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Sub-5 pum balls possessing forest-like
poly(methyloxazoline)/polyethyleneimine side
chains and templated silica microballs with unusual
internal structurest

Daiki Soma and Ren-Hua Jin(@*

Herein, sub-5 pm microballs, with unusual forest-like structures consisting of a polystyrene network and
forest-like poly(2-methyl-2-oxazoline) (PMOZ) and/or linear polyethyleneimine (LPEI) side chains, were
synthesized by combining two isolated processes. The first process is the dispersion
polymerization of 4-chloromethylstyrene (CMS) and divinylbenzene (DVB) in the presence of a stabilizer,

radical

polyvinylpyrrolidone (PVP), using 2,2'-azobis(isobutyronitrile) (AIBN) as an initiator, which produces
a poly(4-chloromethylstyrene) type microgel (u-PStCl). The second process is the cationic ring-opening
polymerization of 2-methyl-2-oxazoline (MOZ) using p-PStCl as a solid initiator, which produces poly(2-
methyl-2-oxazoline)-grafted microballs (u-PSt-g-PMOZ). The latter, possessing PMOZ side chains, was
transformed into poly(ethyleneimine)-grafted microballs (u-PSt-g-PEl) via treatment with HCl (aq).
Moreover, the three types of microballs p-PStCl, n-PSt-g-PMOZ, and p-PSt-g-PEl of 1-3 micrometer in
diameter were characterized by FT-IR, 1*C CP/MAS NMR, elemental analysis, XRD, and SEM. Both the
microballs p-PSt-g-PMOZ and p-PSt-g-PEl, which resembled the assemblies of hydrophilic comb
polymers in their chemical structure, exhibited good wettability in an aqueous phase. In particular, the p-
PSt-g-PEI microballs, which have forest-like basic polyamine chains throughout the microballs, act as
catalytic templates in the hydrolytic polycondensation of tetramethoxysilane (TMOS) at
temperature to produce polymer/silica hybrid microballs of p-PSt-g-PEI@SIO, with 2.5-3.5 um diameter
and 35-70 wt% silica content depending upon the mediation conditions. Calcination of the p-PSt-g-
PEI@SIO, hybrid microballs at 700, 800, and 900 °C resulted in silica microballs possessing 2-4 nm
mesopores with reduced diameter from 3.5 to 1.2 um and reduced BET surface area from 582 to 189 m?

g™l It was confirmed that the sub-5 pum microballs of u-PSt-g-PEl were very effective catalytic

room

templates for the construction of silica microballs of different sizes (1-4 pum), different surface areas, and
different (large hollow or co-continuous) internal structures.

chloromethylstyrene (CMS) are often used as monomers for
constructing the network backbone frame of the gels.”**

Spherical microgels, including aqueous microgels and non-
aqueous microgel particles, have been widely used for various
applications such as in coating films, catalyst supports, and
biomedical materials.® Various polymerization methods such
as emulsion polymerization,'®'* dispersion polymerization,"**
precipitation  polymerization,*'® suspension polymeriza-
tion,"”** and seed dispersion polymerization® have been re-
ported for the preparation of well-defined microgels. In the
design of functional non-aqueous microgels via the above-
mentioned polymerization systems, styrene (St) and 4-

Department of Material and Life Chemistry, Faculty of Engineering, Kanagawa
University, 3-2-7, Rokkakubashi, Yokohama 221-8686, Japan. E-mail: rhjin@
kanagawa-u.ac.jp

available. See DOL:

T Electronic  supplementary  information

10.1039/c7ra05329k

(ES)

36302 | RSC Adv., 2017, 7, 36302-36312

Although they are suitable for the preparation of nano-scaled
spheres, for the abovementioned monomers, emulsion poly-
merization and precipitation polymerization are not utilized in
the synthesis of well-controlled microgels; this is because of the
fact that a number of synthesis factors need to be controlled in
this case.'™'® In comparison, dispersion polymerization of 4-
chloromethylstyrene (CMS) is a facile preparation approach to
obtain microgels with the functional groups -CH,Cl and well-
controlled particle size of 1-3 um.*»*> We were particularly
interested in the preparation of non-aqueous microgels pos-
sessing -CH,Cl groups and their transformation into aqueous
microgels via cationic ring-opening polymerization (CROP) of
cyclic 2-methyl-2-oxazoline using the non-aqueous microgels as
polymerization initiators.

This journal is © The Royal Society of Chemistry 2017
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Poly(2-oxazoline)s (POZs) are well known as smart polymers.
Depending on their molecular architectures, POZs behave as
water-soluble or amphiphilic polymers that can respond to
external stimuli such as heat, pH, and solvents.>® POZs can be
easily obtained wvia cationic ring-opening polymerization
(CROP) of cyclic 2-oxazolines (nucleophiles) in the presence of
usual electrophiles or Lewis acids.>* This is a very simple and
effective living polymerization system and thus has been
divergently used in the design of POZs with different molecular
structures and dimensions, such as di- and tri-block copoly-
mers,”*?° star polymers,*** comb polymers,>*?” and their
applications as soft matter.*®** In terms of the molecular design
of POZs, in the early 1980's, Kobayashi et al established
a process for the preparation of amphiphilic block copolymers
by combining hydrophilic monomers, such as 2-methyl-2-
oxazoline and 2-ethyl-2-oxazoline, and hydrophobic mono-
mers such as 2-phenyl-2-oxazoline, 2-n-butyl-2-oxazoline, as well
as 2-n-octyl-2-oxazoline.*® Nuyken et al. reported the preparation
of amphiphilic graft copolymers via CROP of 2-methyl-2-
oxazoline using poly(isobutene-co-(p,m-chloromethylstyrene))
as a macroinitiator.** We also reported the synthesis and
functionalities of porphyrin core star poly(oxazoline)s with
homopolymeric*** and block-copolymeric arms.**** Since the
2000's, Hoogenboom et al. developed a new method of poly-
merization of 2-oxazolines using microwave**® and robot
synthesizer techniques*” and prepared a series of new poly(2-
oxazoline)s. Their study exhibited strong impact on the chem-
istry of poly(2-oxazoline)s and shed light on poly(2-oxazoline)s
as new biomimetic polymers. In the polymerization of 2-oxzo-
lines, benzyl halide-type electrophiles are often used as initia-
tors to obtain the target poly(2-oxazoline)s. Therefore, polymers
consisting of chloromethylstyrene residues are desirable
candidates as macroinitiators for the polymerization of 2-oxa-
zolines.***®* We reported that homopolymer and/or block
copolymers having a poly(chloromethylstyrene) block could be
used as macroinitiators to produce comb-like poly(2-oxazoline)s
in a controllable fashion.”® In this sense, microgels with poly
(chloromethylstyrene) chains are reasonably capable of acting
as solid polymeric initiators for the preparation of microballs
bearing poly(2-oxazoline)s brushes.

In the structure, the backbone of poly(2-oxazoline)s is char-
acteristically polyethyleleimine with side chains consisting of
acyl groups. Therefore, poly(2-oxazoline)s can be easily hydro-
lyzed to the corresponding polyamine, having only secondary-
amine in the polymer backbone, that is named linear poly
(ethyleneimine) [-CH,CH,-NH-| (PEI).* LPEI is a derivative
of poly(2-oxazoline) showing a very unique feature in aqueous
media; that is, it can self-assemble into crystalline-
nanostructure-based aggregates with various morphologies
because crystallization acts as a driving force for self-
organization. We focused our attention on this feature and
systematically developed LPEI-based chemistry via a biomi-
metic mineralization process and established a new process to
design morphology-controlled nanostructured silica and titania
materials using nanocrystalline aggregates of LPEI as catalytic
templates in silica and titania deposition. In this process, LPEIs
with different structural dimensions, such as straight, star, and
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There is no doubt that the design of LPEIs is same as the
design of poly(2-oxazoline)s. In other words, a topological
architecture of poly(2-oxazoline)s must result in the corre-
sponding LPEI with the same topological architecture. A
further benefit of LPEI is its great potential in the trans-
formation of various side structures; this is because it is
very easy to introduce side-group bonding into the nitrogen
atoms via the reaction of the secondary amine in LPEI with
many functional groups. Unambiguously, both the polymers
poly(2-oxazoline) and LPEI will become significantly impor-
tant in soft matter science, as recently indicated by Hoo-
genboom in his editorial comments, “50 years of
poly(oxazoline)s”.*

As a strategy of our LPEI chemistry, herein, the synthesis of
microballs of poly(2-methyloxazoline) using a sub-5 pm mir-
ogel (i.e., cross-linked microball) as an initiator was particu-
larly utilized. As reported in our recent study, comb-like LPEI
can be easily obtained via polymerization of 2-methyl-2-
oxazoline using poly(4-chloromethylstyrene) as a macro-
initiator followed by hydrolyzation of the acetyl side chains of
poly(2-methyloxazoline). Therefore, the microballs containing
4-chloromethylstyrene and a cross-linker would be reasonably
utilizable as a solid-type initiator to synthesize poly(2-
oxazoline)-grafted microballs that are forest-like in structure
possessing non-cross-linked poly(2-oxazoline) side chains
through the microballs from exterior to interior. From this
idea, we synthesized sub-5 um microballs (e.g., 1-2 pm in
diameter) consisting of 4-chloromethylstyrene and 2 mol% of
divinylbenzene (cross-linker) and used them in the polymeri-
zation of 2-methyl-2-oxazoline (MOZ) with different polymer-
ization degrees and finally changed the PMOZ type microballs
into LPEI type microballs. All the microballs with different
chemical components were characterized by FT-IR, solid state
13C NMR, elemental analysis, XRD, and wettability studies.
Furthermore, we performed silica deposition in the presence
of microballs with a forest-like structure and having LPEI and
found that polymer/silica hybrid microballs with the silica
contents within 35-65 wt% were effectively produced. Calci-
nation of these hybrid balls at different temperatures resulted
in silica microballs whose spherical shape was retained,
but they possessed remarkably different diameters, different
BET surface areas, and different internal structures; this
indicated the effectiveness of the microballs as catalytic
templates in the deposition of silica microballs in a controlled
fashion.

in morphologically

Experimental

Materials

4-Chloromethylstyrene (CMS, > 90%, TCI) was purified by
column chromatography with basic aluminum oxide (Aldrich)
before use. 2-Methyl-2-oxazoline (MOZ, 98%, Aldrich) was
distilled from sodium hydroxide under atmospheric pressure
and then stored under a nitrogen atmosphere prior to use.
Divinylbenzene (DVB, m- and p- mixture, >50%, TCI) was

RSC Adv., 2017, 7, 36302-36312 | 36303
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extracted from a sodium hydroxide aqueous solution (1 M) to
remove the polymerization inhibitor. Azobis(isobutyronitrile)
(AIBN, >98%, TCI) was crystallized from ethanol. Potassium
iodide (KI, >99.5%, Wako), tetramethoxysilane (TMOS, >98%,
TCI), dimethylacetamide (DMAc, Super dehydrated, >99.5%,
Wako), polyvinylpyrrolidone K25 (PVP, Wako), hydrochloric
acid (5 M, Wako), ammonium solution (28 vol%, Wako), and
other reagents were used as received without further
purification.

Synthesis of the poly(p-chloromethylstyrene) microgel (p-
PStCI)

By modifying the method reported in ref. 21, the dispersion
polymerization was performed as follows. To a 100 mL three-
necked round-bottom flask equipped with a condenser,
ethanol (solvent, 50 mL), DMAc (co-solvent, 3 mL), and poly-
vinylpyrrolidone (PVP K25, surfactant, 0.6 g) were added, and
the mixture was stirred at room temperature until PVP was
completely dissolved. Then, DVB (cross-linker, 25 uL) and CMS
(monomer, 1.4 g) were added, followed by bubbling nitrogen
through the solution for 30 min to exclude the dissolved oxygen.
After heating the solution to 60 °C, AIBN (initiator, 0.03 g) dis-
solved in 2 mL of ethanol was added, and then, the mixture was
stirred at the same temperature for 24 h. After polymerization,
the obtained suspension products were corrected by centrifu-
gation (4000 rpm, 5 min), washed with methanol to remove
excess amounts of PVP and CMS, and then dried under reduced
pressure at 50 °C for 6 h. White powders of p-PStCl were ob-
tained in 0.8 g (57%) yield.

Synthesis of the polystyrene microgel grafting poly(2-methyl-
2-oxazoline) (n-PSt-g-PMOZ)

Polymerization of MOZ using p-PStCl as a solid initiator was
performed as follows. p-PStCl 0.2 g (-CH,Cl unit: 1.2 mmol), KI
(0.6 mg), and DMAc (15 mL) were added to a two-necked round-
bottom flask and stirred at 100 °C for 20 min under a nitrogen
atmosphere. Then, 5.5 mL of MOZ (65 mmol) was added, and
the mixture was stirred at 100 °C for 24 h. After polymerization,
the solid fractions were obtained via centrifugation (4000 rpm, 5
min), washed with water and methanol, and then dried under
reduced pressure. White powders of p-PSt-g-PMOZ were ob-
tained in a 2.0 g yield.

Synthesis of the polystyrene microgel grafting
poly(ethyleneimine) (p-PSt-g-PEI)

The balls of p-PSt-g-PMOZ (2 g) were dispersed in 5 M HCI (30
mL) and stirred at 100 °C for 8 h. After being cooled down to
room temperature, the resulting balls of p-PSt-g-PEI were
washed with methanol via centrifugation. Then, the separated
particles were mixed with ammonium solution and stirred at
room temperature for 24 h. The products were obtained by
filtration (0.45 um), washed with distilled water and acetone,
and then dried under atmosphere. Yield: 1.6 g (white
powders).

36304 | RSC Adv., 2017, 7, 36302-36312
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Silica hybridization on p-PSt-g-PEI

A mixture containing 1 mL of TMOS and 0.5 mL of distilled
water was added to a dispersion of p-PSt-g-PEI (50 mg) in
methanol (20 mL) and stirred at room temperature for 3 h. After
this, the precipitates of the silica hybrid (p-PSt-g-PEI/SiO,) were
obtained by centrifugation (4000 rpm, 5 min), washed with
distilled water and acetone, and then dried under atmosphere.

Moreover, for replacing methanol, other dispersion media
such as ethanol, acetone, and water were used in the prepara-
tion of p-PSt-g-PEI/SiO, in the same manner.

Calcination of p-PSt-g-PEI/SiO,

All the samples of p-PSt-g-PEI/SiO, mediated from different
solvents were calcined at 700-900 °C for 2 h (rising time: 1 h,
keeping time: 1 h) for removing the polymeric components
from the hybrid balls. The resulting silica microballs were
subjected to FT-IR, *°Si CP/MAS NMR, SEM, and nitrogen
adsorption-desorption isotherm analyses.

Characterization

Fourier transform infrared (FT-IR) spectra were obtained using
a JASCO FT-IR-4600 spectrometer by diffusing the samples in
KBr pellets. *C cross polarization magic angle spinning (CP/
MAS) NMR spectra and *°Si CP/MAS NMR spectra were ob-
tained using a JEOL ECA-400 spectrometer operating at 400
MHz. Elemental analysis was conducted using Perkin Elmer
2400 II. Scanning electron microscopy (SEM) observations were
performed using a Hitachi SU-8010 microscope at 5 kV after the
samples were sputtered with Pt particles. X-ray diffraction (XRD)
measurements were conducted via a Rigaku Rint-Ultima III X-
ray diffractometer with Cu Ka radiation (A = 0.1540 nm) oper-
ating at 40 kv and 40 mA. TGA was performed using a Seiko
Instruments EXSTER 6000 at 30-900 °C at a heating rate of 10 °C
min~ ' under air condition. N, adsorption/desorption isotherms
were obtained using a Micrometrics Tristar-3000 instrument at
liquid-nitrogen temperature, whereby all samples were
degassed at 120 °C under vacuum for 3 h prior to analysis.

Results and discussion

Synthesis and characterization of the p-PStCl, p-PSt-g-PMOZ,
and p-PSt-g-PEI microballs

The synthetic route to a series of polymeric microballs (micro-
gels) is presented in Scheme 1. As abovementioned, the
chloromethylene (-CH,Cl) group on the monomer unit of
4-chloromethylstyrene in the polymeric network would act as an
initiator site for the polymerization of 2-oxazoline. Therefore,
we tried the dispersion polymerization of 4-chloromethylstyr-
ene and divinylbenzene (2 mol%) using different stabilizers,
such as polyvinylpyrrolidone (PVP), hydroxypropyl cellulose
(HPC), and poly(2-ethyloxazoline) (PEOZ), for the preparation of
monodispersed gelated balls with the targeted sizes of 1-2
micrometers. Via comparison of the effect of the type of stabi-
lizers (PVP K25 (M,, = 25 000), PVP K60 (M,, = 160,000), PVP K90
(M,, = 600 000), hydroxypropyl cellulose 3-5.9 (HPC 3-5.9,
M,, = 160 000), HPC 150-400 (M,, = 620 000), poly(2-ethyl-2-

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthetic route from p-PStCl to p-PSt-g-PEI.

oxazoline) (PEOZ, M,, = 50 000), PEOZ (M,, = 500 000)) on the
size and yields of the microgels (see Fig. S1t), we found that
polyvinylpyrrolidone with a molecular weight of 25 000 is more
suitable as a stabilizer than others in the preparation of mono-
dispersed 1-2 micrometer spherical gels of u-PStCl. Thus, we
performed the preparation of p-PStCl using CMS as a monomer,
DVB as a cross-linker (2 mol%), PVP K25 as a stabilizer, and
AIBN as an initiator in the mixed solvents of ethanol and DMAc
under a N, atmosphere, as described in the experimental
section.

As shown in the FT-IR and "*C NMR spectra (Fig. 1), the
characteristic vibration peaks at 676 cm ™' (C~Cl stretching) and
1265 cm ™' (C-Cl vending) due to -CH,Cl in p-PStCl and the
chemical shift at 50 ppm due to the -CH,Cl group in p-PStCl can
be observed. We also estimated from the elemental analysis that
the content of Cl atom in p-PStCl was 6 mmol g~ '. Using the
microgels of p-PStCl as a solid-type initiator, we performed the
polymerization of 2-methyl-2-oxazoline (MOZ) in the presence
of potassium iodide (KI) in DMAc by changing the feeding ratio
of CI/MOZ (about 1/20, 1/50, and 1/100) at 100 °C for 24 h. The
yields of the recovered solid p-PSt-g-PMOZ were 0.9, 2.0, and
1.9 g, respectively, corresponding to the 1/20, 1/50, and 1/100
feeding ratios of CI/MOZ. It was apparent that the polymeriza-
tion of MOZ promoted by the solid initiator of p-PStCl pro-
ceeded very well with different feeding ratios, but there was
limited growth even if the monomer was used in large excess.
This would be in relation to the container property of the
microballs in which the volume to load the monomer unit will
be restricted. The sample obtained by the 1/50 (CI/MOZ) feeding
ratio was subjected to FT-IR, >C NMR, and elemental analyses.
As shown in Fig. 1, the peaks of 676 cm ™" (C-Cl stretching) and

This journal is © The Royal Society of Chemistry 2017

1265 cm ™' (C-Cl vending) due to the -CH,Cl group dis-
appeared, and new signals at 1024 cm ™' (C-N) and 1639 cm ™"
(N-C=O0 stretching) due to the imide group were observed.
Moreover, the 13-carbon chemical shift at 50 ppm due to
—-CH,Cl completely disappeared, and instead of it, new chemical
shifts appeared at 20 and 175 ppm due to -CH; and carbonyl
N-C=O0 groups, respectively. These results indicated the
formation of poly(2-methyl-2-oxazoline) (PMOZ) chains in the
micro spheres. From elemental analysis, the nitrogen content
was determined to be 14.6%, which should be contributed by
the MOZ unit in p-PSt-g-PMOZ. Therefore, we estimated that the
content of the MOZ unit in p-PSt-g-PMOZ would be 75.3 wt%
(equal to 10.4 mmol) for per gram microballs.

Furthermore, we transformed the microballs of p-PSt-g-
PMOZ (10.4 mmol g~ ') into p-PSt-g-PEI via hydrolyzation of the
PMOZ chains using 5 M HCI (aq) under reflux conditions. After
treatment by ammonia solution, the resulting free-base form of
u-PSt-g-PEI was characterized by FT-IR and XRD. We can see
from Fig. 1c that the vibration peaks at 1639 em ' (N-C=0
stretching) due to the imide group vanished and a new peak at
3277 (N-H stretching) appeared in the FT-IR spectrum. More-
over, from Fig. 2b and c, it was observed that the chemical shifts
at 20 ppm due to the -CH; group and at 175 ppm due to the
carbonyl group (N-C=O) of p-PSt-g-PMOZ completely dis-
appeared after hydrolysis. These results indicate that the
transformation of p-PSt-g-PMOZ into p-PSt-g-PEI is very easy.
Herein, note that the soluble polymers of linear poly
(ethyleneimine)s with different topologies, such as straight or
star/comb forms, always crystallize via association of two water
molecules per ethyleneimine (EI) unit (EI/H,O = 1:2, dihy-
drated form) when the polymers are placed in the atmosphere

RSC Adv., 2017, 7, 36302-36312 | 36305
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Fig. 1 FT-IR (left) and solid state *C NMR (right) spectra of (a) pu-PStCl, (b) u-PSt-g-PMOZ, and (c) p-PSt-g-PEI.
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Fig. 2 XRD pattern of p-PSt-g-PEl.

or in water, and its crystalline packing is easily changed when
the number of water molecules associated with the EI unit
decreases.”® Unexpectedly, the crystalline feature also emerged
even from extremely small isolated microballs possessing
forest-like PEI chains, as seen in the XRD diffraction peaks at 26
=15.9,17.9, 24.0, 25.5, and 32.0 degree (see Fig. 2). According to
the classification rule of Chatani's model,** we deduced that the
crystal had a sesquihydrate form (EI/H,O = 1 : 1.5).

To evaluate the size change of the microballs, we further
subjected the p-PStCl, p-PSt-g-PMOZ (1/50), and p-PSt-g-PEI
microballs to SEM visualization. Fig. 3 shows the SEM images
of the three kinds of microballs. The initial microballs of p-
PStCl were 1.54 (£0.19) um in size, with mono-dispersion
form, but the size increased to 2.8 (+0.50) um for p-PSt-g-
PMOZ generated from p-PStCl. After the PMOZ chains were
transformed into PEI, the size decreased to 2.2 (£0.21) um.
Probably, this diameter change was related to the mass of per
ball. The dried balls of u-PStCl with low cross-liking degree (2
mol%) must be in the contracted state, but would potentially
have a large empty volume to load substances when the
network frame undergoes expansion in the swollen state. The

36306 | RSC Adv., 2017, 7, 36302-36312

polymerization of MOZ by p-PStCl just allowed the loading of
the PMOZ fractions in the swollen state of u-PStCl; thus, the
empty volume decreased in the resulting p-PSt-g-PMOZ to
resist the contraction as compared to that in p-PStCl. As
a result, the diameters of the pu-PSt-g-PMOZ balls remarkably
increased. However, the removal of the side chain of acetyl
group from the p-PSt-g-PMOZ balls via hydrolyzation led to the
reduction of the mass of the balls by more than half, and thus,
the size decreased. This size change means that the microballs
would be like a flexible micro container and would be useful in
hybridization with other components.

To understand the characteristic features of the three
microballs in the dispersion state in different solvents, we
tested the compatible behavior of the three microballs (2 mg) in
a mixture of water/chloroform (1.5/1.5 in mL). Note that the
polystyrene backbone is hydrophobic, being soluble only in
chloroform. In contrast, PMOZ is an amphiphile, being highly
soluble both in water and chloroform and is thus able to work
as a surfactant to form oil-in-water droplets in water/chloroform
mixtures.** As seen in the image shown in Fig. 4, the p-PStCl
balls swell in the chloroform phase as they are put in a mixture
of water/chloroform. However, in the case of p-PSt-g-PMOZ,
interestingly, when the amphiphilic microballs were put in the
water/chloroform mixture, the whole chloroform phase became
an accumulation of chloroform droplets, and the water/
chloroform interface disappeared. This indicates that the p-
PSt-g-PMOZ microballs act as surfactants, entrapping chloro-
form to form droplets that sink and pile up in the bottom (see
Fig. 4). Compared to the abovementioned two microballs, the p-
PSt-g-PEI microballs having PEI chains were neither in the
swollen nor in the dispersion state, whereas they floated at the
interface between water and chloroform (some precipitated in
the bottom) when they were put in the mixture of water/
chloroform. This is a reasonable phenomenon because linear
PEI usually exists as crystals associating with water molecules
and is not soluble in water and chloroform under ambient
conditions. The p-PSt-g-PEI microballs also possess crystalline
domains and cannot be solvated by water and chloroform
although they are wettable in water.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4
mL/1.5 mL). (b) magnified image of the center sample.

The hybrid silica balls p-PSt-g-PEI/SiO, and calcined silica

We have established LPEI chemistry based on the
crystallization-driven self-assembly of LPEI in an aqueous
system for constructing hybrid nanomaterials via a biomimetic
mineralization process. LPEI plays an important role as a cata-
lytic template for spontaneous deposition of silica/titania on the
surface of LPEI crystalline morphologies once mixed with silica
or titania sources.*>** Therefore, it was also expected that p-PSt-
g-PEI itself would effectively serve as a sub-5 pm type catalytic
template for fabricating sub-5 um inorganic oxide materials.
Herein, we focused on silica deposition in the presence of u-PSt-
g-PEI The process of silica deposition on p-PSt-g-PEI and the
subsequent calcination are shown in Scheme 2. In detail, first,
TMOS (1 mL) mixed with a small amount of water (0.5 mL) was
added to the dispersion solution of p-PSt-g-PEI (50 mg) in
various media (20 mL), such as water, methanol, ethanol, and
acetone, and then stirred for 3 h at room temperature. This

This journal is © The Royal Society of Chemistry 2017
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(a) Images of wettability of (a) u-PStCl (left), p-PSt-g-PMOZ (center), and p-PSt-g-PEI (right) (2 mg) in the mixture of water/chloroform (1.5

resulted in silica hybrid balls (u-PSt-g-PEI/SiO,). Calcination of
the as-prepared silica hybrids at a definite temperature under
atmosphere finally yielded silica balls.

It can be seen from FT-IR spectra (Fig. 5, left) that all the as-
prepared forms of p-PSt-g-PEI/SiO, show apparent vibration
peaks at 1050 cm™ " (Si~O-Si, stretching) and 950 cm™ " (Si-OH
stretching) indicating silica formation on the p-PSt-g-PEI
microballs. Fig. 6 shows the TGA traces of the hybrid p-PSt-g-
PEI/SiO, balls prepared in different dispersion media such as
methanol, ethanol, acetone, and water. The initial weight loss
until 100 °C was due to the evaporation of water adsorbed on
the silica networks. Herein, we assigned the remaining weight
to the silica content after the removal of organic components at
around 700 °C. It was clear that the silica content decreased in
the order of 67, 61, 52, and 38 wt% with their corresponding
mediation conditions using the dispersion media of methanol,
ethanol, water, and acetone. This result means that the activity

RSC Adv., 2017, 7, 36302-36312 | 36307
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Fig. 5 FT-IR spectra (left) of the as-prepared hybrid p-PSt-g-PEI@SiO, microballs obtained in different media: methanol (a), ethanol (b), water
(c), and acetone (d). 2°Si CP/MAS NMR (right) spectra after calcination at 700 °C of the u-PSt-g-PEI@SIiO, microballs mediated by different

solvents: water (a), methanol (b), ethanol (c), and acetone (d).

of p-PSt-g-PEI for silica deposition is higher in methanol than
that in acetone medium. It would be related to the solvation
ability of the PEI chains. The p-PSt-g-PEI microballs are in the
fully swollen state in methanol, but are hardly swollen in
acetone. The swollen PEI chains could act as a molecular-like
basic catalyst to effectively promote the hydrolytic poly-
condensation of TMOS through the voids of the microballs p-
PSt-g-PEL In contrast, in the case of the non-swollen state, the
PEI chains distributed in both the exterior and the interior of
the microballs would show different activities for silica depo-
sition; the exterior is more active than the interior. All the
hybrid silica microballs mediated from different solvents were
calcined at 800 °C and subjected to >°Si CP/MAS NMR spec-
troscopy. As shown in Fig. 5 (right), the chemical shifts
appeared at —90, —100, and —120 ppm were assigned to the

36308 | RSC Adv., 2017, 7, 36302-36312

signal of Q2, Q3, and Q4, respectively. It seems that the four
types of silica microballs after calcination have almost no
differences in their silica bonding (note: the samples before
calcination could not provide reliable spectral results in the *°Si
CP/MAS NMR measurements).

In Fig. S2,T the SEM images of the as-prepared hybrid silica
microballs are shown. Similar to the spherical morphology of
the catalytic template of p-PSt-g-PEI, all the hybrid silica medi-
ated under different conditions well retained their spherical
shape, and their average particle sizes (in diameter) appeared to
be about 3.2-3.5 um for mediation in methanol and ethanol
and about 2.2-2.5 pm for mediation in water. Interestingly, we
found that the sizes of the p-PSt-g-PEI@SiO, hybrid microballs
mediated in different solvents shrunk differently after calcina-
tion at 800 °C (see Fig. 7). The average particle sizes of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 TGA curves of p-PSt-g-PEI@SIO, hybrids mediated from
methanol (a), ethanol (b), water (c), and acetone (d).

calcined silica decreased to about 2.5 (methanol), 2.3 (ethanol)
> 1.8 (water) > 1.2 pm (acetone). The shrink degree estimated
from the diameter reduction is about 65% for the silica
microballs mediated from methanol and ethanol as compared
to about 50% for the silica microballs mediated from water and
acetone. This different shrinking behavior would be in rela-
tionship with the internal structures of the silica microballs
(details have been discussed hereinafter). However, the parti-
cles after calcination could maintain their spherical shape
without collapsing; this indicated the thermostability of the
silica microballs even after the removal of organic components
with remarkable shrinkage. From both the SEM images and
TGA traces, it can be concluded that the sizes of the hybrid
microballs and the deposition amount of silica on the hybrid

View Article Online

RSC Advances

microballs correlate with the swelling property of the p-PSt-g-
PEI microballs under the mediation conditions. It was found
from the DLS measurements that the swelling property
decreased in the following order: methanol > ethanol > water >
acetone (see Fig. S31). The good solvent (methanol) for p-PSt-g-
PEI afforded larger particles and higher amount of silica
deposition, whereas the poor solvent (acetone) for p-PSt-g-PEI
yielded smaller particles and lower amount of silica deposition.

Furthermore, N, adsorption-desorption isotherm measure-
ment was used to investigate the feature of the internal struc-
ture of the calcined silica. As shown in Fig. 8 (left), there are
remarkable differences for silica mediated in both methanol
and ethanol and in both water and acetone. The former
exhibited IV type hysteresis loop, whereas the latter exhibited II
type hysteresis loop. In addition, the N, quantity adsorbed on
the calcined silica was lower for the former than that for the
latter. The calculated BET surface areas for the calcined silica
decreased in the following order: 575.5 (water) > 351.1 (acetone)
>251.1 (methanol) > 221.0 (ethanol) m* g~ . Herein, note that
the BET surface area is largest for silica mediated from water,
being over two times those of the other silica microballs
mediated from methanol and ethanol, indicating the formation
of different internal structures on the silica microballs. We
know that the PEI chains in the p-PSt-g-PEI microballs tend to
form cluster-like crystalline domains in water, which would be
attributed to the formation of silica network frame with unusual
pore volumes and cavities. Fig. 8 (right) unambiguously shows
that the calcined silica mediated from both water and acetone
are similar to each other with widely distributed mesopores in
the range of 2-4 nm. In comparison, the calcined silica medi-
ated from both methanol and ethanol showed relatively sharp
mesopores distribution at 3.8 nm but without the pores below
3 nm. These differences would also be related to the internal
structures of the silica microballs.

Recently, we developed a very unique silica pulverizing
method® that can be used for etching the surface of silica
particles and thus for imaging their internal structures. Herein,

Fig. 7 SEM images of the calcined (at 800 °C) silica microballs mediated from different solvents: water (a and e), methanol (b and f), ethanol (c

and g), and acetone (d and h).

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 N, adsorption desorption isotherm (left) and pore size distribution (right) of the calcined (at 800 °C) p-PSt-g-PEI@SIO, mediated from

water (a), acetone (b), methanol (c), and ethanol (d).

we selected two kinds of the calcined (at 800 °C) silica micro-
balls mediated from water and methanol and subjected them to
a special treatment for slightly making a hole on their external
surfaces using our etching method (see Schemes S1 and S27).
After the hole-making treatment, the silica microballs were
subjected to SEM observation (see Fig. 9). Very interestingly,
the silica microballs mediated from water and from methanol
had remarkably different internal structures although the
template was the same. The microballs mediated from water
possess hollow structures with large inside cavity (Fig. 9a),
while the balls mediated from methanol consist of co-
continuous structures with dense silica skeletons and
through-pores in which the silica skeletons appeared to be
fibrous with about 30 nm diameter (Fig. 9b). From the

3.0KV x45.0k 2017/03/31 10:45

3.0kV x30.0k 2017/04/13

abovementioned two types of silica microballs, we can conclude
that the template microballs of p-PSt-g-PEI can be adapted
under mediation conditions to switch the catalytic functions of
PEI in silica deposition around the external surface of the
microballs or through the whole of the microballs. In water
mediation, the PEI chains on the microballs tend to crystallize;
this prevents the penetration of the silica sources; thus, the
external surfaces of the microballs significantly act as catalysts
in the deposition of silica to form tough silica shells. In
contrast, in the case of methanol mediation, the PEI chains
through the microballs are solvated very well; thus, the silica
sources penetrate through the microballs and deposit here and
there to form the continuous silica skeletons through the
microballs.

50KV x100k 2017/03/31 10:46

3.0kV x100k 2017/04/13

Fig. 9 SEM images of the internal structures of the calcined (at 800 °C) silica microballs mediated from both water (al and a2) and methanol (bl

and b2).
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Fig.10 The influences of the calcination temperatures on N, adsorption desorption isotherm (left) and pore size distribution (right). Sample of p-
PSt-g-PEI@SiO, mediated from methanol. Calcination temperatures: 700 (a), 800 (b), and 900 °C (c).

Considering the silica mediated from methanol, we investi-
gated the effect of calcination temperatures on the nitrogen
sorption isotherms (see Fig. 10, left). When the calcination
temperature increased from 700, 800 to 900 °C, the corre-
sponding silica showed remarkable reduction in nitrogen
adsorption with accompanying reduction of BET surface areas
in the order of 582.0 > 251.1 > 189.0 m” g~ '. This suggests that
the lower calcination temperature is beneficial for producing
larger surface areas. We also found that the calcination
temperature markedly affects the size (diameters) of the silica
balls, being in the order of 3.5 um (700 °C), 2.5 pm (800 °C), and
1.6 um (900 °C) (see SEM images in Fig. S41). These large
shrinkage with temperature increment indicates not only the
presence of network-like silica skeletons and cavities through
the balls but also the destruction and reconstruction of the
silica skeletons through the internal cavities with the retention
of the spherical shape; this caused the reduction of the surface
areas, as seen in the sorption isotherms. In addition, the pore
distributions shown in Fig. 10 (right) indicate the formation of
mesopores in the silica microballs for all calcination tempera-
tures. A pair of mesopores with the sizes of 3.5 (majority) and
4.2 nm (minority) and 3.8 (majority) and 4.2 nm (minority)
appeared, respectively, for the silica calcined at 700 and 800 °C.
In the case of 900 °C, silica showed mesopores with the size of
3.7 nm with the increment of the distribution-line towards the
micropore field. The effect of calcination temperatures on the
silica structures was also estimated by °Si CP/MAS NMR spectra
(see Fig. S5 and Table S17). The silica structure slightly changed
with the reducing integration ratio of Q3/Q4 (from 2.63 to 1.61)
when the calcination temperature increased to 900 °C; this
indicated that the silanol groups (Si-OH) on Q3 were partly
transformed into Q4 via condensation at 900 °C. This result is
well consistent with the severe shrinkage of the silica microballs
at 900 °C.

Conclusions

Herein, sub-5 um polymeric balls of -PSt-g-PMOZ and p-PSt-g-

PEI with forest-like hydrophilic polymer chains were

This journal is © The Royal Society of Chemistry 2017

synthesized by a combination of dispersion polymerization of 4-
chloromethylstyrene monomer as a starting material, cationic
ring-opening polymerization of MOZ, and acidic hydrolysis
reaction of PMOZ brushes. In this process, the lowly cross-
linked solid p-PStCl balls possessing 3-dimensionally and
uniformly distributed reactive sites effectively act as solid
initiators for the polymerization of MOZ to produce a control-
lable chain length of PMOZ to form the corresponding micro-
balls of p-PSt-g-PMOZ. These microballs are different, with the
micellar-like spherical polymer aggregates having external
brush layer and internal core in their structures. Both the parts
of the exteriors and the interiors of the microballs are filled up
by the PMOZ chains to form the PMOZ forest in and around the
microballs. Therefore, the corresponding hydrolyzed microballs
of p-PSt-g-PEI have the same forest structures. Due to the
characteristic features (crystallization or solvation) of the PEI
chains in different media, the p-PSt-g-PEI microballs can
control silica deposition either around the microball surfaces,
resulting in silica shells, or through the microballs to provide
co-continuous silica skeletons. The two paths are easily
switchable only by selecting mediation solvents during silicifi-
cation. In addition, the calcined silica microballs mediated
form different solvents showed different surface areas, different
diameters, and slightly different sizes of mesopores. Even silica
mediated from the same solvent also changed its structural
characters when calcined at different temperatures. Especially,
the sizes of the silica balls can shrink dramatically, but their
spherical shape is retained without collapsing as the calcination
temperature is increased.

These sub-5 pm silica microballs are potentially applicable
in the fields of separation, catalysis, carrier, and coating and
optical materials. Further studies on the silica microballs with
details of internal structures and their applications in catalytic
supports are in progress.
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