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udy of the self-assembly of achiral
and chiral hairy nanoparticles with polystyrene
cores and poly(2-hydroxyethylmethacrylate) hairs†

Azza Habel and Ishrat M. Khan *

Hairy nanoparticles with polystyrene cores (PS cores) and poly(2-hydroxyethylmethacrylate) (PHEMA) shells

were synthesized by combining living anionic polymerization and atom transfer radical polymerization

(ATRP). The structural characterization was carried out by FT-IR and NMR spectroscopy (1H NMR, 13C

NMR, APT 13C NMR and 1H 13C HMQC). The thermal stability of the PS cores was not affected by grafting

PHEMA on their surfaces. A differential scanning calorimetry (DSC) thermogram of the HNPs showed

two distinct transition temperatures indicating microphase separation. Chiral HNPs were prepared by

inducing chirality in the achiral HNPs by complexation with R- or S-mandelic acid. The circular

dichroism (CD) spectroscopy of complexes of the HNPs/R- or S-mandelic acid indicated the formation

of enantiomeric chiral structures. The self-assembled structures formed from the achiral HNPs show

different surface morphologies, porous and zigzag, dependent on the solvents used. Blends of

polystyrene functionalized with hydroxyl groups and PHEMA show different morphology and thermal

properties compared with the core–shell HNP system. The chiral HNPs self-assembled into donut like

structures or toroids with sizes in the range between 200 to 5000 nm. The study suggests that chirality

can be utilized to develop interesting self-assembled structures.
1 Introduction

More than a half-century aer Feynman presented a talk enti-
tled “There's Plenty of Room at the Bottom,” nanoscale research
has been developing at an ever expanding rate.1 Nanoparticles
with dimensions between 1 to 100 nm are among the most
important focus within the area of nanotechnology. Nano-
particles have much better properties than the bulk materials
and, in some cases, show novel properties. The synthesis,
assembly, characterization, and applications of nanoparticles
have been reported in detail.2,3 Hairy nanoparticles (HNPs)
which fall under the category of nanoparticles can be broadly
dened as comprising a core (inner material) and a shell (outer
layer material). The synthesis of HNPs is of signicant interest
because of the possibility for constructing novel functional
nanostructured materials. The inorganic core–shell nano-
particles have been of interest because they can exhibit superior
properties arising from the combination of characteristics and
properties of the core particles and polymer components.4,5

They possess unique chemical, physical, or biological proper-
ties due to their small size (10 nm to 100 nm), the increasing
surface area to volume ratio and the presence of multiple
niversity, Atlanta, Georgia, USA. E-mail:
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37368
functionalities on the shells, resulting in active materials for
various areas of modern technology6,7 such as resistant coat-
ings,8,9 pollution control, tire and rubber industry,10 catalysis,11

sensing, nanocarriers for drug and gene delivery.12,13 Nano-
particles with their unique multifunctional and self-assembling
properties have been widely used as valuable building blocks
with great potential. Molecular self-assembly can be across all
length scales with different shapes.14 The assembly of building
blocks which may comprise of atoms, molecules, nano- and
microscale structures into macroscopic structures is an idea
that runs through chemistry, biology and material science.15

Linking behavior of materials to the spatial arrangement of
their fundamental building blocks are difficult to predict.16

At the nanoscale, the ability of polymeric nanoparticles to
assemble to generate functional materials can lead to improved
functional properties.17 The unique self-assembling property of
block copolymers which can adopt a broad variety of
morphologies, such as, lamellar, toroidal, cylindrical and
spherical structures depending on the type and relative volume
fractions of the blocks.18–21 Nanoparticles self-assembly process
can be triggered by environmental factors including tempera-
ture, pH or solvent polarity in a broad range of applications.22

Structure–property relationships of copolymers continue to be
an important topic for polymer chemists and physicists. Due to
the development of polymerization techniques and combina-
tion of polymerization methods, copolymers which show
interesting shapes have been reported.23 The progress in ionic
This journal is © The Royal Society of Chemistry 2020
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polymerization techniques, in particular anionic polymeriza-
tion of vinyl monomers, has resulted in well-dened polymers
with controlled chain end functionalities, thereby modifying
the surface properties of the particles.24,25 The development of
ATRP as the most oen used controlled/living radical poly-
merization has allowed the synthesis of well-dened block and
gra copolymers which can be utilized as building blocks for
new assemblies.26,27

The synthesis, design and characterization of nanoporous
materials have been of interest due to their wide range of
applications in biosensing,28,29 catalysis,30,31 drug delivery,32 and
optics.33 Most of these applications require control in the pore
size, functional membrane surface, chemical and thermal
stability.34,35 It has been demonstrated that an amphiphilic
phase separated copolymer of PS-b-PHEMA synthesized by
ATRP has the ability to self-assemble into honeycomb patterned
porous membranes.36 From the perspective of functional bion-
anomaterial engineering, the PS-b-PHEMA copolymers are of
signicant interest. Okano and co-worker reported that the
copolymer showed excellent antithrombogenic properties in
vitro examination.37 Hairy nanoparticles with polystyrene cores
have shown interesting self-assembled structures. Zhou et al.
synthesized HNPs, polystyrene cores with polydimethylsiloxane
hairs. The obtained HNPs self-assembled into hierarchical
suprastructures.38 If the production of a material results in the
improvement of performance with a cheaper delivery of service,
that material becomesmore attractive and protable. According
to numerous studies, the complexation of polymers with chiral
materials to get chiral polymeric structures has been ach-
ieved.39–41 These compounds with interesting assemblies and
chiral properties may be used in numerous potential applica-
tions, such as, recognition, chiral sensor and chiral separation,
as chiral stationary phases for liquid chromatography.42,43

Chiral separation is a great need for the production of phar-
maceuticals and biomolecules because enantiopure molecules
may have preferred biological activity compared to racemic
mixtures of pharmaceutical molecules.44,45 Again, if polymer
materials interacts with non-covalent interactions, e.g. blending
polymer, there can be a signicant improvement in the prop-
erties as well as creating special self-assemblies. For instance,
a new self-assembly structure of a polymer blend which
possesses potential applications both in drug delivery and water
treatment have been reported. The self-assembly was studied by
transmission electron microscopy.46 Lastly, the research area of
core/shell nanoparticles have continued to produce break-
through discoveries because of the synthesis, properties,
modication, and applications of this new class of
nanomaterials.

In this study, we have successfully synthesized the PS core/
PHEMA shell nanoparticles by coupling polymerization
methods. Living anionic polymerization was used to synthesize
cross-linked polystyrene cores functionalized with hydroxyl
groups and atom transfer radical polymerization (ATRP) was
then carried out to prepare PHEMA hairs following the graing
form technique. The obtained structures were investigated by
Fourier transform infrared spectroscopy (FT-IR), nuclear
magnetic resonance (NMR), thermal gravimetric analysis (TGA),
This journal is © The Royal Society of Chemistry 2020
differential scanning calorimetry (DSC), dynamic light scat-
tering (DLS), scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Complexes of the synthesized HNPs
and PS core-OH, with S- and R-mandelic acids were prepared
and the resulting chiral structures were studied by using
circular dichroism (CD) spectroscopy. The morphology of the
chiral and achiral HNPs was studied by AFM. Also, the prepa-
ration of a polymer blend of PS core-OH and PHEMA was
carried out to compare its morphology and its thermal proper-
ties with the synthesized HNPs. The innovation of this study is
that the novel chiral HNPs have advantage as the stationary
phase in chiral chromatography because of its signicantly
higher surface to volume ratio compared to linear polymeric
packing materials.
2 Experimental
2.1. Materials

sec-Butyllithium (sec-BuLi, 1.4 M in cyclohexane), 2-bromopro-
pionyl bromide, calcium hydride (CaH2), copper(I) bromide
(CuBr), benzophenone, sodium metal (Na), N,N,N0,N00,N00-pen-
tamethyldiethylenetriamine (PMDETA), S-mandelic acid (S-
MA), R-mandelic acid (R-MA), were purchased from Sigma-
Aldrich Company and used as received. The solvents N,N-
dimethylformamide (DMF), methanol (MeOH), chloroform
(CHCl3), and diethyl ether were of analytical grade and
purchased from Fisher Chemical Co. and were used as received.
A mixture of styrene (S, Aldrich) and divinylbenzene (DVB,
Aldrich) (90 S/10 DVB mol%) was stirred over calcium hydride
for 24 h. The mixture was deoxygenated by three freeze–pump–
thaw cycles, on the vacuum line, and then distilled into
ampoules equipped with break-seals. The same procedures
were applied to purifying propylene oxide (PO, Aldrich). Tetra-
hydrofuran (THF, Aldrich) was puried by reuxing over Na
with benzophenone as indicator and distilled on the vacuum
line into ampoules with break-seals. All ampoules were ame-
sealed, and then stored in the freezer until needed. Monomer
2-hydroxyethyl methacrylate (HEMA, 99%, Aldrich) was puried
twice by passing it over a short column lled with basic alumina
to remove the inhibitor. Triethylamine (TEA, Aldrich) was stir-
red over calcium hydride for about 24 h and then distillation
under reux was done prior to use in reaction.
2.2. Methods

FT-IR spectra were recorded on KBr plates in transmission
mode on a PerkinElmer Spectrum 65 FT-IR spectrometer. NMR
spectra were recorded at room temperature on Bruker AVANCE
III 500 MHz and Bruker AVANCE 400 MHz spectrometers. Tet-
ramethylsilane (TMS, d ¼ 0) was used as an internal chemical
shi standard. 1H NMR splitting abbreviations: s (singlet), m
(multiplet) and br (broad). The hydrodynamic diameter was
determined using DLS technique (DynaPro Nanostar Wyatt
Technology Instrument). TGA was done with a TA-Q50 instru-
ment from 25 �C to 600 �C. Samples were placed in platinum
pans and heated in a nitrogen atmosphere at a heating rate of
10 �C min�1. DSC measurements were performed using a TA
RSC Adv., 2020, 10, 37358–37368 | 37359
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Instruments Q2000 differential scanning calorimeter under N2

at a heating rate of 10 �C min�1. CD measurements were per-
formed using a JASCO-710 spectropolarimeter and quartz
cuvette at room temperature. SEM images were taken on an
Agilent Technologies 8500FE-SEM instrument with a 1.0 kV
accelerating voltage and an upper secondary electron detector.
The samples were prepared by spin-coating on a silicon wafer
followed by air drying and coated with a layer of gold under
vacuum via direct sputtering using a Technics Hummer Sputter
Coater. AFM images were obtained using a Bruker Dimension
FastScan Atomic Force Microscope. The AFM samples were
prepared either by drop-casting or spin-coating in different
solvents on a silicon wafer followed by air-drying.

2.3. Synthesis of poly(2-hydroxyethyl methacrylate) (PHEMA)
by ATRP

2-Hydroxyethyl methacrylate (5 mL, 41 mmol) was placed in
a 25 mL ask, followed by adding DMF (8 mL), CuBr (34 mg,
0.24 mmol), and PMDETA (0.05 mL, 0.24 mmol). The ask was
then sealed and degassed with bubbling nitrogen for 50 min. 2-
Bromopropionyl bromide (0.05 mL, 0.48 mmol), which was
degassed with bubbling nitrogen for at least 40 min, was added
to the reaction ask via a nitrogen purged hypodermic syringe.
The mixture was stirred for 10 min and the ask was transferred
to an oil bath maintained at 70 �C and stirred for 22 hours. The
reaction mixture was then quenched via exposure to air and
dilution with methanol. The resultant polymer solution was
ltered through a column lled with silica to remove the copper
complex. The polymer was obtained by precipitation of the
reaction mixture into diethyl ether, and then drying the product
in a vacuum at room temperature. The yield obtained was 1.0 g.
PHEMA: 1H NMR (DMSO-d6, 500 MHz): d [ppm] 0.68–1.17
(tacticity splitting, 3H), 1.47–2.00 (tacticity splitting, 2H), 3.57
(br s, 2H), 3.88 (br s, 2H), 4.82 (br s, 1H). 13C NMR (DMSO-d6,
125 MHz): d 16.6–18.9, 44.5–45.6, 50.8–54.2, 59.0, 66.7, 176.8–
177.9. Tg ¼ 50 �C (Fig. S1 and S2†).

2.4. Synthesis of polystyrene core functionalized with
hydroxyl groups (PS core-OH)

The reaction was performed in a glass reactor equipped with
a magnetic stirrer connected to the vacuum line. The break-
sealed ampoules containing the mixture of monomers (S and
DVB), PO, and THF were attached to the reactor. The break seal
ampoule with the THF (20mL) was crushed to add the solvent to
the reactor that already reached high vacuum, and then the
break seal ampoule with the mixture of styrene (1.50 g, 14.40
mmol) and divinylbenzene (0.22 g, 1.68 mmol) was broken to
add the monomers to THF in the reactor. The mixture was
cooled down with an isopropyl alcohol/liquid nitrogen bath to
�78 �C. Under vigorous stirring, sec-BuLi (1.4 M) in cyclohexane
(1 mL) was rapidly injected into the reactor using a glass syringe
tted with a stainless-steel needle at �78 �C. By addition of the
initiator, the color of the reaction mixture turned to reddish
orange. The polymerization reaction was conducted at �78 �C
for 1.5 h with continuous stirring. In the second step of the
reaction, the propylene oxide (0.40 mL, 5.71 mmol) ampoule
37360 | RSC Adv., 2020, 10, 37358–37368
was smashed open by breaking the break-seal and the reaction
mixture was gradually warmed to room temperature. The colour
of the solution quickly changed to yellow and became lighter
with time. The reaction was then carried out at room temper-
ature for 15 h with continuous stirring. Termination of the
reaction was achieved by injecting 0.60 mL of a mixture of
methanol/hydrochloric acid, 37% (5 : 1 v/v%). The core particles
were obtained as a white powder by precipitation into meth-
anol, and further dried in a vacuum oven at room temperature
to give 1.25 g of core particles. 1H NMR (CDCl3, 400 MHz):
d [ppm] 0.49–0.90 (6H), 0.91–1.62 (5H, 2HPS core), 1.63–2.91
(3H, HPS core), 3.67 (br s, 1H), 6.29–7.40 (Haromatic PS core).

13C
NMR (CDCl3, 125 MHz): d [ppm] 10.6–11.6, 14.1–16.0, 22.1–24.7,
28.4–30.2, 31.6–31.9, 39.3–41.1, 41.6–46.6, 64.9–66.0, 125.6–
127.9, 145.3–146.1. Decomposition TGA (N2) ¼ �434 �C. Tg
(DSC) ¼ 116 �C.

2.5. Synthesis of bromoester end-functionalized polystyrene
core (PS core-Br)

In a 100 mL round ask connected to vacuum line, PS core-OH
(0.1 g) was placed along with a magnetic stirrer bar, and then
the ask was evacuated and relled three times with nitrogen.
Distilled THF (20 mL) was injected through the rubber septum,
followed by addition of TEA (0.20 mL, 1.43 mmol) and then 2-
bromopropionyl bromide (0.15 mL, 1.43 mmol) was added
dropwise to the reactionmixture. The reaction was le to stir for
23 h at room temperature. The resulting polymer was precipi-
tated into methanol, and then dried in a vacuum for 24 h at
room temperature. The yield obtained was 85 mg. 1H NMR
(CDCl3, 500 MHz): d [ppm] 0.49–0.90 (6H), 0.91–1.62 (5H, 2HPS

core), 1.63–2.91 (6H, HPS core), 4.14 (br s, 1H), 4.38 (br s, 1H),
6.29–7.40 (Haromatic PS core).

2.6. Synthesis of HNP with polystyrene core and PHEMA
hairs (PS core–PHEMA)

PS core-Br (25 mg) was placed into a 100 mL ask, CuBr
(0.19 mg, 0.0014 mmol), PMDETA (0.24 mg, 0.0014 mmol),
HEMA (31 mg, 0.24 mmol) and DMF (7 mL) were added. The
ask was closed and subjected to three cycles of freeze–pump–
thaw to remove oxygen. The room temperature mixture was
stirred and placed in a 70 �C oil bath for 24 h. The solvent was
removed by air ow and the product was obtained by precipi-
tation into methanol and dried in a vacuum oven overnight at
room temperature to give 37 mg of the target hairy nano-
particles. 1H NMR (CDCl3, 500 MHz): d [ppm] 0.49–1.18 (12H),
1.21–1.62 (5H, 2HPS core), 1.63–2.91 (3H, 2HPHEMA, HPS core), 3.78
(2HPHEMA), 4.14 (br s, 1H, 2HPHEMA), 6.29–7.40 (Haromatic PS core).
13C NMR (CDCl3, 125 MHz): d [ppm] 10.9–11.4, 14.1–16.0, 16.6–
18.7,19.9–20.9, 21.6, 28.4–30.2, 31.6–31.9, 33.2, 37.1, 39.3–41.1,
41.6–47.6, 59.5, 65.7, 69.2, 125.6–127.9, 145.3–146.1.

2.7. Preparation PS core-OH/PHEMA blend

The PS core-OH/PHEMA blend was prepared by dissolving the
polymers (1 : 1 w/w) in DMF and stirring for 24 h at room
temperature. The solvent was allowed to evaporate slowly by air
ow and the solid mixture was dried in a vacuum oven for 24 h.
This journal is © The Royal Society of Chemistry 2020
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3 Results and discussion

Scheme 1 outlines the synthetic procedures for the target HNPs.
First, living anionic polymerization was used to synthesize
cross-linked polystyrene cores functionalized with hydroxyl
groups. Next, the hydroxyl groups of PS core-OH were modied
into the bromoester groups. Finally, the PHEMA polymer chains
were graed from PS core-Br nanoparticles via ATRP. This
procedure yielded core–shell nanoparticles with PS cores and
outer layer of covalently attached PHEMA hairs.
Fig. 1 FT-IR spectra of (a) PS core-OH, (b) PS core-Br, and (c) PS
core–PHEMA.
3.1. Spectroscopic characterization of PS core-OH, PS core-
Br, and PS core-PHEMA

The FT-IR spectra for the PS core-OH, PS core-Br, and PS core–
PHEMA are shown in Fig. 1. In all the spectra, a multipeak at
1452, 1493, and 1601 cm�1 (the aromatic C]C stretching
modes) is observed, as well as peaks in the ranges of 2900–
3000 cm�1 and of 3000–3090 cm�1 attributed respectively to the
C–H aliphatic and C–H aromatic vibrations. The FT-IR spec-
trum of PS core-OH (Fig. 1a) shows a characteristic absorption
band at 3586 cm�1 corresponding to –OH stretching. Fig. 1b
indicates the existence of characteristic adsorption bands of PS
core-Br. In comparison with the FT-IR spectrum of PS core-OH
(Fig. 1a), new absorption bands are observed at 1735 cm�1

and at 1261 cm�1 corresponding to C]O and C–O–C in the
ester bond, respectively. Aer ATRP with HEMA, the new
stretching bands appeared in ranges of 3250–3600 cm�1and of
1020–1300 cm�1, assigned to –OH and C–O of PHEMA hair,
respectively (Fig. 1c). A range of 1727–1735 cm�1 assigned to all
ester carbonyl stretching (C]O) bands is observed in the FT-IR
spectrum of PS core–PHEMA.

The 1H NMR spectra of the PS core-OH, PS core-Br, and PS
core–PHEMA are shown in Fig. 2. The PS core-OH spectrum
(Fig. 2a) shows a characteristic peak centered at 3.67 ppm cor-
responding to methine proton bonded to carbon atom next to
the terminal hydroxyl group. Protons of the polystyrene back-
bone are observed in the range from 0.91 to 2.94 ppm, and the
Scheme 1 Synthesis of HNPs (PS core–PHEMA).

This journal is © The Royal Society of Chemistry 2020
aromatic protons are observed in the range from 6.29 to
7.40 ppm. The peak at 0.74 ppm is assigned to the methyl
protons of the sec-butyl group at the chain ends. It can be clearly
seen that there are no signals at 5.15 to 5.65 ppm assigned to
methylene protons (CH2]) of unreacted vinyl groups for the
cross-linker DVB. This indicated that all vinyl groups of the
cross-linkers were copolymerized and resulted in the formation
of cross-linked polystyrene core particles. The 1H NMR spec-
trum for PS core-Br particles (Fig. 2b) shows a peak at 4.38 ppm
which can be assigned to the methine proton of bromoester
group. Compared with the 1H NMR spectrum of PS core-OH, the
signal for methine proton at 3.67 ppm shied to 4.14 ppm for
PS core-Br, indicating that the esterication reaction has been
performed completely. The presence of PHEMA brushes in the
particle can be conrmed by the appearance of the character-
istic signals in the 1H NMR spectrum of PS core–PHEMA
(Fig. 2c) at 3.78 and 4.14 ppm attributed to –CH2–OH and –CH2–
RSC Adv., 2020, 10, 37358–37368 | 37361
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Fig. 2 1H NMR spectra of (a) PS core-OH, (b) PS core-Br, and (c) PS
core–PHEMA in CDCl3.

Table 1 Observed 13C NMR chemical shift for PS core–PHEMA

Carbon # d [ppm] Carbon # d [ppm]

1 10.9–11.4 22 69.2
2 28.4–30.2 23 19.9–20.9
3 31.6–31.9 24, 30 Not observed
4 14.1–16.0 25 33.2
5, 11, 16 41.6–47.6 26 21.6
6, 12, 17 39.3–41.1 27 41.6–47.6
7, 13, 18 145.3–146.1 28 37.1
8, 9, 10,19, 20 125.6–127.9 29 16.6–18.7
14, 15 125.6–127.9 31 65.7
21 45.3 32 59.5
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OC]O– groups of the PHEMA block, respectively. The signal at
4.14 ppm (attributable to –CH2–OC]O– groups of the PHEMA
block) is assigned to methine group of propylene segment
adjacent to the carboxylate groups. The missing signal at
Fig. 3 (a) 13C NMR spectrum of PS core-OH in CDCl3, and (b) APT 13C N

37362 | RSC Adv., 2020, 10, 37358–37368
4.38 ppm in 1H NMR spectrum of PS core–PHEMA, assigned to
the methine proton of bromoester segment, shied upeld and
overlapped with protons of the backbone chain of copolymer as
a result of disappearance of electron withdrawing bromine. 13C
NMR spectroscopy was used to analyze the regiochemistry of
the nucleophilic ring-opening of propylene oxide and for the
possibility of oligomerization of the propylene oxide chain end.

13C NMR spectrum of the PS core-OH and APT 13C NMR
spectrum of PS core-OH are shown in Fig. 3. The 13C NMR
spectrum of PS core-OH (Fig. 3a) shows one weak peak in the
region of 65–71 ppm (64.9–66.0 ppm) that is assigned to the
carbons bonded to oxygen and this indicates the absence of
oligomerization of propylene oxide. The peaks in the 22–25 ppm
range correspond to the methyl carbon resulting from attack of
the polystyrene organolithium core (P(S/DVB)Li) at the least
hindered carbon to form a secondary alcohol chain end func-
tional group. For further evidence of this conclusion, APT 13C
NMR experiment was carried out on the PS core-OH sample. It
can be observed from Fig. 3b that the spectral region that
contains the signal from the functional chain-end carbons
MR spectrum of PS core-OH in CDCl3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 1H 13C HMQC NMR spectrum of PS core–PHEMA in CDCl3.

Fig. 5 TGA thermograms of PS core, PS core–PHEMA, and blend.

Fig. 6 SEM images of samples prepared by spin-coating dispersions of
1 mg mL�1 in THF/MeOH (5 : 1 v/v%) mixture and coated with gold: (a)
PS core-OH, and (b) PS core–PHEMA.

Fig. 7 AFM images of PS core-OH prepared by drop-casting disper-
sions of 1 mg mL�1 (a) in THF, and (b) in DMF.
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shows only inverted phase peak, indicating absence of any
methylene-type carbons within this spectral region. Fig. S3†
shows the 13C NMR spectrum of PS core–PHEMA, and the peaks
can be assigned as represented in Table 1.

The 1H 13C heteronuclear multiple quantum coherence (1H
13C HMQC) correlation spectrum for PS core–PHEMA is shown
in Fig. 4. The spectrum shows one-bond correlation peaks
assigned to the three weak carbon signals at 59.5, 65.7, and
69.2 ppm, attributed to methylene carbons in PHEMA (–CH2–

OH and –CH2–OC]O–) and methine carbon of propylene
segment adjacent to the carboxylate groups, respectively, and
their protons centered at 59.5/3.78, 69.2/4.14, and 65.7/
4.14 ppm. The result is that the methine proton of propylene
segment is overlapped with the methylene protons (–CH2–OC]
O–) of PHEMA block at 4.14 ppm.
This journal is © The Royal Society of Chemistry 2020
3.2. Thermal behaviour

TGA was employed to study the thermal stability of all synthe-
sized nanoparticles (Fig. 5). The thermal decomposition
behaviour of the synthesized HNPs between 20 �C and 600 �C
shows a two-step mass loss process corresponding to a two-
phase morphology. The onset of the rst weight loss at about
308 �C corresponds to the decomposition of the PHEMA shell
component and the second weight loss commences at about
416 �C corresponding to the decomposition of the PS core
particles. The PS nanoparticles with PHEMA hairs displayed
a slightly lower thermal stability than that of PS core-OH
particles which began to degrade at �434 �C. The DSC results
for the HNP (PS core–PHEMA), PS core-OH and PHEMA are
shown in Fig. S4.† The HNPs showed two clearly separated
transitions corresponding to a Tg for the PS phase at 107 �C and
a Tg for the PHEMA phase at 63 �C, indicating phase separation.
As compared with Tgs for PHEMA and PS core-OH, the lowering
of the Tg of PS phase and higher Tg of PHEMA in the HNPs are
attributed to the interplay between the PS and PHEMA
segments.

3.3. Morphology of the achiral HNPs

The SEM images show the surface morphology of the PS core-
OH and the synthesized HNPs (Fig. 6). The PS core-OH nano-
particles (Fig. 6a) showed spherical morphologies with smooth
surfaces compared with surfaces of unfunctionalized poly-
styrene cores particles that are porous.41 Aer graing of
PHEMA on the surfaces of PS core-OH, the HNPs (Fig. 7b)
showed multiple-sized spherical morphology with porous
surfaces.

The morphology of PS core–PHEMA was also investigated by
AFM. The AFM images of the PS-core-OH in different solvents
(Fig. 7a and b) clearly show spherical particles with smooth
surfaces and this result is in good agreement with the SEM
image as shown in Fig. 6a. The size of the particles was also
measured by AFM, and the diameter of the particles was found
to be in the range between 73 nm and 5480 nm. The smaller
particles plausibly combine or fuse together to form the larger
particles. DMF was used as solvent to prepare the HNP samples
in order to study the surface. Spherical structures with zigzag
surfaces of PS core–PHEMA are recognized as shown in Fig. 9a
and b. The PHEMA hairs on the core surfaces perhaps self-
assembled to form zigzag shells. The pure PS core-OH do not
RSC Adv., 2020, 10, 37358–37368 | 37363
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Fig. 8 AFM images of self-assembly of PS core–PHEMA prepared by drop-coating dispersion of 1 mg in 1 mL DMF (a) and (b). AFM images of
supra-assembly of HNPs: group of particles with 1.15 mm in diameter (c), groups of particles with 1.2 mm in diameter (d), and group of particles
with 1.3 mm in diameter (e).

Fig. 9 CD spectra of complexes of (a) PS core-OH/R- and S-MA, and
(b) PS core–PHEMA/R- and S-MA.
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show the formation of the zigzag structures on the surfaces. The
sizes of obtained HNPs were found to be in the range between
63 nm and 1.39 mm. The PS core–PHEMA particles were able to
connect and fuse together to form supra assembly spherical
particles with zigzag surfaces. The fusing of two particles, three
particles, and four particles to form larger particles are observed
in the AFM images (Fig. 8c–e).
Fig. 10 AFM images of PS core-OH/S-MA complex: (a) 2D, and (b) 3D.
3.4. Particle size distribution

The size distribution proles of PS core and PS core–PHEMA
particles are shown in Fig. S5a.† Compared to that of PS core-
37364 | RSC Adv., 2020, 10, 37358–37368
OH (Fig. S5b†), the average hydrodynamic radius, Rh, for
HNPs in CHCl3 increased from 50 to 66 nm, which should be
attributed to the graed PHEMA.
3.5. Morphology of the chiral HNPs

The CD spectral studies were used to investigate the induced
chirality to PS core-OH and PS core–PHEMA prepared by
complexation with chiral molecules, R- and S-MA. Induction of
chirality into poly(3-methyl-4-vinylpyridine) by R- and S-MA has
been reported.40 Fig. 9a shows the CD spectra of PS core-OH/R-
MA and S-MA complexes (4 mg PS core-OH: 7mgMA: 4mL DMF
at room temperature). The complexes showed mirror image
Cotton effect signals at 204.6, 211.8 and 218 nm, suggesting
formation of enantiomeric structures. Further, the CD spectra
of the complexes of obtained HNPs with the optically active
mandelic acids (4 mg PS core–PHEMA: 7 mg MA: 4 mL DMF at
room temperature) show three couples of positive and negative
Cotton effect signals around 260, 268, and 277 nm (Fig. 9b) and
this result indicated that the induction of chirality into obtained
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra04951d


Fig. 11 AFM images of PS core–PHEMA/S-MA complex prepared by
drop-casting dispersion in CHCl3 (1 mg PS core–PHEMA: 1 mg S-MA:
1 mL CHCl3): (a and b) 2D, (c) 3D, and (d) PS core–PHEMA/S-MA
complex prepared by a second drop of CHCl3 sample solution drop-
casted.

Fig. 13 DSC thermograms of PS core-OH/PHEMA blends.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/7
/2

02
6 

11
:5

7:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
HNPs through noncovalent interaction with chiral compounds
(R- and S-MA) is possible in DMF.

The morphology of chiral complexes was studied by AFM.
The two-dimensional (2D) AFM image of PS core-OH/S-man-
delic acid complex (Fig. 10a) shows cone-like morphology, i.e.
the structure is a valley surrounded by hills. The cones are at
a height of �864.7 nm as shown in the three-dimensional (3D)
AFM image (Fig. 10b). The complex of PS core–PHEMA and S-
MA was self-assembled into donut like structures with size in
the range between 200 nm to 5000 nm as shown in Fig. 11a and
b. Such self-assembled structures are called toroids. From the
3D AFM images of HNPs/S-MA complex, the heights of toroid-
like structures were measured to be in the range between
46 nm to 58 nm. As example, Fig. 11c shows the 3D AFM image
of a toroidal structure with height 54 nm, inner diameter 75 nm,
and outer diameter 224 nm. Interestingly, when the local
particle concentration is very low (i.e. 1 drop of drop casted
CHCl3 sample solution on the silicon wafer), the toroidal
particles are not connected or are separated (Fig. 11a and b).
When the local particle concentration was increased (i.e.
a second drop of CHCl3 sample solution drop-casted on the rst
Fig. 12 AFM images showing development of toroidal self-assembled s
dispersion in CHCl3 (1 mg PS core–PHEMA: 1 mg S-MA: 1 mL CHCl3).

This journal is © The Royal Society of Chemistry 2020
drop), the structures show supra assembly (Fig. 11d), groups of
toroidal morphologies, which are not continuous but broken up
into long and short islands. By checking the AFM image in
Fig. 11a and b, the development of the toroidal structures is
observed. Fig. 12 summarizes the development of 492 nm
toroidal self-assembled structure.

The observed morphology of the chiral HNPs compared to
the achiral HNPs clearly suggest that chirality can be used as an
element of control to obtain well dened self-assembled struc-
tures. In the chiral HNP one has the shape control of the HNPs
plus the element of chirality which most likely impart an
additional control during the self-assembly process.
3.6. PS core-OH/PHEMA blend

To understand the role of the well-dened HNP structure on the
physical properties and in the formation of the self-assembled
structures, the PS core-OH/PHEMA blend was also studied.
The thermal stability of the PS core-OH/PHEMA blend (15% wt
PHEMA) was investigated by means of TGA from 20 to 600 �C in
nitrogen atmosphere at a heating rate of 10 �C min�1 and the
result compared with TGA for HNPs (PS core–PHEMA) as shown
in Fig. 5. A distinct two step degradation process is observed for
the blend sample. The onset of the rst weight loss corresponds
to the decomposition of the PHEMA shell components and the
second weight loss is attributed to the decomposition of the PS
cores. The PHEMA segments in the blend began to degrade at
�288 �C and the PS cores segments at 408 �C. As compared with
TGA result of the obtained HNPs, the components of HNPs
displayed higher thermal stability than in the blend. This
higher in thermal stability is most likely because of the covalent
bond connecting the two components in the HNPs whereas in
tructure of PS core–PHEMA/S-MA complex prepared by drop-casting

RSC Adv., 2020, 10, 37358–37368 | 37365
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Fig. 14 AFM image of PS core-OH/PHEMA blend (1 : 1 w/w%).
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the blend the two components or phases are held together by
weaker hydrogen bonds. Furthermore, the core–shell system is
highly organized system compared to the blend system. In the
HNPs, the PHEMA hairs extend orderly away from the cores
surfaces and that can result both in chain entanglement and
formation of inter-chain hydrogen bonding.

The DSC thermograms for the blends of different composi-
tions are summarized in Fig. 13. The blends show two glass-
transitions, one for the PHEMA and the other for the PS core-
OH, which suggests the formation of a phase separated
system. Both pure PHEMA and pure PS core-OH exhibit only one
Tg at 50 �C and 116 �C, respectively (Fig. S4†). The PHEMA phase
Tg shows a slight increase due to the mixing of the two blend
components at the interphase. The increase in Tg for PHEMA
can be attributed to polystyrene particles impeding the
segmental mobility of the PHEMA chains by interacting with the
chains. Similarly, the decrease of the higher Tg phase may also
be attributed to mixing of the two components with the lower Tg
PHEMA induces a quicker onset of the segmental motion.

The morphology of a PS core-OH/PHEMA blend (1 : 1 w/w%)
was studied by AFM. Fig. 14 shows the AFM images of the blend
sample prepared in THF/DMF (1 : 1 v/v%) mixture and spin-
coated on a silicon wafer. The AFM image of the blend shows
network structures, i.e. the structure is spherical particles and
connected string like structures. It is clear that the HNPs show
quite different self-assembled structures with the shape and the
composition playing a vital role in formation of the structures.
4 Conclusions

In summary, we have successfully synthesized phase separated
polymeric HNPs consisting of PS cores and PHEMA hairs by
combining living anionic polymerization and ATRP techniques.
PS cores were in situ formed by living anionic copolymerization
of styrene and divinylbenzene, and then propylene was reacted
with living cores to functionalize their surfaces by hydroxyl
groups. Next, PHEMA hairs were graed on the polystyrene core
nanoparticles surfaces. FT-IR, 1D NMR and 2D NMR were used
to conrm the structure of the obtained HNPs. TGA curves show
that the graing of PHEMA did not thermally affect the PS cores
37366 | RSC Adv., 2020, 10, 37358–37368
stability because of the ease of breakdown the ester bonds. The
two glass transitions were clearly seen in the DSC thermograms
of the obtained HNPs and this indicates the presence of
a hydrophobic PS core phase and a hydrophilic PHEMA shell
phase in the HNPs. As observed by AFM and SEM images,
solvents have signicant effect on the surface morphologies of
hairy nanoparticles. Porous surfaces, which were observed
using mixture of methanol and THF. The achiral HNPs showed
zigzag surfaces when DMF was used as dispersing solvent and
this suggests that the hair chains perhaps were assembled to
form zigzag structures on the surfaces. The AFM image of PS
core-OH and PHEMA blend shows spherical structures con-
nected by string like structures. The chiral HNPs were prepared
by complexation of the achiral HNPs with R- or S-mandelic acid.
The chiral HNPs self-assembled into donut like structures or
toroids with sizes in the range between 200 to 5000 nm. The
study suggest that chirality can be utilized to develop inter-
esting self-assembled structures.
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