catalyst, and dried under vacuum for 14 days before 1H NMR characterization.
The PtBA arms of cellulose-based graft polymers
were cleaved by acid solvolysis according to procedure described in references [34, 38]. Therefore, the
polymer sample (100 mg) was dissolved in THF
(2 mL) and n-butanol (32 mL). Concentrated sulfuric
acid (0.4 mL) was added, and the solution was heated at 100 °C for 7 days. The residue polymer was precipitated into methanol, washed and dried in vacuum
at 50 °C for 7 days and then characterized by GPC
to examine the growth of the polymer arms with

Figure 1 according to the procedure described in references [2, 5, 37].
MCC (2.0 g, 12.4 mmol) was dissolved in 40.00 g
of AMIMCl (25 mL DMF as dilute) under 80 °C to
form a yellow solution, then the mixture was cooled
to room temperature (under Ar). The solution was
stirred for 1 h at room temperature and then cooled
to 0 °C. A solution of BriBBr (7.7 mL, 62.0 mmol)
in DMF (5 mL) was added dropwise to the mixture.
The reaction solution was left to warm up to room
temperature and stirred for 72 h. The resulting solution was poured into excessive deionized water and
precipitated out the white floccules. The floccules
(Cell-Br), was washed thoroughly with water, then
filtered and dried under vacuum at 50 °C for 48 h before characterization by THF GPC and 1H NMR.
The degree of substitution (DS) of Cell-Br was calculated from the 1H NMR spectrum.

2.4. Synthesis of Cell-g-PtBA graft polymers
by seATRP
The synthesis of Cell-g-PtBA graft polymers was
conducted under constant potential and constant current electrolysis conditions (Figure 2).
TBAP (1.37 g, 4 mmol) was placed in an electrolysis
cell maintained at 50 °C under Ar atmosphere. Then,
10 mL of Ar purged tBA (68.30 mmol), 8.0 mL of
DMF, and 41 µL of CuIIBr2/2TPMA stock solution
(0.05 M in DMF) were added to the reaction cell. The
CV was recorded (Pt disk WE, Al wire CE, SCE RE)
for determining the appropriate applied potential

Figure 2. Synthesis of Cell-g-PtBA graft polymers via seATRP
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monomer conversion and by 1H NMR to confirm
formation of PtBA by cleaving process.

2.6. Synthesis of Cell-g-(PAA-b-POEGA) graft
polymers by seATRP
The seATRP method was also used for the chain extension of the Cell-g-PAA macroinitiator with OEGA
(Figure 4).
The polymerization conditions was as follows:
[OEGA]0/[Cell-g-PAA
(per
–Br)]0/[CuIIBr2/
2TPMA]0 = 120/1/0.0036, [OEGA]0 = 0.7 M in DMF,
[CuIIBr2/2TPMA]0 = 0.02 mM, Eapp = Epc–65 mV, T =
50 °C, [TBAP]0 = 0.2 M, Vtot = 15 mL. An identical
mixture was prepared and seATRP was carried out
under multiple applied currents: Iapp,1 = –1.46 mA
(0.07 h), Iapp,2 = –1.05 mA (0.07 h), Iapp,3 = –0.77 mA
(0.07 h), Iapp,4 = –0.54 mA (0.07 h), Iapp,5 = –0.38 mA
(0.07 h), Iapp,6 = –0.27 mA (0.07 h), Iapp,7 = –0.20 mA
(0.07 h), Iapp,8 = –0.15 mA (0.07 h), Iapp,9 = –0.11 mA
(0.14 h), Iapp,10 = –0.08 mA (0.14 h), Iapp,11 = –0.05 mA
(0.14 h), Iapp,12 = –0.04 mA (0.14 h), Iapp,13 = –0.03 mA
(1.39 h), Iapp,14 = –0.02 mA (1.50 h). In both cases
samples were withdrawn periodically to follow the
conversion (1H NMR). The final sample was purified
by dialysis water and methanol, subsequently (MWCO
1000). After filtered and washed, the white solid
products were dried by air, dissolved in THF, passed
through a neutral alumina column, and dried under
vacuum for 14 days before NMR characterization.
The PAA-b-POEGA blocks of cellulose-based graft
copolymers were cleaved by alkaline hydrolysis

2.5. Transformation to Cell-g-PAA graft
polymers
The PtBA blocks of cellulose-based graft polymers
were hydrolysed to PAA blocks (Figure 3).
The Cell-g-PtBA graft polymer (5 g, 5.7 mmol) was
dissolved in DCM (60 mL) and a 5-fold molar excess of TFA (2.19 mL, 28.6 mmol) was added (with
respect to the ester groups). The mixture was stirred
at room temperature for 72 h. When hydrolyzed, the
copolymers precipitate in DCM. They were separated by filtration, washed with DCM. Finally, solvent
and TFA were removed by rotating evaporation, vacuum drying at 50 °C for 7 days and characterized
using 1H NMR [39–42].
The PAA arms of cellulose-based graft polymers were
cleaved by alkaline hydrolysis according to procedure described in reference [42]. Therefore, the polymer sample (300 mg) and 600 mg NaOH were dissolved 6 mL of water and heated for 7 days at 80 °C.
The pure linear PAA was then recovered by use of
acidic ion exchange resin (15 g) until reaching pH =
3. The resin was removed and the aqueous solution
was freeze-dried. The residue polymer was dried in
vacuum at 50 °C for 7 days and characterized by
GPC and 1H NMR.

Figure 3. Transformation to Cell-g-PAA graft polymers via hydrolysis

Figure 4. Synthesis of Cell-g-(PAA-b-POEGA) graft polymers via seATRP
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according to procedure described in reference [42].
The polymer samples were purified [42] and then
characterized by GPC to examine the growth of the
copolymer arms with monomer conversion. Furthermore, the final polymer was characterized using
1
H NMR.

probability substitution could occur at b2 and b3 –OH
groups, therefore substituents can be distributed
among the three hydroxyls, with preference for the
–OH group at the b6 position. The total DS of BriB
is obtained by the ratio of the integral of the methyl
groups at the region of δ = 1.55–2.00 ppm (6H) to the
integral of protons of glucose units of cellulose at the
region of δ = 3.00–5.50 ppm (7H) [2, 5, 43]. DS is
an important parameter that directly determines the
grafting density of copolymers prepared in the subsequent step [3]. It should be noticed that, in previous
studies using cellulose and its derivatives as the start-

3. Results and discussion
According to 1H NMR analysis, provided in Figure 5,
the Cell-Br macroinitiator was generated with DS of
1 indicating complete functionalization of the –OH
group at the b6 position. Notwithstanding, with a low

Figure 5. 1H NMR analysis of Cell-Br after purification (in DMSO-d6)
Table 1. Summary of cellulose-based graft polymers synthesis
Entry [M]0/[MI]0/[CuII/L(a)]0
1

300/1/0.0090

Eapp(b)

kpapp(c) Conversion(c)
[h–1]
[%]
1.087
99

–

Epc–55 mV
Controlled Iapp
electrolysis(i)
–

4

120/1/0.0036

Epc–65 mV

0.801

96

5

120/1/0.0036

Controlled Iapp
electrolysis(m)

0.780

96

2
3

300/1/0.0090
(j)

0.967

98

–

–

Mn,th(d)
(·10–3)
37.9
37.7
21.2
55.2
(76.4)(k)
55.0
(76.2)(k)

296

Mn,app(f)
(·10–3)
38.2

294

38.1

DPn,th(e)

294
115
115

21.3
57.5
(78.8)(l)
57.2
(78.5)(l)

298

1.14

fi(h)
[%]
99

297

1.17

99

296

1.17

99

120

1.11

96

119

1.13

97

DPn,app(g) Mw/Mn(f)

General reaction conditions: T = 50 °C (except entry 3: T = 80 °C); Vtot = 20 mL (except entry 3: Vtot = 80 mL and entries 4–5: Vtot = 15 mL);
t = 4 h (except entry 3: t = 72 h); [M]0: [tBA]0 = 3.4 M (except entry 3: n/a and entries 4–5: [OEGA]0 = 0.7 M); [MI]0: [Cell-Br]0 = 11.4 mM
calculated per 67 –Br (except entry 3: n/a and entries 4–5: [Cell-g-PAA-Br]0 = 5.8 mM per 67 –Br); [CuII/L]0 = 0.10 mM (except entry 3:
n/a and entries 4–5: [CuIIBr2/2TPMA]0 = 0.02 mM); [TBAP]0 = 0.2 M. seATRP under constant potential electrolysis conditions (WE = Pt,
CE = Al, RE = SCE): entry 1 and 4; seATRP under constant current electrolysis conditions (WE and CE without RE): entry 2 and 5.
(a)CuII/L = CuIIBr /2TPMA; (b)E
(c)
2
app were selected based on CV (ν = 100 mV/s); monomer conversion and apparent propagation constants
(kpapp) were determined by NMR [30]; (d)Mn,th = (conversion · [M]0)/[MI]0 · Mmonomer, where [M]0 and [MI]0 are the initial monomer and
initiation site concentrations, respectively; (e)theoretical degree of polymerization per arm from monomer to initiation site ratio and monomer
conversion: DPn,th (per arm) = (conversion · [M]0)/[MI]0 [42]; (f)apparent Mn and Mw/Mn of the arms cleaved from the (co)polymers executed
by THF GPC; (g)experimental DP of arm from dividing Mn,app by the molar mass of the polymer’s reiterating unit: DPn,app (per arm) = Mn,app
(arm)/Mmonomer [44]; (h)apparent efficiency of initiation calculated as: fi = (DPn,theo (per arm)/DPn,app (per arm)) · 100% [45]; (i)Iapp = –1.32,
–0.90, –0.54, –0.41, –0.28, –0.22, –0.16, –0.12, –0.08, –0.06, and –0.05 mA for each steps; (j)hydrolysis of PtBA blocks to PAA blocks
[42]; (k)theoretical Mn was determined (equation (d)) and reduced by the value of PAA (from entry 3); (l)apparent Mn was determined by
THF GPC and reduced by the value of PBA (from entry 3); (m)Iapp = –1.46, –1.05, –0.77, –0.54, –0.38, –0.27, –0.20, –0.15, –0.11, –0.08,
–0.05, –0.04, –0.03, and –0.02 mA for each steps.
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solvolysis of the ester groups (Figure 8) [44]. Following the solvolysis, only polymers with narrow
molecular weight distributions (Mw/Mn < 1.17; Figure 7, Table 1, entries 1–2) were observed, which indicates the cleavage reactions were nearly quantitative, what means that all chains growing to approximately equal lengths after a given period of time
(initiation efficiency were close to 99%). In both
cases first-order kinetic plots were observed (Figure 6b), furthermore the Mn of PtBA side chain increased linearly with the monomer conversion (Figure 6c) providing polymers with low Mw/Mn values
(Figure 6c and 7).
By selective hydrolysis of the PtBA block of side
chains, cellulose-based brushes with PAA arms were
obtained (for each PAA arms: Mn = 21 300, Mw/Mn =
1.17; Table 1, entry 3). Cleavage was again verified
by GPC (Figure 9) and 1H NMR (Figure 13). The initiation efficiency was close to 99% (Table 1, entry 3).

ing materials, the higher DS of BriB was very difficult to obtain and its values were often less than 1
[2, 5, 43], this is mainly due to the occupation on hydroxyl groups of cellulose by ester or ether groups.
Here it was demonstrated new proposition of synthesis of graft polymers by seATRP using 30 ppm of
CuII/L. Table 1 summarizes the results of the graft
polymers synthesis using the cellulose-based macroinitiator (Mn = 20 800, Mw/Mn = 2.16).

3.1. Synthesis of cellulose-based graft
polymers
The preparation of the cellulose-based polymer
brushes with PtBA side chains via seATRP under
constant potential electrolysis and 11-step constant
current electrolysis conditions were carried out
(Table 1, entries 1–2, Figure 6 and 7). In order to determine the arm lengths of synthetized polymers, the
arms were cleaved off the cellulose chain by acid

Figure 6. Synthesis of cellulose-based graft polymers by seATRP; (a) electrolysis results from applied potential conditions
(grey line) and applied current (black line), (b) first-order kinetic plot of monomer conversion versus time, and
(c) Mn and Mw/Mn of side chain PtBA versus monomer conversion by constant potential and constant current electrolysis conditions. Table 1, entries 1–2.
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Figure 7. GPC traces of PtBA arms cleaved from the graft polymers (Table 1, entries 1–2) at various levels of monomer
conversion in polymerization under constant potential seATRP (a) and constant current seATRP (b)

Figure 8. 1H NMR spectrum of PtBA arms cleaved from the Cell-g-PtBA294 graft polymer (in CDCl3; Table 1, entry 2)

conducted under constant potential/current preparative electrolysis conditions (Table 1, entries 4–5,
Figure 10 and 11).
Also in the case of OEGA polymerizations, blocking
initiation efficiency were close to 96–97% (Table 1,
entries 4–5), linear first-order plot were observed
(Figure 10b) and GPC traces demonstrated efficient
chain extension with OEGA (Figure 11), what is an
evidence that the bromine groups are maintained during the polymerization of tBA.
Figure 9. GPC traces of PAA arms cleaved from the cellulose-based graft polymers (Table 1, entries 3)

3.3. 1H NMR characterization of
cellulose-based (co)polymers
The chemical structure of the Cell-g-PtBA294 graft
polymer (Table 1, entry 2), Cell-g-PAA294 graft polymer (Table 1, entry 3), and Cell-g-(PAA294-bPOEGA115) graft copolymer (Table 1, entry 5) were
confirmed by 1H NMR spectroscopy (Figure 12–14).
The 1H NMR spectrum shown in Figure 12 confirms
the structure of Cell-g-PtBA294 brush-shaped polymer obtained through constant current seATRP
(Table 1, entry 2). It was shown, that the chemical

These new polymer brushes are promising precursors for doubly-responsive polymers, as discussed in
the next section.

3.2. Synthesis of cellulose-based graft
copolymers
Finally, the chain extension of Cell-g-PAA macromolecule initiator (Table 1, entry 3) with OEGA as the
potentially temperature-responsive monomer was
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Figure 10. Synthesis of cellulose-based graft copolymers by seATRP; (a) electrolysis results from applied potential conditions
(grey line) and applied current (black line), (b) first-order kinetic plot of monomer conversion versus time, and
(c) Mn and Mw/Mn of side chain PAA-b-PtBA versus monomer conversion by constant potential and constant current electrolysis conditions. Table 1, entries 4–5.

Figure 11. GPC traces of PAA-b-POEGA arms cleaved from the graft polymers (Table 1, entries 4–5) at various levels of
monomer conversion in polymerization under constant potential seATRP (a) and constant current seATRP (b)

shifts, 1.28–2.00 and 2.10–2.40 ppm, are attributed
to the –CH2– (β), –CH3 (b), and –CH– (α) of PtBA
arms [46]. As shown in Figure 13, the disappearance
of the characteristic strong peak at ~1.44 ppm corresponding to the methyl protons of the t-butyl group
demonstrates the successful hydrolysis of PtBA
block of the side chains [39–42]. In this spectrum the
chemical shift, 11.33–12.87 ppm is attributed to the
147

–OH (c′) group indicating the presence of PAA arms
[47]. While, in the 1H NMR spectrum (Figure 14) of
Cell-g-(PAA294-b-POEGA115) brush-shaped block
copolymer (Table 1, entry 5), the chemical shifts,
1.28–2.00, 2.10–2.40, 3.18–3.26, 3.26–3.35, 3.45–
3.72, and 3.90–4.25 ppm, are attributed to the –CH2–
(β″), –CH– (α″), –OCH3 (e), –O–CH2–CH2–OCO–
(f), –CH2– from poly(ethylene glycol) backbone (g),

Chmielarz – eXPRESS Polymer Letters Vol.11, No.2 (2017) 140–151

Figure 12. 1H NMR spectrum of cellulose-based polymers with PtBA arms (Cell-g-PtBA294). Table 1, entry 2.

Figure 13. 1H NMR spectrum of cellulose-based polymers with PAA arms (Cell-g-PAA294). Table 1, entry 3.

Figure 14. 1H NMR spectrum of cellulose-based copolymers with PAA-b-POEGA arms (Cell-g-(PAA294-b-POEGA115)).
Table 1, entry 5.

and –O–CH2–CH2–OCO– (h) groups of POEGA
arms, clearly indicating the presence of POEGA
chains [48–50].
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4. Conclusions
Controlled PAA-b-POEGA arms brush-shaped block
copolymers were for the first time successfully pre-
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