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Surfactant-free synthesis of hollow mesoporous
organosilica nanoparticles with controllable
particle sizes and diversified organic moietiest

Natsume Koike, Watcharop Chaikittisilp, Atsushi Shimojimai and Tatsuya Okubo™*

Fine control over particle sizes and organic moieties of hollow organosilica nanoparticles is of importance
towards practical applications of functional colloids in, for example, catalysis, drug delivery, and coating.
Here, we report the versatile synthesis of hollow mesoporous organosilica nanoparticles with
controllable particle sizes and diversified organic moieties using silica nanoparticles (SNs) as sacrificial,
hard templates, which are removed by dissolution under alkali conditions. The resulting organosilica
nanoparticles possessed size-tunable hollow interiors that can be accessed through mesoporous shells.
The diameters of such hollow organosilica nanoparticles were easily controlled by altering the diameters
of the SN templates, ranging from 12 to 170 nm. Organic moieties in the mesoporous shells can be
diversified by changing the organosilica sources, (EtO);Si—-R-Si(OEt)s, where R = methylene, ethylene,
and phenylene groups. In addition, it was revealed that there are minimum surface areas of the SN
templates in the dispersions required to achieve the monodisperse silica/organosilica core/shell
nanoparticles without homogeneous nucleation of organosilica nanoparticles. The nitrogen and argon
adsorption—desorption isotherms of the resulting hollow organosilica nanoparticles showed type H5
hysteresis loops, which are derived from the mixed pore system of cage-like pores (hollow spaces) and
open pores (interparticular voids between hollow organosilica nanoparticles). Hysteresis scanning
measurements and NLDFT pore size distributions revealed the pore structures of the resulting hollow

www.rsc.org/advances organosilica nanoparticles.

Introduction

Mesoporous silica nanoparticles have been intensively studied
for increasing numbers of applications such as catalysis," drug
delivery,** and coating®’ due to their fascinating characteristics
including tunable pore sizes, high surface areas, and large pore
volumes. Tailoring their structural features can greatly improve
their performance. In particular, hollow nanoparticles with
mesoporous shells are highly desirable because such nano-
particles can be functionalized by modifying the chemical
compositions of the shells and by incorporating guest species
into the hollow nanospaces.®® In addition, when used as drug
delivery carriers they offer the possibility to incorporate a large
amount of drug molecules inside the hollow spaces with
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controllable release rates.'>'* The hollow interiors can also be
a container of nanocrystals to form yolk-shell catalysts,'>*®
which are used as highly active nano-reactors for successful
cascade reactions, and confined templates for the growth of
nanoparticles."”

Physicochemical properties of the hollow nanoparticles
mainly depend on the functionalities of the shells.*® Organo-
silica, a hybrid material having organic groups in the silica
framework, has several advantages over the pure siliceous
framework as a shell component, including versatile function-
alities and potential to modify mechanical and physical prop-
erties of the particles.’®?® For example, the phenylene-bridged
silsesquioxane (05 5Si-C¢H,;-SiO;5) framework can be sub-
jected to sulfonation and amination for catalysis,*** act as
a support for homogeneous catalysts with controlled locations
of active species,” and provide desirable interactions with
aromatic anticancer drugs and unique pH-stimuli responsive
drug-releasing performance.>*** Recent examples of functional
groups in organosilica materials include redox-responsive
disulfide*® and enzymatically degradable oxamide® bridges. In
addition, organic moieties that are able to form hydrogen-
bonds can provide molecular assembly through hydrogen-
bonding interaction, resulting in organosilica with crystal-like
framework.*®
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Soft- and hard-templating approaches have been developed
to prepare hollow nanoparticles.> Until recently, most of hollow
organosilica nanoparticles have been fabricated using block
copolymers or surfactant micelles such as cetyl-
trimethylammonium bromide and pluronic F127 block copol-
ymer as soft templates.**** However, such a soft-templating
method generally requires careful adjustments of synthesis
conditions to control the micelle formation. Furthermore, it is
difficult to finely tune the particle sizes and to keep the dis-
persibility of the particles. Particle sizes larger than 50 nm are
generally hard to be obtained and the resulting particles are
often aggregated during the removal of the templates by calci-
nation, solvent extraction, and ion exchange. These limit their
uses in the applications where high dispersibility and precise
control of particle sizes are required (e.g., drug delivery).*®

On the other hand, the hard templates can maintain their
structures during the synthesis and hence can template their
particle sizes and shapes, resulting in the hollow nanoparticles
with variable sizes and shapes.’”*® The synthesis of hollow
organosilica nanoparticles by using several hard templates such
as polystyrene beads® and o-Fe,O; nanoparticles*® have been
reported. However, the available particle sizes are limited for
those conventional hard templates (generally larger than 100
nm) and the removal of the templates requires complex proce-
dures often impairing the monodispersity of the resulting
materials.

We have established a one-pot synthesis method for hollow
organosilica nanoparticles using silica nanoparticles (SNs) as
hard templates.** By simply stirring a biphasic mixture of
bridge-type organoalkoxysilane precursors ((R'O);Si-R-Si(OR);
where R, R’ = organic groups) and aqueous dispersions of SN,
granular shells constructed from tiny nanoparticles of organo-
silica are formed on SN templates, yielding aqueous dispersions
of silica/organosilica core/shell nanoparticles. In the shell,
mesopores exist as voids between tiny organosilica nano-
particles. Because the stability against hydrolysis at elevated pH
of pure silica is much lower than that of organosilica,**** the SN
cores can be removed easily by relatively moderate base treat-
ments, while keeping the high dispersibility of the resulting
hollow nanoparticles. Recently, by employing similar silica
etching strategies, other groups have also reported the
syntheses of hollow and yolk/shell mesoporous organosilica
nanoparticles but their procedures require surfactants to
generate mesoporous within the organosilica shells.**

Given that the sizes of SNs and hollow spaces are almost
identical, it should be able to finely tune the sizes of hollow
spaces if the sizes of SNs can be controlled precisely. In the
previous report,** however, when the sizes of SNs were increased
to ca. 60 nm, some tiny organosilica nanoparticles were formed
in dispersions, in addition to the hollow organosilica nano-
particles. In this paper, we report that the hollow organosilica
nanoparticles with controlled sizes and different organic
moieties can be synthesized without the tiny organosilica
nanoparticles co-formed in dispersions by carefully tuning the
synthesis conditions. The key parameter to prevent the homo-
geneous nucleation of tiny organosilica nanoparticles is dis-
cussed. In addition, the detailed porous structures of the hollow

90436 | RSC Adv., 2016, 6, 90435-90445

View Article Online

Paper

organosilica nanoparticles are characterized by advanced
adsorption-desorption analysis including the hysteresis scan-
ning measurement.*®

Experimental
Chemicals

All chemicals were used as received without any further purifi-
cation. Tetraethoxysilane (TEOS), r-arginine, 50% sodium
hydroxide (NaOH) solution were purchased from Wako Pure
Chemical Industries, Ltd. Bis(triethoxysilyl)methane (BTME)
was purchased from Gelest, Inc. 1,2-Bis(triethoxysilyl)ethane
(BTEE) and 1,4-bis(triethoxysilyl)benzene (BTEB) were
purchased from Sigma-Aldrich.

Synthesis of hollow organosilica nanoparticles

In a typical synthesis of the hollow organosilica nanoparticles,
an aqueous dispersion of the template SNs, which was obtained
by the reported procedures**° (see the ESIT for the details), was
mixed with required amounts of water and r-arginine. The total
amount of the dispersion and the r-arginine concentration were
fixed at 25 g and 0.01 mol%, respectively. Then, BTEE (0.88 g)
was added dropwise and the resulting biphasic mixture was
heated at 60 °C while stirring at 500 rpm. After the upper oil
(BTEE) phase disappeared, pH of the dispersion was increased
to about pH 13 by adding a NaOH aqueous solution (0.15 mol
LY. After stirring at room temperature for 2 days to dissolve
the SN templates, the dispersion was dialyzed against deionized
water for 1 day to remove NaOH and dissolved silicate species.
The resulting dispersion was subjected to further characteriza-
tions. The amount of BTEE, the ratio of SNs dispersion to
additional water, and the concentration of r-arginine were
altered respectively to clarify the key parameter to obtain the
hollow nanoparticles without the tiny organosilica nano-
particles co-formed in the dispersions. In addition, BTME and
BTEB were employed as organosilica precursors to show the
versatility of this method.

Characterizations

Field-emission scanning electron microscopy (FE-SEM) images
were obtained with a Hitachi S-900 at an accelerating voltage of
6 kv. Samples for SEM observation were prepared by spin-
coating the dispersions of nanoparticles onto silicon
substrates, followed by sputter deposition of Pt for 15 s in an
argon atmosphere with a Hitachi E-1030 ion sputter. Trans-
mission electron microscopy (TEM) observations of nano-
particles were performed to observe the morphology of
nanoparticles using a JEOL JEM 2000EXII microscopy at 200 kV.
A carbon-coated copper grid was used as a substrate. Dynamic
light scattering and zeta potential measurements were per-
formed on a Malvern Zetasizer Nano ZS90 instrument at 25 °C.
Solid-state 2°Si MAS NMR spectra were obtained on a Chem-
agnetics CMS-300 spectrometer at 59.7 MHz with a 45° pulse
and a recycle delay of 80 s. Adsorption and desorption
measurements, including hysteresis scanning experiments,
were conducted using an Autosorb-iQ2-MP (Quantachrome

This journal is © The Royal Society of Chemistry 2016
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Instruments) with nitrogen (at —196 °C) and argon (at —186 °C).
Before measurements, samples were degassed at 150 °C for 6 h.
The Brunauer-Emmett-Teller (BET) specific surface areas of
samples were calculated from adsorption data at a relative
pressure range of 0.05-0.2. The total pore volumes were calcu-
lated from the adsorbed amount at a relative pressure of 0.99.
The pore size distributions were calculated from the isotherms
by applying a nonlocal density functional theory (NLDFT)
method assuming argon (or nitrogen) adsorption in cylindrical
silica pores. Fourier transform infrared (FT-IR) spectra of the
samples were obtained using a KBr method on a JASCO FT/IR-
6100 spectrometer at a nominal resolution of 0.5 cm™'.
Powder samples for solid-state NMR, gas sorption, and FT-IR
measurements were obtained by evaporation of solvents from
the dispersions at 60 °C under vacuum.

Results and discussion

Synthesis of hollow organosilica nanoparticles using silica
nanoparticles with different diameters

The sizes of the hollow spaces of the organosilica nanoparticles
are determined by the diameters of the SN templates. The SNs
with five different diameters of 12, 44, 60, 88, and 170 nm were
employed as the hard templates to show the controllability of
the hollow sizes. FE-SEM images of the SNs are shown in
Fig. 1a-e with larger images in Fig. S1 in the ESL.f The SNs were
monodisperse regardless of the diameters. FE-SEM images of
the resulting silica/organosilica core/shell nanoparticles
prepared using the SN templates are shown in Fig. 1f-j. In all
cases, the concentration of the SN templates in the reactant
solutions, calculated from the TEOS amount used in the prep-
aration of SNs, was fixed at 1.25 wt%. Hereafter, the core/shell
nanoparticles are named as CS-SNw-x, where w and x are the
diameter and the concentration of the SN template, respec-
tively. For example, the core/shell nanoparticles prepared using
12 nm SN templates with a concentration of 1.25 wt% is referred
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to as CS-SN12-1.25. Note that the total weight of SN dispersions,
the concentration of t-arginine in the reactant mixtures, and the
BTEE amount were fixed at 25 g, 0.01 mol%, and 0.88 g,
respectively.

Organosilica shells were successfully formed on the SN
templates in the cases of CS-SN12-1.25 (Fig. 1f) and CS-SN44-
1.25 (Fig. 1g). On the contrary, tiny organosilica nanoparticles
were separately formed in the dispersion together with the
silica/organosilica core/shell nanoparticles in the cases of CS-
SN60-1.25 (Fig. 1h), CS-SN88-1.25 (Fig. 1i), and CS-SN170-1.25
(Fig. 1j). Because of the tiny particle formation, the mono-
disperse core/shell nanoparticles cannot be obtained when SNs
larger than 60 nm were used as templates at the concentration
of 1.25 wt%. The key parameters to control the successful shell
formation without the separately formed tiny nanoparticles are
discussed below.

To make the hollow structures, the SN cores of the success-
fully synthesized core/shell nanoparticles (CS-SN12-1.25 and
CS-SN44-1.25) were removed by dissolution under basic condi-
tions followed by dialysis. Hereafter, the hollow nanoparticles
after the core removal are named as H-SNw-x. Fig. 2 shows FE-
SEM and TEM images of H-SN12-1.25 and H-SN44-1.25.
Apparently, the hollow structures reflecting the diameters of
the SN templates were successfully formed for both H-SN12-1.25
and H-SN44-1.25. For both samples, the internal spaces were
spherical and smooth, reflecting the morphology of the SNs, in
contrast to the granular morphology of the external surface of
the shells.

The removal of silica cores by the base treatment was
confirmed by solid-state **Si MAS NMR (see Fig. S2 in the ESIT).
The spectrum of CS-SN44-1.25 showed both T> and T* signals,
arising from the organosilica shells, and Q* and Q" signals,
attributed to the SN templates (T” and Q" represent
CSi(0Si),,(OH);_,, and Si(OSi),(OH),_,, respectively). The inte-
gral intensity ratio of (Q* + Q*)/(T> + T°) was 1.4 for CS-SN44-
1.25. By contrast, in the case of H-SN44-1.25, the Q* and Q*

Fig.1 FE-SEM images of the SN templates with diameters of (a) 12, (b) 44, (c) 60, (d) 88, and (e) 170 nm and the corresponding products (f) CS-
SN12-1.25, (g) CS-SN44-1.25, (h) CS-SN60-1.25, (i) CS-SN88-1.25, and (j) CS-SN170-1.25.

This journal is © The Royal Society of Chemistry 2016
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Fig.2 (a,b) FE-SEMand (c, d) TEM images of (a, c) H-SN12-1.25 and (b,
d) H-SN44-1.25 obtained after the base treatment.

signals almost disappeared with the (Q* + Q*)/(T> + T°) ratio
greatly decreasing to 0.09, suggesting that about 93% of the Q"
silica species were removed from CS-SN44-1.25 by the base
treatment. FT-IR analyses of CS-SN44-1.25 and H-SN44-1.25
indicated that the organosilica shells remained intact as no
changes in the spectra of the C-H stretching were observed after
the core removal, confirming that no cleavage of Si-(CH,),-Si
linkages occurred upon the core removal (Fig. S3 in the ESIT).
Importantly, dynamic light scattering (DLS) of the aqueous
suspensions of 44 nm SN, CS-SN44-1.25 and H-SN44-1.25
revealed that these particles were monodisperse throughout
the synthetic procedures (see Fig. S4a in the ESIt). Moreover,
the dispersion of the hollow nanoparticles is highly stable as no
precipitate has been observed even after 2 years in the H-SN44-
1.25 dispersion (see Fig. S4b in the ESI}). This can be attributed
to strong electrostatic repulsions between the nanoparticles, as
suggested by the high zeta potential (—34 mV at pH 7.8). The
DLS analysis also showed that particle size increased after the
shell formation and slightly decreased after the core removal.

Effect of the amounts of organosilica source on the formation
of organosilica shell

As shown in the previous section, the tiny organosilica nano-
particles were formed in the dispersion together with the
organosilica shells under the synthesis conditions described
above when the SN templates were larger than 60 nm. One may
confer that a decrease in the amount of organosilica precursors
can suppress the formation (nucleation) of the tiny organosilica
nanoparticles in the dispersion. To investigate the effect of the
amount of organosilica precursors, the amount of BTEE was
varied from the typical amount (0.88 g) to 0.60 and 2.20 g, when
the SNs of 44 and 60 nm were employed.

Fig. 3 shows TEM images of the products after the base
treatment obtained with varied amounts of BTEE. For the 44 nm
SNs, organosilica shells became thicker as the amounts of BTEE

90438 | RSC Adv., 2016, 6, 90435-90445
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Fig. 3 TEM images of products after the base treatment synthesized
using (a, ¢, €) 44 nm and (b, d, f) 60 nm SN templates with the BTEE
amounts of (a, b) 0.6, (c, d) 0.88, and (e, f) 2.2 g.

were increased (Fig. 3a, ¢ and e). No tiny organosilica nano-
particles were separately formed in the dispersions even when
the BTEE amount was increased to 2.2 g. On the other hand, as
shown in Fig. 3b, d and f, tiny organosilica particles were
formed in the dispersions together with the hollow nano-
particles when 60 nm nanoparticles were employed, even when
the BTEE amount was reduced to 0.6 g. Note that the BTEE
amount of 0.6 g was not enough to form the organosilica shells
and partial collapse of the shell occurred upon the core removal
(Fig. 3b). These results suggest that the amount of BTEE has no
significant effects on the formation of tiny organosilica nano-
particles in the dispersion. In addition, if the synthesis condi-
tions are appropriate (i.e., no tiny organosilica nanoparticles
formed), the shell thickness can be altered according to the
BTEE amount as can be observed in the case when 44 nm SNs
were employed.

Effect of the concentrations of SN templates on the formation
of organosilica shell

When the silica/organosilica core/shell nanoparticles are
formed simultaneously with the tiny organosilica nanoparticles
in the dispersion, one can imply that the deposition of orga-
nosilica shells on the SN templates occurs competitively with
the homogeneous nucleation of tiny nanoparticles in the
dispersion. Therefore, the enhancement in the deposition of
organosilica shells should suppress the homogenous nucle-
ation of tiny nanoparticles. We have thus considered that the

This journal is © The Royal Society of Chemistry 2016
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deposition of organosilica shells can be enhanced by increasing
the total external surface areas of the SN templates in the
dispersion. This can decrease the concentration of the hydro-
lyzed organosilane precursors available for the nucleation of
tiny nanoparticles in the dispersion and subsequently suppress
their formation.

As summarized in Table 1, the effect of SN templates
concentrations on the organosilica shell formation was inves-
tigated. The ratio of SN dispersion to additional water was
changed while keeping the total amount of final dispersion at
25 g. The concentration of r-arginine in the reactant mixture
and the BTEE amount were fixed at 0.01 mol% and 0.88 g,
respectively. FE-SEM images of the resulting core/shell nano-
particles are shown in Fig. 1f-j and 4. When the concentrations
of the SN templates were low, tiny organosilica nanoparticles
were observed together with the silica/organosilica core/shell
nanoparticles (i.e., CS-SN60-1.25, -1.90, -2.02, -2.15 for 60 nm
SNs, CS-SN88-1.25, -2.68, -2.95, -3.22 for 88 nm SNs, and CS-
SN170-1.25, -4.08, -5.44 for 170 nm SNs). By increasing the
concentrations of SN templates, the core/shell nanoparticles
were successfully formed without the separately formed tiny
nanoparticles (i.e., CS-SN60-2.27, CS-SN88-3.49, and CS-SN170-
6.81). The required concentrations of SN templates depend on
the SN sizes, being 2.27 wt% for 60 nm SNs, 3.49 wt% for 88 nm
SNs, and 6.81 wt% for 170 nm SNs.

The core/shell nanoparticles formed without the tiny parti-
cles in the solution (CS-SN60-2.27, CS-SN88-3.49 and CS-SN170-
6.81) were treated with a basic solution to remove the silica
cores. As shown in Fig. 5, the hollow structures were success-
fully formed for CS-SN60-2.27 and CS-SN88-3.49; however, in
the case of CS-SN170-6.81, partial collapse of the shell occurred
upon the core removal (Fig. 5¢). The required amount of orga-
nosilica source to strengthen the shells of the hollow structures
after the core removal seemed higher for 170 nm SNs. When the
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BTEE amount was increased from 0.88 to 2.5 g, hollow nano-
particles were successfully formed after the core removal
(Fig. 5d).

To identify the factor determining the successful shell
formation, surface-area density (Ssx) defined as the external
surface areas of the SN templates per the unit mass of the
reactant dispersion was calculated as follows.

14
Ssn = 7 SN 4 (1)
g'ﬂ:}’j
W
Ven = —= (2)
psilicd

where Vgy is the silica volume per unit mass of the reactant
dispersion [m® g~ "], Wy is the silica weight per unit mass of the
reactant dispersion, calculated based on the TEOS amount used
in the preparation of SNs [g g '], psilica is the density of silica
(2.2 x 107% g m™?), and r is the radius of SNs observed by FE-
SEM [m]. Note that the radii were averaged from 50 particles.
Interestingly, the surface-area density, Ssy, at the required
concentrations to form organosilica shells without tiny nano-
particles in the dispersions for each size of SNs is almost
identical, as shown in Table 1, being ca. 1 m* g™, suggesting
that the surface areas of SNs are critical to the shell formation.
When the Sgy in the reactant dispersion is higher than the
minimum required value, the more concentrated condition is
applicable. For example, CS-SN88-6.71 was prepared by using
the 88 nm SN template at the SN concentration of 6.71 wt%,
resulting in the Sgy of 2.08 m”> g~ ' (see Table 1). The organo-
silica shells were successfully formed on the SN templates
without the separately-formed tiny nanoparticles (Fig. 4i). Akin
to the case of H-SN170-6.81 (Fig. 5¢), however, the amount of the
organosilica source was not enough to strengthen the shells and
the organosilica shells were partially collapsed after the core

Table 1 Summary of the SN concentrations, the silica surface-area density (Ssy), and the resulting organosilica forms®

SN Amount of SN Amount of SN Silica surface-area Organosilica

Sample diameter/nm dispersion/g additional water/g  concentrations/wt% density (Sgn)/m” g~ formation
CS-SN12-1.25 12 14.7 10.3 1.25 2.85 Shell

CS-SN44-1.25 44 5.0 20.0 1.25 1.03 Shell

CS-SN60-1.25 60 4.9 20.1 1.25 0.56 Tiny particles/shell
CS-SN60-1.90 60 7.5 17.5 1.90 0.86 Tiny particles/shell
CS-SN60-2.02 60 8.0 17.0 2.02 0.92 Tiny particles/shell
CS-SN60-2.15 60 8.5 16.5 2.15 0.98 Tiny particles/shell
CS-SN60-2.27 60 9.0 16.0 2.27 1.03 Shell

CS-SN88-1.25 88 4.7 20.3 1.25 0.38 Tiny particles/shell
CS-SN88-2.68 88 10.0 15.0 2.68 0.83 Tiny particles/shell
CS-SN88-2.95 88 11.0 14.0 2.95 0.91 Tiny particles/shell
CS-SN88-3.22 88 12.0 13.0 3.22 1.00 Tiny particles/shell
CS-SN88-3.49 88 13.0 12.0 3.49 1.08 Shell

CS-SN88-6.71 88 25.0 0 6.71 2.08 Shell
CS-SN170-1.25 170 4.6 20.4 1.25 0.20 Tiny particles/shell
CS-SN170-4.08 170 15.0 10.0 4.08 0.66 Tiny particles/shell
CS-SN170-5.44 170 20.0 5.0 5.44 0.85 Tiny particles/shell
CS-SN170-6.81 170 25.0 0 6.81 1.09 Shell

“ The total amount of the final dispersion, the concentration of r-arginine in the reactant mixture, and the BTEE amount were fixed at 25 g, 0.01

mol%, and 0.88 g, respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 FE-SEM images of the resulting silica/organosilica core/shell nanoparticles (a) CS-SN60-1.90, (b) CS-SN60-2.02, (c) CS-SN60-2.15, (d)
CS-SN60-2.27, (e) CS-SN88-2.68, (f) CS-SN88-2.95, (g) CS-SN88-3.22, (h) CS-SN88-3.49, (i) CS-SN88-6.71, (j) CS-SN170-4.08, (k) CS-SN170-

5.44, and (l) CS-SN170-6.81.

removal (see Fig. S5a in the ESIf). When the organosilica
amount was increased to 2.3 g, the hollow organosilica nano-
particles, which is named as H-SN170-6.81', were successfully
formed (see Fig. S5b and c in the ESIT). These results suggested
that when the Sgy and the amount of organosilica sources were
controlled appropriately, the hollow organosilica nanoparticles
can be prepared with a wide range of interior diameters by
altering the sizes of the SN templates.

Formation scheme of the core/shell nanoparticles

It is clear that the surface-area density of SNs is an important
factor for the formation of the organosilica shell without tiny
nanoparticles existing in the dispersion. In our method, the
initial reactant mixture contains two phases, namely, oil
(organosilica precursors) and water (SN dispersions). In the
preparation of monodisperse silica nanoparticles,*”*
reported that the similar two-phase method allows the silica
source to hydrolyze slowly at the oil/water interfaces to contin-
uously supply silicate species into the water phase. As a result,
the silica nanoparticles formed at the early stage are gradually
grown while the number density of the nanoparticles remains
unchanged.*

it was

90440 | RSC Adv., 2016, 6, 90435-90445

In our case, it is considered that organosilica source is
similarly hydrolyzed at the oil/water interfaces. The hydrolyzed
species are then transferred into the water phase and subse-
quently condensed (deposited) on the surfaces of the SN
templates. The hydrolysis rate of organosilica source is inde-
pendent of the sizes and the concentrations of SNs. On the
other hand, the condensation rate of the hydrolyzed organo-
silanes on the SN surfaces is considered to be directly correlated
to the surface-area density of SNs because it determines the
accessibility to the silanol groups on the SN surfaces (see Fig. 6).
Therefore, the co-condensation rate of organosilanes decreases
as the surface-area density decreases. When the co-
condensation rate falls below the hydrolysis rate, the concen-
tration of the hydrolyzed organosilicate species in water
increases, leading to the formation (nucleation) of organosilica
nanoparticles in the dispersions when a critical supersaturation
is reached.>

To further understand the effect of the hydrolysis rate, the
concentrations of r-arginine, which catalyzes the hydrolysis of
organosilica precursors, were altered. Fig. 7 shows FE-SEM
images of the resulting silica/organoslica core/shell nano-
particles synthesized under the identical conditions for CS-

This journal is © The Royal Society of Chemistry 2016
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Fig.5 TEM images of the hollow organosilica nanoparticles prepared
with varying SN diameters: (a) H-SN60-2.27, (b) H-SN88-3.49, (c) H-
SN170-6.81 and (d) hollow organosilica nanoparticles prepared under
the same conditions with H-SN170-6.81 but with a higher amount of
BTEE (2.5 q).

SN88-3.49 but with different r-arginine concentrations of 0.01-
0.10 mol%. The tiny organosilica nanoparticles formed sepa-
rately in the dispersion were observed together with the silica/
organosilica core/shell nanoparticles when the concentration
of L-arginine was higher than 0.031 mol% (Fig. 7c-e). When the
L-arginine concentration was decreased to 0.003 mol%, the
hydrolysis of organosilica precursor became very slow and the
reaction did not finish even after 1 week.

It can be considered that when the concentration of r-argi-
nine increased, the hydrolysis of organosilanes was enhanced,
which is agreed with the previous time-dependent study on the
formation of SNs using amino acid as a catalyst.* For a series of

View Article Online
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experiments with varied r-arginine concentrations, there likely
exists a point where the hydrolysis rate balances with the co-
condensation rate of organosilica precursors. If the hydrolysis
rate exceeded the co-condensation rate, the formation of tiny
nanoparticles in the dispersion was observed. These results
indicated that control of the hydrolysis of organosilica precur-
sors at a lower rate than the rate of co-condensation on the SN
surface is crucial to obtain the core/shell structure while pre-
venting the homogeneous nucleation of organosilica nano-
particles in the dispersion.

Analysis of porous structure

Fig. 8a compares the nitrogen adsorption-desorption
isotherms of H-SN12-1.25, H-SN44-1.25, and H-SN88-6.71'. All
samples showed large hysteresis loops, which are the charac-
teristics of mesoporous materials. The pore volumes were
significantly increased by enlargement of the internal hollow
spaces as the total pore volumes at P/P, = 0.99 for H-SN12-
1.25, H-SN44-1.25, and H-SN88-6.71' were 0.53, 0.81, and
1.28 cm® g7, respectively. The Brunauer-Emmett-Teller (BET)
specific surface areas of the hollow organosilica nanoparticles
were 230, 320 and 210 m> g ' for H-SN12-1.25, H-SN44-1.25,
and HSN88-6.71', respectively.

The pore size distributions of the hollow nanoparticles
were calculated from the isotherms by using the NLDFT
method assuming nitrogen adsorption at —196 °C in cylinder
silica pores (Fig. 8b). The pore sizes corresponding to the
internal hollow spaces were observed at 5-17, 20-30, and 48—
65 nm for H-SN12-1.25, H-SN44-1.25, and H-SN88-6.71,
respectively. The relatively broad distributions seen in a range
of 6-20 nm for H-SN40-1.25 and 20-45 nm for HSN88-6.71’ can
be ascribed to the interparticular voids of the hollow nano-
particles (vide infra).

The characteristic hysteresis loops with two-step desorption
seen in H-SN44-1.25 and HSN88-6.71' are classified as the
hysteresis loops of type H5, according to the recent 2015 IUPAC
Technical Report.®* The type H5 hysteresis is indicative of the
presence of partially blocked and open pores, and can be
considered as the combination of types H1 and H2 hysteresis.

Organosilica source

(EtO),Si-@»-Si(OEt),

(EtO),Si-@li»-Si(OEt),

Surface-area density of SNs: High,"'/ Hydrolysis \“\‘Surface-area density of SNs: Low
¢ ¥ ,/\/m)s \§i°
(O),Si-am»-Si(0"), (O)Si-@m»-Si(0), (O):S-EM»-SI(0), == i‘; W"Zg,
-s, . . - \ °-l
\ w' SIS, (O),Si-am»-S(0); \ o
Si-o. O Co-condensation Si-0- ./
/(;s-ro\/s{o.s © :SJ'/O/ "%xs i‘s,i i . ptSi’O\?fo‘/s;\o ,?s‘,-’ ‘s 7 ':
iSI ~ ,Si—O’ é \OVS\"O/ S‘i»\o /s‘i- 0,Si—0/ S — L° SFO

Organosilica shell formation only
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Fig. 6 Schematic of the formation of the silica/organoslica core/shell nanoparticles.
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Fig. 7 FE-SEM images of the core/shell nanoparticles obtained from the 88 nm SNs at L-arginine concentrations of (a) 0.01 (i.e., typical

condition), (b) 0.023, (c) 0.031, (d) 0.062, and (e) 0.10 mol%.

In the first desorption step at higher P/P, can be attributed to
the gas desorption from the open pores freely accessible
without constriction (being the type H1 loop portion). On the
other hand, the second desorption step at lower P/P, can be
assigned to the so-called pore blocking effect, which happens if
the accessibility through the pores is restricted by the narrower
mesopore necks or micropore channels (e.g., cage-like or ink-
bottle pore), reflecting the type H2 loop portion.*>**

To further investigate the pore structures of the hollow
organosilica nanoparticles, the hysteresis scanning analyses
were performed on argon sorption at —186 °C for H-SN88-
6.71'.°**° In the hysteresis scanning, after measuring the full
adsorption and desorption isotherms, the pores were partially
re-filled until the relative pressure (P/P,) reached 0.98, and then
argon gas was desorbed until the hysteresis loop was closed (at
P/P, of 0.40, in this case). Subsequently, the adsorption-
desorption measurements were repeated to the maximum
relative pressure of 0.97 for the segment 3, 0.96 for the segment
4, and 0.94 for the segment 5, while the desorption relative
pressures were the same for all segments (at P/P, of 0.40).

a b
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Fig. 8 (a) Nitrogen adsorption—desorption isotherms and (b) the

corresponding NLDFT pore size distributions of H-SN12-1.25 (bottom,
red circles), H-SN44-1.25 (middle, blue squares) and H-SN88-6.71'
(top, green diamonds).
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As shown in Fig. 9a, when the pores were partially filled at
the relative pressure of 0.97 or less, only type H1 loops were
seen, indicating that the open pores were filled (i.e., segments
3-5). When the maximum relative pressure was slightly
increased to 0.98 (i.e., segment 2), the filled volumes sharply
increased and the type H5 loop was observed, implying that the
gas adsorption in the cage-like spaces started from the higher
relative pressure. Comparison between the desorption branches
of the segments 1 and 2 showed that the desorbed volumes of
the first desorption step were almost identical whereas the
desorbed amount of the second step in the segment 2 was
slightly lower than that in the segment 1. These suggested that
in both segments 1 and 2 the open pores were fully filled with
gas amounts equal to the desorbed volumes of the first
desorption step while the cage-like pores were partially filled in
the segment 2. The hysteresis scanning measurements were
also conducted for the core/shell nanoparticles before the

(a) Hollow nanoparticles
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Fig. 9 Hysteresis scanning isotherms performed on argon sorptions
for (a) H-SN88-6.71' and (b) CS-SN88-6.71'.
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removal of SN cores (i.e., CS-SN88-6.71') (see Fig. 9b). All
isotherms didn't have large hysteresis loops, confirming that
the adsorption at higher pressure which arises the second
desorption step comes from the hollow spaces. The isotherms
show H1 loops, which can be attributed to the interparticular
voids of core/shell nanoparticles.

Fig. 10 shows the NLDFT pore size distributions calculated
from each segment of the hysteresis scanning isotherms.
Comparing the pore size distributions derived from the
adsorption branches of H-SN88-6.71' and CS-SN88-6.71
(Fig. 10a and c), the broad distributions ranging from ca. 20 to
40 nm were observed for both samples, indicating that these
pores were ascribed to the interparticular voids. In addition,
these broad distributions were observed in all segments, again
suggesting that the adsorption is first occurred in the inter-
particular voids - the open pores in this case. Larger pores of ca.
40-70 nm observed only in the segments 1 and 2 of H-SN88-
6.71' were ascribed to the hollow spaces, which are the cage-like
pores filled at higher relative pressure.

The pore size distributions calculated from the desorption
branches of H-SN88-6.71’ exhibited broad peaks at 18-40 nm in
all segments and sharp peaks at 5-8 nm in the segments 1 and 2
(see Fig. 10b). The former broad distributions, which were
always observed from both adsorption and desorption branches
of the hollow and the core/shell nanoparticles, can be assigned
to the interparticular voids. The latter sharp distribution can be
attributed to the neck mesopores in the organosilica shells. As
shown in Fig. S6 in the ESI, T the pore size distributions derived
from the desorption branches of argon (at —186 °C) and
nitrogen (at —196 °C) adsorption-desorption isotherms agreed
well, confirming that the calculated pore size distributions
represented the sizes of the mesopore in the shells and the
cavitation phenomenon can be excluded.** The pore model
obtained from the sorption analyses is depicted in Fig. 11a,
which corresponds well with the TEM observation shown in
Fig. 11b.
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Fig. 10 NLDFT pore size distributions calculated from (a) adsorption
and (b) desorption branches of the hysteresis scanning isotherms for
H-SN88-6.71, and (c) adsorption and (d) desorption branches of the
hysteresis scanning isotherms for CS-SN88-6.71".
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Fig. 11 (a) Illustration of the pore model based on the adsorption—
desorption analyses and (b) representative TEM images of the hollow
organosilica nanoparticles.

Diversification of organic moieties in the shell framework

Organosilica precursors with the bridged methylene group
(bis(triethoxysilyl)methane, BTEM) and phenylene group (1,4-
bis(triethoxysilyl)benzene, BTEB) were also employed as orga-
nosilica sources. Similar to the typical procedure for BTEE, an
organosilica source (0.88 g) was added to the mixture of 40 nm
SN dispersion (5 g) and deionized water (20 g) (i.e., 1.25 wt%
silica). When BTEM was used as the organosilica source, the
formation of tiny organosilica nanoparticles was observed
together with the core/shell nanoparticles probably because the
hydrolysis rate of BTEM is faster than that of BTEE (Fig. 12a).
Therefore, the concentration of SNs was increased to 2.5 wt%
(10 g of SNs dispersion and 15 g of deionized water). The
successful shell formation was confirmed without separately
formed tiny nanoparticles in the dispersion (Fig. 12b) and the
hollow structure was then successfully obtained after the base
treatment (Fig. 12c). In the case of BTEB, the hollow nano-
particles were successfully obtained without separately formed
tiny nanoparticles in the dispersion at the SN concentrations of
1.25 wt% without any modification of the condition (Fig. 12d
and e).

Changes in FT-IR spectra upon the shell formation and the
core removal were observed (see Fig. S7 in the ESIt). When
BTEM was used as the oragnosilica source, the band around
2900 cm ™}, attributed to C-H stretching, was observed for the
hollow organosilica nanoparticles after the core removal, con-
firming the formation of organosilica shells. Note that this band
was not clearly observed for the core/shell nanoparticles before
the core removal probably due to the high amount of silica cores
compared to the organosilica shells. In the case of BTEB-derived
samples, a band arising from C-H stretching in aromatics
appeared at 3060 cm ', again suggesting the successful
formation of organosilica shells.

For both BTEM and BTEB, granular surface morphology of
the organosilica shell was observed and the monodispersity was
remained throughout the preparation procedure, akin to the
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Fig. 12 FE-SEM images of core/shell nanoparticles formed using BTEM prepared at silica concentrations of (a) 1.25 and (b) 2.5 wt% and (c) the
corresponding TEM image of hollow organosilica nanoparticles after removal of silica cores. (d) FE-SEM image of core/shell nanoparticles
formed using BTEB prepared at a silica concentration of 1.25 wt% and (e) the corresponding TEM images of hollow organosilica nanoparticles

after removal of silica cores.

case using BTEE. It should be noted that although diversifica-
tion of organic moieties in the shells of the hollow mesoporous
organosilica nanoparticles (e.g., phenylene, ethylene and ethe-
nylene groups) were reported previously, the particle sizes were
larger than those reported here and surfactants were required to
generate mesopores.*®

Conclusions

Versatile syntheses of the hollow organosilica nanoparticles
with controllable particle sizes and diversified organic moieties
without using any surfactants were presented here for the first
time. The diameters of hollow organosilica nanoparticles were
easily tuned by changing the sizes of silica nanoparticle (SN)
templates. The shell thickness can be controlled by altering the
amount of organosilica source, although too small amount of
organosilica source resulted in the partial collapse of the shell
after the core removal. The organic moieties in the shell
framework can be diversified by choosing different organosilica
sources. In addition, elimination of the use of surfactants can
offer many engineering advantages such as cost-saving and
process simplicity.

Surface-area density of the SN templates was defined as the
external surface areas of the SN templates per the unit mass of
the reactant dispersion. It was found that there was minimum
surface-area density required to form the monodisperse core/
shell nanoparticles without homogeneous nucleation of tiny
organosilica nanoparticles in the dispersion. The results indi-
cated that keeping hydrolysis rates of organosilica precursors
slower than the co-condensation rates on the SN surfaces is
crucial to achieve the characteristic core/shell structure without
separately formed tiny organosilica nanoparticles. The adsorp-
tion-desorption isotherms of the hollow organosilica nano-
particles revealed type H5 hysteresis loops, representing the
mixed pore systems composed of cage-like pores (hollow
spaces) and open pores (interparticular voids between hollow
organosilica nanoparticles). Hysteresis scanning measurements
well revealed the pore structures of the hollow organosilica
nanoparticles.

The hollow structure with the accessible shell is very bene-
ficial for many applications such as antireflective coating, drug
delivery and catalysis. For example, for antireflective coating in

90444 | RSC Adv., 2016, 6, 90435-90445

optical display devices, the hollow structure can provide low
refractive index (n) because the interior space is filled with air,
while the mesopores in the shell are, in the present work, small
enough to prevent the infiltration of polymer matrix, used for
the preparation of nanocomposite films, into the interior
space.*®” We are currently aiming to explore our materials for
such applications and hope to report the results in near future.
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