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A well-defined graft copolymer consisting of a poly(2-hydroxyethyl acrylate) (PHEA) backbone and
poly(ethylene oxide) (PEO) side chains was synthesized by successive reversible addition—fragmentation
chain transfer (RAFT) polymerization and atom transfer nitroxide radical coupling (ATNRC) reaction. RAFT
homopolymerization of a Cl-containing acrylate monomer, 2-hydroxyethyl 2-((2-chloropropanoyloxy)
methyl)acrylate (HECPMA), was first performed in a controlled way to afford a well-defined PHEA-based
1.08). The target poly(2-hydroxyethyl acrylate)-g-
poly(ethylene oxide) (PHEA-g-PEO) graft copolymer with a narrow molecular weight distribution (M,,/M,, =
1.16) was then obtained by ATNRC reaction between the pendant —OCOCH(CHs)Cl group in every
repeated unit of PHEA-based backbone and PEO with a TEMPO end group via the grafting-onto strategy,
using CuCl/PMDETA as a catalytic system. The critical micelle concentrations (cmcs) of the obtained graft

backbone with a low polydispersity (M, /M, =

copolymer in pure water, brine, and aqueous Na,SO,4 solution were determined by the fluorescence
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probe technique using N-phenyl-1-naphthylamine as probe and micellar morphologies in aqueous media
were visualized by TEM. It was found that PHEA-g-PEO graft copolymer self-assembled into large
compound micelles in agueous media, which can encapsulate hydrophilic Rhodamine 6G and hydro-

www.rsc.org/polymers phobic pyrene separately or simultaneously.

from>>° is a typical example of the combination of certain

controlled polymerization approaches. The grafting-onto strat-
egy is a promising way to construct graft copolymers because

Introduction

Recently, reversible-deactivation radical polymerizations

(RDRP), including nitroxide mediated radical polymerization
(NMRP),"* atom transfer radical polymerization (ATRP),>°
reversible addition-fragmentation chain transfer (RAFT)
polymerization,”® and single-electron-transfer living radical
polymerization (SET-LRP),”'® have been widely investigated
and applied to synthesize diverse polymers with different
architectures. Combining certain RDRP strategies is a good
way to construct polymers with complicated structures and
compositions, such as graft,"* hyperbranched,'? cyclic,"® den-
dritic,"* and star-shaped copolymers,">*® which can be used in
biomedical materials,"”” nanotechnology,'® catalysis,"® etc. The
synthesis of graft copolymers via three common strategies
including grafting-through,”* > grafting-onto,"*>** and grafting-

Key Laboratory of Synthetic and Self-Assembly Chemistry for Organic Functional
Molecules, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences,
345 Lingling Road, Shanghai 200032, People’s Republic of China.

E-mail: xyhuang@sioc.ac.cn; Fax: +86-21-64166128; Tel: +86-21-54925310
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c6py01595f

This journal is © The Royal Society of Chemistry 2017

their structures and compositions can be tuned precisely.
Thanks to the development of coupling reactions with high
efficiency, this strategy has become a convenient and efficient
way to synthesize graft copolymers.>*>”*®

Click chemistry,>® in which Cu-catalyzed azide/alkyne cyclo-
addition (CuAAC) reaction has been studied most deeply, has
been widely employed in polymer chemistry nowadays.>* >
However, the photosensitive and unstable azide compounds
used in CuAAC would pose a security threat to people and
need to be operated carefully.*?

Combining NMRP and ATRP, Huang et al. put forward a
new coupling strategy, atom transfer nitroxide radical coupling
(ATNRC),**** in which graft copolymers can be obtained by
the coupling reaction between the polymeric backbone con-
taining halide atoms and the side chains containing 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) radicals in the presence
of CuBr and ligands. ATNRC is quite different from ATRP
because CuBr in ATNRC is not a catalyst, but a reactant.*>*
The carbon radicals on the backbone would be captured by
TEMPO-containing polymeric chains immediately to form an
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alkoxyamine between two polymers. The coupling efficiency of
ATNRC can be as high as 90%, even comparable to CuAAC
reaction, therefore ATNRC has been often employed as an
efficient way to construct well-defined polymers, such as graft,
star, and block copolymers.*>°

Poly(ethylene oxide) (PEO) is often chosen as the hydro-
philic part of amphiphilic copolymers*®** since PEO is a kind
of nontoxic, nonionic, semi-crystalline polymer with excellent
solubility in aqueous media.** Besides, it also displays excel-
lent chemical and biological properties including non-covalent
complexation ability, good biocompatibility, lack of immuno-
genicity, and resistance to both protein adsorption and cellular
adhesion.*>*® Particularly, the incorporation of a PEO
segment into a macromolecule can obviously modulate the
properties of polymeric solution.’® ATNRC is a convenient way
to graft PEO side chains to the polymeric backbone because
well-defined PEO homopolymers with defined terminal func-
tionalities are commercially available.***® Graft copolymers
bearing PEO side chains have been obtained via ATNRC effec-
tively with a tunable density of PEO side chains.***'™>*

As for graft copolymers based on poly(2-hydroxyethyl acry-
late) (PHEA)/poly(2-hydroxyethyl methylacrylate) (PHEMA) as
the polymeric backbone, their synthesis is a tough task
because the pendant hydroxyls are usually utilized to connect
the side chains via ring opening polymerization (ROP),>®
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ATRP**® or “click chemistry”,** etc. In addition, PHEMA has
always been regarded as one kind of hydrophilic copolymers.
In 2004, however, Armes et al. discovered that the solubility of
PHEMA-based copolymers was closely related with polymeriz-
ation degree, temperature, and composition.>® Thus, an inter-
esting question arises from those studies, what would be the
self-assembly behavior in aqueous phase of the graft co-
polymers bearing PHEA/PHEMA as the backbone and PEO as
the side chains?

On the basis of a newly developed trifunctional monomer,
2-hydroxyethyl 2-((2-chloropropanoyloxy)methyl )acrylate (HECPMA)
bearing a -OCOCH(CH3)Cl moiety and a hydroxyl simul-
taneously,’® the pendant hydroxyls can remain intact while
grafting the side chains. Herein, we report the synthesis of a
poly(2-hydroxyethyl acrylate)-g-poly(ethylene oxide) (PHEA-g-
PEO) graft copolymer, bearing a PHEA backbone via ATNRC
(Scheme 1). PHECPMA homopolymer with a pendant halogen-
containing ~-OCOCH(CHj3;)Cl group in every repeated unit was
first obtained through RAFT homopolymerization of HECPMA
monomer. PEO homopolymer with TEMPO terminal function-
ality was then grafted onto PHECPMA backbone by ATNRC
to give the well-defined PHEA-g-PEO graft copolymer.
Interestingly, PHEA-g-PEO graft copolymer could self-assemble
in aqueous media to form large compound micelles, able to
encapsulate hydrophobic and hydrophilic agents.
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Scheme 1 Synthetic route of PHEA-g-PEO well-defined graft copolymer.
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Results and discussion
Preparation of PHEA-based well-defined backbone

It has been extensively reported that ethylene oxide, a cyclic
monomer, cannot be polymerized via RDRP, which means
that graft copolymers bearing PEO side chains cannot be con-
structed through the most popular grafting-from approach
using RDRP. On the other hand, well-defined PEO homopoly-
mers with precisely determined molecular weights, narrow
molecular weight distributions, and controllable end func-
tionalities are commercially available so that the grafting-
onto strategy using the coupling reactions with high
efficiency such as click chemistry and ATNRC is generally
used for constructing graft copolymers with PEO side
Chains'24,33,52754

In the current case, the desired graft copolymer is PHEA-g-
PEO in which every repeated unit of the backbone possesses a
pendant hydroxyl, that is to say PEO side chains cannot be
attached onto the backbone through the usual ester linkage.
To solve this puzzle, HECPMA monomer®® developed by us
in 2014 which comprised a polymerizable double bond, a
halogen-containing ~-OCOCH(CH;)Cl group, and a hydroxyl
was herein employed. The first amphiphilic graft copolymer
containing a hydrophilic PHEA backbone, PHEA-g-PS, was
obtained through the grafting-from strategy®® via ATRP of
styrene initiated by -OCOCH(CH;)Cl group in every
repeated unit of PHECPMA homopolymer; and this graft
copolymer is quite different from PHEMA/PHEA-based graft
copolymers****% whose backbone was usually hydrophobic
because the pendant hydroxyls of the backbone were utilized
for connecting the side chains. Moreover, halide (Cl) atom of
—-OCOCH(CH3;)Cl group in every repeated unit of PHECPMA
homopolymer can also be an effective component in ATNRC
reaction so as to be treated with terminal TEMPO radical of
the polymeric chain for affording the corresponding graft
copolymer through the grafting-onto strategy. Herein, we
assume that PHEA-g-PEO graft copolymer can be formed via
ATNRC reaction between Cl atom of -OCOCH(CHj;)Cl group in
every repeated unit of PHECPMA backbone and TEMPO end
functionality of PEO side chains.

Firstly, a well-defined PHEA-based backbone possessing a
pendant hydroxyl in every repeated unit was constructed via
RAFT homopolymerization of HECMPA 1 monomer using
CDB®' as chain transfer agent (CTA). ATRP is not suitable for
the homopolymerization of HECPMA because ATRP of
functional monomers comprising a halogen-containing initi-
ating group would result in an undesirable hyperbranched
polymer, not a linear polymer.®” RAFT polymerization
with excellent tolerance of various functionalities®>®* was
employed for the homopolymerization of HECPMA monomer
since it would not interfere with -OCOCH(CH;3)Cl group
during the polymerization process. As HECPMA is an acrylate
monomer, CDB might be the appropriate CTA for its RAFT
homopolymerization.®® A pink powder with dithiobenzoate
end group (inset a in Fig. 1) was first obtained, which would
pose a negative influence on the following ATNRC reaction.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 'H (A) and *C (B) NMR spectra of PHECPMA 2 in DMSO-d.

Then, excessive AIBN (32.9 eq.) was used to eliminate the
terminal dithiobenzoate group,®® affording a white PHECPMA
2 homopolymer (inset b in Fig. 1) and the disappearance of
the signal of dithiobenzoate end group at 510 nm in UV/vis
absorbance spectrum showed the complete removal of dithio-
benzoate end group.®®

PHECPMA 2 homopolymer was characterized by GPC,
FT-IR, "H NMR, and *C NMR and the details can be found in
our previous report.”” In particular, '"H NMR spectrum of
the homopolymer (Fig. 1A) exhibited the absence of the
signals of the double bond of HECPMA monomer at 5.95
and 6.46 ppm, which closely matched the disappearance of
the peaks at 129.0 and 134.4 ppm in C NMR spectrum
(Fig. 1B), verifying the successful polymerization of HECPMA
monomer. RAFT mechanism of the polymerization was illus-
trated by the multiplet between 7.11 ppm and 7.30 ppm in
"H NMR spectrum plus the peaks at 126.0 and 128.1 ppm in
BC NMR spectrum belonged to the phenyl end group. The
proton resonance signals of the -OCOCH(CH;)Cl group were
located at 4.63 and 1.66 ppm and the corresponding carbon
resonance signals were located at 21.8 (CHCICH;) and 47.8
(CHCICH3) ppm, respectively, which confirmed the retention
of -OCOCH(CH;)Cl group during RAFT polymerization and
the elimination of terminal dithiobenzoate group. The proton
resonance signal of hydroxyl also appeared at 4.88 ppm in
Fig. 1A. Thus, all these evidences clearly witnessed the for-
mation of a well-defined PHECPMA 2 homopolymer bearing a
pendant -OCOCH(CH;)Cl group and hydroxyl in every
repeated unit. Moreover, because every HECPMA repeated unit
consists of both a hydrophilic hydroxyl and hydrophobic
-OCOCH(CH;3)Cl moiety, PHECPMA 2 homopolymer may
behave like a kind of amphiphilic homopolymer.®” Indeed,
this homopolymer is water-soluble with low solubility and it
self-assembled into aggregates with a hydrodynamic diameter
(Dp) of about 80 nm with the rising of the concentration of the
homopolymer in aqueous media.

Polym. Chem., 2017, 8, 431-440 | 433
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The absolute molecular weight of the homopolymer
(My gpomars) Was determined by GPC/MALS with a value of
8223 g mol™" so that the number of HECPMA repeated unit
was calculated according to eqn (1) (187 and 236.5 refer to the
molecular weights of terminal CTA moiety and HECPMA
monomer, respectively). The result showed that PHECPMA 2
homopolymer possesses 34.0 -OCOCH(CH;)Cl groups.

nupcema = (Mngpe/maLs — 187)/236.5 (1)

Characterization of PEO-TEMPO

Commercially available PEO-OH (M, = 2000 g mol™') was
firstly converted to PEO-COOH through the esterification of
terminal hydroxyl using succinic anhydride. The broad peak at
3507 cm™" and the sharp band at 1734 cm™" in FT-IR spectrum
after the esterification (Fig. 2A) were attributed to the newly
incorporated carboxyl, and the peaks located at 2.60, 3.55, and
4.21 ppm in '"H NMR spectrum belonged to the protons of the
linkage between PEO and carboxyl, which evidenced that the
terminal hydroxyl of PEO had been transformed into carboxyl.
Furthermore, the signal at 173.9 ppm in *C NMR spectrum
also distinctly affirmed the introduction of carboxyl.

Next, treated with SOCIl,, PEO-COOH was converted to
PEO-COCI almost quantitatively followed by its in situ reaction
with HTEMPO to afford the desired PEO-TEMPO. The color
change from colorless to orange was the first piece of
evidence on the demonstration of successful preparation of
PEO-TEMPO. In FT-IR spectrum (Fig. 2B), the disappearance
of the broad peak at 3507 cm™' pointed out the complete
conversion of carboxyl. Meanwhile, the resonance signals at
1.15, 1.53, and 1.85 ppm in "H NMR spectrum (Fig. 3A) were
attributed to the protons of CH; and CH, of TEMPO moiety,
and the peaks at 19.9 (CH;) and 60.9 (C(CH;),) ppm in “*C
NMR spectrum (Fig. 3B) also verified the incorporation of
TEMPO. The covalent connection between TEMPO and PEO

Wavenumbers (cm‘l)

Fig. 2 FT-IR spectra of PEO-COOH (A) and PEO-TEMPO (B).
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Fig. 3 H (A) and *C (B) NMR spectra of PEO-TEMPO 3 in CDsOD.

was demonstrated by the peak at 2.60 ppm originating from 4
protons of CO,CH,CH,CO,. Thus, it is clear that PEO was
successfully functionalized with TEMPO end group, giving
PEO-TEMPO 3.

Synthesis of PHEA-g-PEO well-defined graft copolymer

The desired PHEA-g-PEO graft copolymer was constructed via
the grafting-onto strategy by a Cu(i)-mediated ATNRC reaction
since the pendant -OCOCH(CH;)Cl groups in PHECPMA 2
were designed to directly couple with the terminal TEMPO
functionality of PEO-TEMPO 3. Herein, ATNRC reaction®***~*°
was performed in DMF/toluene (v:v = 1:1) at 90 °C using
CuCl/PDMAEA as catalytic system and the results are sum-
marized in Table 1. Dialysis was utilized to exclude the
unreacted PEO-TEMPO 3 as affirmed by GPC curve after
purification (Fig. 4) where the trace of PEO-TEMPO 3 was
absent. The molecular weight of the purified product was
much higher than that of PHECPMA, which demonstrated the
occurrence of a coupling reaction. Moreover, it should be
pointed out that GPC curve showed a unimodal and
symmetric eluent peak without tailing or shoulder, this

Table 1 Synthesis of PHEA-g-PEO 4 graft copolymer”

[TEMPO] : [CuCl] M, /M, " Derate (%)

32.4

M, Gpc b (gmol™) pro

1.2:1 41900 1.16 11.0
“Synthesized from PHECPMA 2 (M, gpcomaLs = 8223 g mol™, My/M,, =
1.08, Nygcpma = 34.0) and PEO-TEMPO 3 in DMF/toluene (v:v = 1:1)
using CuCl/PMDETA, [PMDETA]:[CuCl] = 1:1, temperature: 90 °C,
time: 3 h. ” Measured by GPC in DMF at 35 °C. “ The number of grafted
PEO side chains obtained from 'H NMR. ¢ The grafting density of PEO

side chain obtained from "H NMR.

This journal is © The Royal Society of Chemistry 2017
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PHEA-g-PEO 4, M = 41,900 g/mol, M /M =1.16

PHECPMA 2, M = 5,600 g/mol, M /M =1.10

0 5 10 15 20 25
Retention time (min)

Fig. 4 GPC curves of PHECPMA 2 and PHEA-g-PEO 4 in DMF.

indicating the absence of intra- or inter-termination during
the coupling process;*® and the polydispersity was as low as
1.16, which illustrated that the structure of the product was
well-defined.

"H NMR spectrum of the purified product in CDCl;
is shown in Fig. 5A. The peaks appearing at 2.62 (4H,
0,CCH,CH,CO,), 3.38 (3H, OCH3), 3.56 (2H, CO,CH,CH,0),
3.64 (4H, OCH,CH,), and 4.25 (2H, CO,CH,CH,0) ppm were
typical proton resonance signals of PEO side chains while
the proton resonance signal originating from the polyacrylate-
based backbone was located at 2.06 (2H, CH,CCO,) ppm. The
presence of a piperidine linkage between PHEA backbone
and PEO side chains was clearly evidenced by the proton reso-
nance signals at 0.89, 1.21 (12H, CH; of TEMPO), 1.25, 1.38
(4H, CH, of TEMPO), and 5.00 (1H, CH of TEMPO) ppm. The
minor peak at 3.88 (2H, CO,CH,CH,0OH) ppm plus the strong
peak at 3430 em™' in FT-IR spectrum verified the retention
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Fig. 5 'H NMR spectra of PHEA-g-PEO 4 in CDCl; (A) and D,O (B).
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of pendant hydroxyls in the polyacrylate-based backbone after
ATNRC reaction, ie. hydroxyl is inert during the Cu(i)-
mediated coupling reaction.

For graft copolymers with a non-linear structure, molecular
weight, which is the basis for the calculation of the number of
side chains, measured by GPC using linear polystyrene as
standard, is certainly much different from the ‘actual’ value
according to previous reports.””*>’® Therefore, the number of
grafted PEO side chains of PHEA-g-PEO 4 graft copolymer
(npro), which was built through the grafting-onto approach,
was estimated by "H NMR instead of conventional GPC accord-
ing to eqn (2) (Se and S, are the integrated areas of peaks “e”
at 2.62 ppm and “m” at 3.88 ppm in Fig. 5A, 34 is the number
of HECPMA repeated units in the backbone). The result is 11.0
as listed in Table 1 so that the grafting density of PEO side
chain was calculated to be 32.4% according to eqn (3). This
grafting efficiency was similar to the moderate coupling
efficiencies (36-75%) of CuAAC <“grafting-onto” reaction.”*
The relatively low coupling efficiency in the current work could
be attributed to the steric hindrance of the dense structure of
the graft copolymer.>*’" Thus, it is clear that PHEA-g-PEO
4 graft copolymer possesses a well-defined structure: a poly(2-
hydroxyethyl acrylate) backbone (34.0 repeated units) and
11.0 grafted PEO side chains of a certain length (44.8 repeated
units per side chain).

Npgo = 34Se/25m (2)

Dgraft = nPEO/34 (3)

Self-assembly of PHEA-g-PEO graft copolymer

In 2004, Armes et al. systematically investigated the solubility
of copolymers based on PHEMA and they found that it was
associated with molecular weight, composition, and temp-
erature,> which meant that the backbone of PHEA-g-PEO 4
graft copolymer, PHEA, was not absolutely water-soluble. As it
was mentioned before that PHECPMA 2 homopolymer behaves
like a kind of amphiphilic homopolymer, and only one third
of hydrophobic -OCOCH(CH3)Cl moiety was consumed for
coupling, we can deduce that PHEA backbone with 22.4 hydro-
phobic ~-OCOCH(CH3;)Cl groups may act as a hydrophobic core
in aqueous media, which offers an opportunity for studying
the self-assembly behavior in aqueous media.

First of all, critical micelle concentrations (cmcs) of PHEA-
g-PEO 4 graft copolymer in aqueous media and different
salt solutions ([NaCl] = 0.2 and 0.8 mol L', [Na,SO,] =
0.3 mol L") were measured by fluorescence spectroscopy
using PNA as probe (Fig. 6). The fluorescence spectrum of
PNA is sensitively influenced by the environment and the
polarity of its surrounding.”>”® In the presence of micelles,
PNA can be solubilized within the interior of the hydrophobic
part so that the fluorescence intensity will increase with the
ascending of the concentration of polymer. Fig. 6A shows the
relationship of the fluorescence intensity of PNA (I/I,) with
the concentration of PHEA-g-PEO 4 graft copolymer in
aqueous media. Apparently, I/I, rose sharply while the con-

Polym. Chem., 2017, 8, 431-440 | 435
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Fig. 6 Dependence of fluorescence intensity ratio of PNA emission band

logC (g/mL)

at 418 nm ([PNA] = 2 x 10~® g mL™%) on the concentration of PHEA-g-PEO

4 graft copolymer in pure water (A), 0.2 M NaCl (B), 0.8 M NaCl (C), and 0.3 M Na,SO, (D).

centration of PHEA-g-PEO 4 graft copolymer exceeded a
certain value, this indicating the incorporation of PNA
probe into the hydrophobic core of micelles.”> Thus, cmc
of PHEA-g-PEO 4 graft copolymer in aqueous media was
determined to be the intersection of two straight lines with a
value of 2.51 x 107° ¢ mL™'. As shown in Fig. 6B-D, cmcs
of PHEA-g-PEO 4 graft copolymer in different salt solutions
are all higher than that in pure water, especially for two brine
solutions (4.57 x 107° ¢ mL™" for [NaCl] = 0.2 M and 6.02 x 10~°
g mL™" for [NaCl] = 0.8 M), which shows that cmc of PHEA-g-
PEO 4 graft copolymer could be affected by adding an in-
organic salt to increase the ion strength of solution. This effect
might impact the hydrophobic segment to make the cmc rise
or drop. In addition, all four cmcs are much lower than those
of low molecular weight surfactants; however, they are com-
parable to those of polymeric amphiphiles.”*”>

Aqueous and salt solutions of PHEA-g-PEO 4 graft co-
polymer with a concentration of 0.1 mg mL™" (above cmc) were

436 | Polym. Chem., 2017, 8, 431-440

then prepared for TEM and DLS measurements. Micellar mor-
phologies were visualized under TEM and it can be seen from
Fig. 7 that PHEA-g-PEO 4 graft copolymer aggregated into
spherical micelles in both pure water and salt solutions, whose
sizes were distributed between 145.0 nm and 187.0 nm as
determined by DLS in various aqueous media as shown in
Fig. 8. Particularly, the micellar size in pure water was larger
than those in salt solutions, which also evidenced that salt
had an influence on the self-assembly behavior of PHEA-g-
PEO 4 graft copolymer in aqueous media. The chemical com-
position of the micelles formed by PHEA-g-PEO 4 graft
copolymer in aqueous media, i.e. the building segment of the
core and corona, was determined by "H NMR in D,0. "H NMR
is a common and convenient way to observe the solubility of a
copolymer since the proton resonance signals of the insoluble
segment significantly, even disappear,
while the proton resonance signals of the soluble segment

would decrease

would remain unchanged. It can be seen from Fig. 5B that the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 TEM images of micelles formed by PHEA-g-PEO 4 graft
copolymer in pure water (A), 0.2 M NaCl (B), 0.8 M NaCl (C), and 0.3 M
Na,SO, (D) with a concentration of 0.1 mg mL™.

—=—H,0,D, = 186.7 nm
——Na,S0,, D, = 169.9 nm
—4—NaCl (0.2M), D, = 178.3 nm

—¥—NaCl (0.8M), D, = 145.0 nm|

Intensi

1000
Dy, (nm)

10000

Fig. 8 Hydrodynamic diameter distributions of PHEA-g-PEO 4 graft
copolymer in various solutions with a concentration of 0.1 mg mL™.

characteristic proton resonance signals corresponding to
PHEA backbone including peaks “j”, “k”, “m”, and “o” became
attenuated apparently compared to those in Fig. 5A, however
the typical proton resonance signals originating from PEO side
chains such as peaks “a”, “b”, and “c” did not change at
all. This result clearly supported our deduction that PHEA
backbone with 22.4 hydrophobic -OCOCH(CHj3)Cl groups
acted as hydrophobic core and PEO side chains acted as
hydrophilic corona in the current case; in contrast, PHEA
backbone possessing pendent hydroxyls (all -OCOCH(CH;)Cl
groups were consumed for initiation) acted as hydrophilic

This journal is © The Royal Society of Chemistry 2017
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corona and PS side chains acted as hydrophobic core
for PHEA-g-PS amphiphilic graft copolymer reported in
2014.°°

Given the fact that the total lengths of PEG side chain
and PHEA backbone were much smaller than half of Dy, these
observations indicated that large compound micelles, not
usual spherical micelles, were supposed to be formed in
aqueous media, where PEO side chains formed the corona of
micelles and the core consisted of numerous reverse micelles
with islands of PEO segments in the continuous phase of
PHEA segments.”®”’

For common spherical micelles with a hydrophobic core
and hydrophilic corona, only hydrophobic compounds can
be encapsulated within the core of micelles. Nevertheless,
according to the aforementioned results, PHEA-g-PEO 4
graft copolymer aggregated into large compound micelles in
aqueous media so that it can be supposed that the hydrophilic
and hydrophobic domains within the core of large compound
micelles might be able to encapsulate both hydrophobic and
hydrophilic agents. Therefore, pyrene soluble in the hydro-
phobic domain and water-soluble Rhodamine 6G (R6G) were
employed as model guest molecules for examining the
encapsulating ability of large compound micelles formed by
PHEA-g-PEO 4 graft copolymer. We firstly checked the encapsu-
lation capacity of aqueous micellar solution of copolymer 4
for hydrophobic compound in aqueous media using pyrene
as a model hydrophobic agent’® and the loading content of
pyrene, 9.7 pg pyrene per mg micelle, was determined by UV/
vis absorption spectroscopy using a standard curve at 337 nm.
The aqueous solution of pyrene (after filtration to remove the
insoluble pyrene) showed almost no UV absorption of pyrene
(Fig. 9A) while the typical UV absorption of pyrene appeared at
337 nm in UV/vis absorption spectrum of aqueous micellar
solution of copolymer 4 (Fig. 9A), which illustrated that
micelles could sequester pyrene from water so as to solubilize
pyrene within the hydrophobic domains of the core.”®*°

Next, R6G was used as a model hydrophilic agent to check
the encapsulation ability of aqueous micellar solution of
copolymer 4 for hydrophilic compound. The loading content
of R6G, 3.68 ug R6G per mg micelle, was also determined by
UV/vis absorption spectroscopy using a standard curve at
522 nm. To check whether the amine group of R6G reacted
with the pendant Cl in the graft copolymer, we recovered the
graft copolymer from the micellar solution after loading with
R6G by lyophilization and performed GPC measurement of the
obtained graft copolymer using a UV detector (522 nm).
Indeed, there is no detectable signal at 522 nm, the maximum
absorbance for R6G, which meant that no R6G was covalently
attached to the graft copolymer via a reaction between
amine group of R6G and Cl of graft copolymer. The charac-
teristic absorption peak of R6G was located at 522 nm in
UV/vis absorption spectrum of R6G-containing aqueous
micellar solution of copolymer 4 (after dialysis to remove free
R6G) as shown in Fig. 9B, however, this peak could not be
found in UV/vis absorption spectrum of R6G-containing
aqueous micellar solution of PEG;3-b-PS;¢, diblock copolymer

Polym. Chem., 2017, 8, 431-440 | 437
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Fig. 9 (A) UV/vis absorption spectra of pyrene in water and aqueous micellar solution of PHEA-g-PEO 4. (B) UV/vis absorption spectra of R6G in

aqueous micellar solutions of PHEA-g-PEO 4 and PEGj13-b-PS1g0. (C) Fluorescence emission spectra of R6G in water and an aqueous micellar solu-
tion of PHEA-g-PEO 4. (D) UV/vis absorption spectra of pyrene and R6G in an aqueous micellar solution of PHEA-g-PEQ 4, and the micellar solution

of graft copolymer 4 for the control experiment.

(Fig. 9B), which formed common spherical micelles with
an average hydrodynamic diameter of 73 nm in aqueous
media.”® This fact obviously verified that the large compound
micelles formed by copolymer 4 can capture R6G within the
hydrophilic domains of the core of large compound
micelles,®"*> while the common spherical micelles formed
by PEGy13-b-PS1po diblock copolymer cannot encapsulate
R6G.”® It is well-recognized that the fluorescence intensity of
R6G in aqueous micellar solution will be much lower than
that of R6G in pure water solution.”®”® Fig. 9C shows that
the fluorescence intensity of R6G-containing aqueous micellar
solution of copolymer 4 is just 65% that of pure aqueous
solution of R6G with the same apparent concentration of R6G,
which clearly indicated the self-quenching effect of R6G in the
micellar solution, that is, R6G was indeed located inside the
micelles formed by copolymer 4, and not free in water.
Moreover, both pyrene and R6G can be encapsulated by
aqueous micellar solution of copolymer 4 simultaneously.

438 | Polym. Chem., 2017, 8, 431-440

Both typical UV absorption peaks appeared at 332 (pyrene)
and 522 (R6G) nm in UV/vis absorption spectrum of R6G/
pyrene-containing aqueous micellar solution of copolymer 4
(Fig. 9D), which were absent in UV/vis absorption spectrum of
aqueous micellar solution of copolymer 4 (Fig. 9D), indicating
the co-solubilization of R6G and pyrene model loading agents
within the core of micelles formed by copolymer 4. All these
results demonstrated that large compound micelles formed by
copolymer 4 can separately or simultaneously uptake hydro-
phobic and hydrophilic compounds, different from common
spherical micelles, which was similar to the previous
literature.”®

Conclusions

We have presented the detailed synthesis of PHEA-g-PEO
well-defined graft copolymer with a narrow molecular weight

This journal is © The Royal Society of Chemistry 2017
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distribution (M,/M,, = 1.16) through sequential RAFT polymer-
ization and ATNRC reaction via the grafting-onto strategy,
using a Cl-containing HECPMA trifunctional monomer as
starting material. The whole synthesis process avoided post-
polymerization functionality transformation since the pendant
—OCOCH(CH;)Cl and hydroxyl groups of HECPMA acrylate
monomer could remain inert during RAFT homopolymeriza-
tion. With the successful preparation of PHECPMA homo-
polymer, the versatility of ATNRC can enable the substitution
of PEO segments by other polymeric chains bearing TEMPO
end functionality, which obviously paves a convenient way
for developing new well-defined graft copolymers bearing
PHEA backbone. The self-assembly behavior of PHEA-g-PEO
graft copolymer in aqueous media was investigated by TEM,
and large compound micelles with PEO as corona were
formed in aqueous solution. In particular, the multi-
component structure of large compound micelles formed by
PHEA-g-PEO graft copolymer could be used as a multi-
compartment delivery vehicle for the separate or simultaneous
uptake of hydrophobic and hydrophilic compounds, which
was verified to be able to separately or simultaneously package
pyrene and R6G compounds in its different nanodomains.
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