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Introduction

Recently, silica nanoparticles (SiNPs) have attracted consider-
able attention in various applications such as drug delivery;
adsorption and separation of proteins, dyes, metal ions, and oil/
water; and catalysis, among others.” The main advantages of
using SiNPs are their low toxicity, excellent thermal stability,
facile approach, biocompatibility, abundance in earth, and
easier synthesis."® Another advantage of SiNPs is their ability to
modify surface properties with various functional groups for
developing hydrophilic and hydrophobic functional groups,
which may enhance the dispersibility, stability, and compati-
bility with other materials.®** SiNPs are widely utilised as fillers
or supporting materials."»** Sol-gel techniques, templating,
colloidal, hydro-thermal, and solvo-thermal methods are
applied widely for the synthesis of monodispersed and narrow
size distribution of SiNPs.'»'*"” The hydroxylation and
condensation of alkoxy silane precursors can facilitate devel-
opment of SiNPs with an amorphous network of silicon and
oxygen groups.'”® SiNPs synthesised with mesoporous and
nanoporous structures have also garnered interest in various
fields due to their high surface area, pore volume, and pore
diameter with highly controlled porosity, and their ability to
adsorb large quantities of drugs, dyes, metal ions, and organic

compounds.”**®?*® The uniform particle size, shape,
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chain fluoro surfactant was found to be more efficient at producing monodispersed SiNPs than its long
alkyl-chain fluoro or non-fluorinated surfactant counterparts.

morphology, and control of aggregation behaviours of the syn-
thesised SiNPs are important parameters for various applica-
tions because particles with larger sizes or uneven
morphologies may limit the practicality of SiNPs for some
applications. Therefore, controlling these properties is essen-
tial. The above properties of synthesised SiNPs must be
controlled by selecting and optimising experimental condi-
tions, such as a proper silane precursor, surfactant, rotation
speed, reaction time, temperature, water, and catalyst.***'">*

A surfactant (i.e., surface active agent) plays a crucial role in
stabilising and controlling the shape and morphology of syn-
thesised particles, because a surfactant usually acts as
a template to form micelles as well as a stabilising agent for
developing uniform NPs.**** Nevertheless, a surfactant is
expensive, which is a major drawback limiting its usage for bulk
synthesis.”® The controlled particle size and shape are quite
important for several applications, especially biomedical.">*
Various surfactants are used to synthesise porous or non-porous
SiNPs, such as cetyltrimethylammonium bromide (CTAB) and
cetyltrimethylammonium chloride (CTAC)."* The effect of
surfactants on the synthesis of porous SiNPs has been studied
by several researchers because of the diverse applications of
porous SiNPs."> Non-porous SiNPs have also been studied for
various applications. The continuous need for monodispersed
SiNPs for various applications is of great interest to develop
using different methods.

In recent years, a considerable amounts of research has been
carried out on the synthesis of uniform SiNPs by using the
conventional Stober method because of its excellent applica-
bility in various applications such as adsorption of heavy metals
and proteins, separation of organic compound, drug delivery,
coating, and so on. For instance, Murray et al. synthesised
a highly monodispersed spherical SiNPs by the Stober method
in three pathways of synthesis.”® In the first case, they syn-
thesised SiNPs with diameters of 15-25 nm by the hydrolysis of
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tetraethyl orthosilicate (TEOS) in aqueous ammonia in ethanol,
followed by further reaction with octadecyltrimethoxysilane
(ODTMS). In the second route, one-pot synthesis of SiNPs with
diameters of 15-50 nm was achieved by the hydrolysis of TEOS
in amino acid, followed by being coated with ODTMS. In the
third pathway, direct hydrolysis of ODTMS in aqueous
ammonia-ethanol solvents also lead to highly monodispersed
SiNPs with diameters of 15-30 nm. Tadanaga et al. also syn-
thesised spherical SiNPs with sizes less than or above 10 nm
with some aggregation of SiNPs by the Stober method with high
concentration of TEOS in the presence of aqueous ammonia
and ethanol.* The size of different SiNPs was controlled by
varying the TEOS/ethanol molar ratio. Rahman et al. reviewed
various synthesis pathways of uniform SiNPs by the sol-gel
method and their applications in  silica-polymer
nanocomposites.*®

Kim et al. also carried out a synthesis of size controlled
spherical SiNPs by hydrolysis and condensation of silane
precursor by the Stober sol-gel method.” The reaction was
performed by dissolving TEOS precursor in water and ethanol,
followed by the addition of ammonia solution. The size of SINPs
can be tuned from 30-300 nm by adjusting the water/ammonia
ratio and the rotation speed with optimised amount of ethanol.
Quan et al. also synthesised a uniform and highly mono-
dispersed SiNPs by the Stober method with the size ranging
from 7 to 4100 nm using alkaline buffer solution, by altering
various reaction parameters such as temperature and different
alkaline buffer, and with doping with fluorescent dye.>® Han
et al. reported the growth mechanism of SiNPs by the Stober
method using TEOS, ethanol, water, and ammonia solution,
and produced spherical SiNPs (15-230 nm).>* Recently, Ren
et al. studied the combined micro-channel and microwave
method for the synthesis of uniform spherical SiNPs because
the combined method can help to process the nucleation and
growth of SiNPs in basic medium and provide the uniform
particles size in the range from 15 to 400 nm.*

In this study, various types of surfactants were tested, such as
non-halogenated surfactants with different chain lengths
(heptanoic acid (HA, C¢H;3CO,H) and nonanoic acid (NA,
CgH,,CO,H)) and fluorinated (perfluoropentanoic acid (PFPA,
C,F9CO,H) and perfluorohexanoic acid (PFHA, CsF;;CO,H))
surfactants with carboxylic functional end-groups for the size-
controlled synthesis of monodispersed SiNPs (Scheme 1).
Each surfactant concentration was fixed at 0.5 mmol with
constant amounts of water, ethanol, ammonia, and silane
precursor. 3-Hydroxy-2-(trifluoromethyl)-propanoic acid (MAF-
OH, C3H,F;0CO,H) is a degradable difunctional fluorinated
surfactant with hydrophilic carboxylic acid and hydroxyl func-
tions and a hydrophobic fluorinated group. The MAF-OH
surfactant has been used in various applications.**?** MAF-OH
was introduced for the first time to synthesise SiNPs. The
addition of a small MAF-OH amount (0.5 mmol) can signifi-
cantly control the particle size, shape, and morphology of SiNPs
compared with those achieved in the absence of such a surfac-
tant. By increasing the MAF-OH amount during SiNPs
synthesis, the above characteristics can also be controlled to
some extent, while a slight aggregation of particles was

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

H ol

H
HO, OH
Ho on  NH;60°C D, : 4
—_— HO— —oH
Water/Ethanol + \/o\_/o\/ ZA ‘ A
= i S HO dy ot

MFA-OH

Surfactant

i
MFA-OH ~,\>L by

6

HAMF;thrtﬁzik)‘

<

£ Kt
PFH.A&,&\\\ ‘k

é\. =L
& 3

CTAB L\f\,/a.lf\‘/«\/»\/»“/«"),_. O
® B e

Scheme 1 Synthesis routes of SiNPs and the effect of various
surfactants used for the controlled synthesis of SiNPs (note that except
TEOS, all acronyms refer to surfactants).

observed at higher MAF-OH concentrations. The novelty of this
study is that the use of MAF-OH may significantly tune the
particle size, shape, and morphology for the synthesis of
uniform, controlled, and monodispersed SiNPs, which
broadens the use of NPs for applications such as in fillers, as
support for catalysis, in biomedical applications, and coatings.
The synthesised SiNPs were analysed using various techniques
to characterise the role of MAF-OH in the controlled synthesis of
SiNPs (vide infra). Scheme 1 illustrates the synthesis pathway of
SiNPs using tetraethyl orthosilicate (TEOS) precursor and
various surfactants in the presence of a water/ethanol co-solvent
and ammonia as the catalyst.

Experimental
Materials

Tetraethyl orthosilicate (TEOS), heptanoic acid (HA), nonanoic
acid (NA), perfluoropentanoic acid (PFPA), perfluorohexanoic
acid, cetyltrimethylammonium bromide (CTAB), and potassium
bromide were purchased from Sigma-Aldrich, Korea. Anhy-
drous ethanol (reagent grade, 99.9%) was supplied by Samchun
Pure Chemical Co. Ltd. Ammonia (NH;, 28%) was purchased
from Junsei Chemical Co., Ltd (Korea). Milli-Q (18 MQ cm)
deionised water was used for all experiments. 2-Tri-
fluoromethacrylic acid (MAF) was kindly supplied by Tosoh Fine
Chemicals Corporation (Shunan, Japan).

Synthesis of 3-hydroxy-2-(trifluoromethyl)propanoic
acid(MAF-OH)

The synthesis of MAF-OH was performed according to a previ-
ously reported procedure.**?** MAF (5.0 g, 35 mmol) was dis-
solved in 500 mL of water and stirred at 74 °C for 26 h. The final
solution was lyophilised in a Christ equipment, model Alpha 2-4
LDplus, at —85 °C and 0.88 mbar to allow complete drying for
16 h. After lyophilisation, a whitish wax was obtained.

RSC Adv, 2021, 1, 2194-2201 | 2195
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Synthesis of monodispersed silica nanoparticles (SiNPs)
without surfactant

The monodispersed SiNPs were synthesised by mixing 100 mL
of water/ethanol (1 : 1) in a 250 mL round-bottom flask followed
by the addition of 5 mL of NH; solution (28%) and was stirred
(500 rpm) in an oil bath at 60 °C for 10 min under nitrogen
atmosphere. TEOS (2.08 g, 10 mmol) was added slowly into the
solution using a syringe and stirred under a nitrogen atmo-
sphere for 2 h. The transparent solution slowly became light
opaque after the addition of TEOS, which indicates the devel-
opment of SiNPs. The reaction was stopped after 2 h and cooled
at 25 °C, the suspension was centrifuged at 15 000 rpm, washed
several times in water and ethanol, and dried at 60 °C in an oven
followed by vacuum drying at 60 °C for 12 h. The obtained
particles showed an average particle size of approximately
45 nm.

Synthesis of monodispersed and uniform SiNPs using MAF-
OH surfactant

The same procedure as above was conducted with the same
reactants except using MAF-OH (5 mmol). The obtained parti-
cles showed an average particle size in the range of 55-90 nm.
Similar experimental procedures were repeated with 1.0, 1.5,
2.0, and 2.5 mmol of MAF-OH. A gradual increase in particle
size (80-170 nm) was observed as the MAF-OH concentration
increased. Surfactants present in the SiNPs were removed by
calcination at 540 °C for 8 h at a heating rate of 1 °C min™" to
reach the desired temperature and cooled to room temperature
after 8 h.

Synthesis of monodispersed SiNPs using HA, NA, PFPA, PFHA,
and CTAB surfactants

The synthesis of SiNPs was conducted by following similar
reaction conditions with the addition of a fixed concentration of
HA, NA, PFPA, PFHA, and CTAB surfactants (0.5 mmol).

Characterisation

The surface morphology and particle shape of the obtained
SiNPs were analysed by field emission scanning electron
microscopy (FESEM) using SUPRA25 (Carl Zeiss AG, Germany).
Prior to measurement, the experiment was performed by
uniformly placing the samples on carbon tape, followed by
platinum coating. The surface properties were also measured
further by field emission transmission electron microscopy
(FETEM, Hitachi H-7600, Japan). The FETEM experiment was
conducted on a copper grid. Samples were ultrasonically treated
in ethanol and loaded on a copper grid, and then gently drying
off the solvent using an air dryer. The functional groups avail-
able in the SiNPs were identified via Fourier transform infrared
spectroscopy (FTIR, JASCO (FTIR-4100), Japan). The SiNPs
sample was mixed well with potassium bromide (KBr) and made
into a pellet, which was then characterised by FTIR spectros-
copy. The FTIR spectra were recorded in the scanning range of
400-4000 cm ™. X-ray diffraction (XRD) was performed using
a Miniflex goniometer using Cu Ko irradiation at a scanning
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range of 10.0°-80.0° (26) with a scanning speed of 0.1° (26). The
thermal stability of the samples was determined by thermog-
ravimetric analysis (TGA) (TGA Q50 V6.2 Build 187, TA Instru-
ments, USA) at a heating rate of 10 °C min~" under a constant
nitrogen flow (100 mL min~"). The nitrogen adsorption-
desorption isotherms were used to calculate the surface area
and pore volume of the samples at 77 K using Micromeritics
ASAP 2020 V3.04 G. The samples were degassed for 12 h under
vacuum at 353 K. The specific surface areas were calculated
using the Brunauer-Emmet-Teller (BET) method, and pore
volumes were determined from the Barrett-Joyner-Halenda
(BJH) cumulative desorption pore volume curves. The SiNP
surface charge was identified using a Zetasizer Nano S90 (Mal-
vern Instruments Ltd) and calculated from Malvern Zetasizer
Software v7.11 PSS0012-37. Samples were prepared by disper-
sion in deionised water and the average value was obtained by
three repeated experiments. The average particle size of the
samples was assessed using Image] software. Prior to the
measurement, the samples were ultrasonicated for 30 min.

Results and discussion

First, the particle shape and surface morphology of the syn-
thesised SiNPs in the absence of surfactant were analysed using
FESEM (Fig. 1a). The obtained SiNPs depicted spherical as well
as ovoid (egg-like) shapes with a hierarchical surface
morphology (Fig. 1a), and the average particle size predicted
using Image] software was approximately 47 + 7 nm (Fig. 1a and
2). Moreover, the particle size and shape obtained using this
approach were not uniform, and some aggregation was
observed due to electrostatic attraction and hydrogen bonding
between particles.** The FETEM images of the synthesised
SiNPs in the absence of surfactant also show similar surface
morphologies with average particle size (45-50 nm) (Fig. 2, 3a,
and S3, ESIY). It was found that when no surfactant was added,
the particle size and shape were not uniform and slight aggre-
gation of SiNPs with hierarchical surface morphology (Fig. 3a,
and 4a). This might be due to the inconsistent growth of SiNPs
without any surfactant.

The introduction of HA and NA yielded SiNPs with spheres of
average size in the ranges of 105 £ 40 and 81 + 20 nm,

Fig. 1 FESEM images of the synthesised SiNPs (a) in the absence of
MAF-OH and (b—f) in the presence of MAF-OH at various concen-
trations such as 0.5, 1.0, 1.5, 2.0, and 2.5 mmol, respectively, before
calcination (BC).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Particle size histograms of the SiNPs prepared (a) in the absence
(0 mmol) and presence of MAF-OH at various concentrations, 0.5, 1.0,
1.5, 2.0, and 2.5 mmol, respectively. The values obtained from FESEM
images (a) BC and (b) after calcination (AC); and (c) from FETEM images
BC.

Fig.3 FETEM images of the synthesised SiNPs at higher magnification
(@) in the absence of MAF-OH and (b—f) in the presence of MAF-OH at
various concentrations such as 0.5, 1.0, 1.5, 2.0, and 2.5 mmol,
respectively, BC.

respectively (Table S1, ESIt). Some non-uniformly aggregated
particles with small and large sizes were obtained for both HA
and NA (Fig. S1, ESIt). Similarly, more aggregated particles with
dual sizes were produced using PFPA (53 + 12 and 131 + 8 nm)
and PFHA (58 + 8 and 156 + 15 nm) surfactants (Fig. S2 and
Table S1, ESIT). Similar characterisations were performed for
the as-synthesised SiNPs prepared using MAF-OH. The particle
shape and surface morphology of the resulting SiNPs at various
MAF-OH concentrations are presented in Fig. 1b-f. The SiNPs
also showed a uniform spherical shape (Fig. 1 and 3) The
hierarchical surface of the SiNPs noted in the absence of MAF-
OH was slightly altered when the surfactant was introduced.
Furthermore, studying the relationship between the particle
shape and morphology based on the effect of MAF-OH showed
that an increase in the MAF-OH concentration yielded more
uniform monodispersed SiNPs (Fig. 1b—f and 2). On the other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hand, the average particle size increased (70-150 nm, Table 1)
gradually with an increase in the MAF-OH concentration and
slight aggregation was observed at higher concentrations
(Fig. 1b-f). An average particle size histogram and FETEM
images also expressed uniform and monodispersed SiNPs
produced by increasing the MAF-OH concentration (Fig. 2, 3b-f,
and S3, ESI¥).

The abundant availability of carboxylic acid and hydroxyl
functional groups in MAF-OH enhances the surface binding of
nanoparticles by hydrogen bonding.** The weak van der Waals
forces of interaction, electrostatic attraction, and hydrogen
bonding of MAF-OH at higher concentrations with SiNPs may
result in slight affinity between particles, which induces
aggregation behaviour.***”

SiNPs synthesised using the MAF-OH surfactant were further
calcined at 540 °C, and then, the particle shape and surface
morphology of the resulting samples were analysed (Fig. 2 and
4). These calcined samples also demonstrate the formation of
highly uniform and monodispersed SiNPs. The histogram ob-
tained from the FESEM and FETEM images (Fig. 2) clearly
depicts the role of MAF-OH in controlling the particle size of
SiNPs. In summary, it was noted that the introduction of MAF-
OH can control the particle uniformity, develop monodispersed
SiNPs up to optimum concentrations (up to 1.5 mmol), but
cause slight particle aggregation at higher concentrations
(Fig. 2, 3b-f, and 4a-e). In particular, the introduction of
0.5 mmol of MAF-OH led to highly uniform and monodispersed
spherical SiNPs (70-80 nm) (Fig. 1b and 2).

The surface functionalities, crystal structure, thermal
stabilities, surface areas, pore volumes, and pore diameters of
the synthesised materials were characterised via FTIR spec-
troscopy, X-ray diffraction, TGA, and nitrogen adsorption and
desorption isotherms. The results obtained are illustrated in
Fig. S4-S7 (ESIt). The FTIR spectra of the synthesised SiNPs
showed the presence of strong Si-O-Si and Si-OH peaks at
1080, 800, 470, and 950 cm™ " in the SiNPs (Fig. S4, ESIT). A
small band centred at 1400 cm ™' was assigned to the presence
of trace amounts of the surfactant. Owing to the high solubility
of the surfactant, other peaks were not present because of
surfactant leaching from the sample during the washing cycles
(Fig. S4, ESIt). From the XRD patterns, all the synthesised SiNPs

Fig. 4 FESEM images of the SiNPs prepared in the presence of MAF-
OH at various concentrations, (a—e) 0.5, 1.0, 1.5, 2.0, and 2.5 mmol,
respectively, AC.

RSC Adv, 2021, 11, 2194-2201 | 2197
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Table1l Surface areas, pore volumes, and pore diameters of samples obtained from the nitrogen adsorption and desorption isotherms, as well as
pore-size distribution curves, zeta potential, and average particle size values of samples without surfactant or in the presence of surfactant at

various concentrations BC and AC*

BET surface area Total pore volume

BJH pore diameter Zeta potential Average particle

Sample (m> g™ (em® g™ (nm) Value (mV) size (nm)
WX 331 0.58 7 —-21.6 47 £7
X, 5sBC 244 0.39 7 ~23.9 70 +5
X, oBC 20 0.17 15 ~37.9 96 + 11
X, sBC 33 0.21 26 ~37.6 129 + 9
X, oBC 28 0.19 27 —28.9 111 + 10
X, sBC 25 0.14 22 ~19.6 135 + 20
X,.sAC 36 0.26 29 —22.6 7145
X,.0AC 58 0.30 21 ~10.9 97 £ 10
X, 5AC 27 0.15 22 —14.4 130 £ 5
X, 0AC 33 0.25 30 ~10.0 126 + 10
X, -AC 23 0.12 20 5.4 139 + 11

“ W: Without; X = MAF-OH; BC and AC: before and after calcination.

offered a broad peak centred at 20 = 24°, which suggests an
amorphous feature of the samples (Fig. S5, ESIT).

The synthesised SiNPs exhibited a slight enhancement of the
thermal stability due to the incorporation of HA, NA, PFPA, and
PFHA, compared with those produced in the absence of such
surfactants (Fig. S6, ESIt). The nitrogen adsorption and
desorption isotherms indicated the formation of some porous
structures using the aforementioned surfactants (Fig. S7 and
Table S1, ESIY).

Almost identical functional and amorphous properties were
observed with the use of MAF-OH before (BC) and after calci-
nation (AC) as the above surfactants (Fig. S8-S13, ESIt). The
FTIR spectra of the calcined samples displayed the disappear-
ance of Si-OH and surfactant impurities, which indicates
complete removal of the surfactant as well as further chemical
condensation of hydroxyl functional groups in SiNPs at higher
temperatures (Fig. S9, ESIt). Enhanced thermal stability was
also encountered by the use of MAF-OH compared with the
absence of MAF-OH (Fig. S12, ESIt). A slight change in thermal
stability in the absence and presence of MAF-OH was attributed
to an enhancement of SiNP density (the degradation behaviours
of MAF-OH and other surfactants themselves are briefly
described in the ESI with Fig. S12t). In the absence of the
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Fig.5 (A) Nitrogen adsorption and desorption isotherms and (B) pore-
size distribution curves of the SiNPs prepared (a) in the absence of
MAF-OH, (b—f) in the presence of MAF-OH at various concentrations
(0.5,1.0,15, 2.0, and 2.5 mmol), respectively, BC.
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surfactant, a light opaque suspension was observed during the
synthesis. In contrast, opaque milky white suspensions
appeared due to the increase of the surfactant, which yielded
denser SiNPs.

The nitrogen adsorption and desorption isotherms were also
measured in the absence and presence of surfactant at various
MAF-OH concentrations, BC and AC (Table 1, Fig. 5A and S13A,
ESIt). The obtained results show that these materials also
exhibited some porous structures. The surface area and pore
volume values were decreased by the introduction of MAF-OH,
regardless of the MAF-OH concentration. MAF-OH has hydro-
philic carboxylic acid and hydroxyl functional group, and
a hydrophobic fluorine functional group, which have strong
interactions with the SiNPs. Such interactions produce dense
particles, reducing the surface areas and pore volumes notice-
ably by increasing the surfactant concentration.®® It is unclear,
however, to observe such big differences with decreased surface
area and pore volume in between when 1.0 mmol of MAF-OH
was used to prepare SiNPs (BC) and when 0.5 mmol of the
surfactant (BC) was used. Nevertheless, small differences with
increased surface area and pore volume were noted for both
different MAF-OH concentrations after calcination (AC). The
slight changes in the pore volume before and after calcination
might be due to the fact that the SiNPs do not have space
enough for the accumulation and release of N, gas as well as
due to the very low surface area and high density. At any rate,
Table 1 as well as Fig. 5A and S13At highlight the decreasing
trend of the surface area and pore volume values when MAF-OH
was introduced as a surfactant or for AC, although the trend was
not consistent for all MAF-OH concentrations. The reproduc-
ibility was checked by two different experiments, which led to
the same tendency.

It is also noted that the average pore diameter values were
increased by an increase in the surfactant amount for BC,
whereas no consistent trend was observed for AC (Fig. 5B and
Table 1). A detailed investigation of the textural properties of the
pores in the SiNPs prepared in the presence of MAF-OH is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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beyond the scope of this study. However, for convenience,
0.5 mmol of each surfactant, including MAF-OH, was used to
prepare SiNPs to investigate the effects of different surfactants
on the controlled synthesis of SiNPs. In addition, we focussed
on the effect of MAF-OH concentrations on the shape and
surface morphology of SiNPs, rather on the pore structures.

All samples BC and AC displayed negative zeta potential
values (Table 1). Generally, SiNPs show positive or negative zeta
potential values depending on pH conditions. The SiNPs
become electrostatically stable when the values increase further
to an extended level. SiNPs also exhibit more negative zeta
potential values at mild acidic and basic conditions.****® This
leads to the formation of primary particles due to the nucleation
of SiO, particles.****® These results obey the isoelectric point of
silica (pH ~3).*' The presence of both carboxylic and hydroxyl
functional groups in MAF-OH slightly altered the pH of silica
particles based on the MAF-OH amounts, which may be the
reason to get some shift in the zeta potential values. In contrast,
after calcination, the negative zeta potential values were
reduced due to the removal of surface functional groups from
the surfactant as well as the removal of excess of OH™ from the
silica particles. Based on these reasons, we encountered some
changes in the zeta potential values of the synthesised SiNPs
with MAF-OH and other surfactants (Tables 1 and S1, ESIt).

The shape, surface morphology, and other properties of the
SiNPs achieved from CTAB surfactant were also analysed using
the same techniques (Fig. S14-S19, ESI}). The surface
morphology of the SiNPs led to spheres with slight aggregation
as well as higher particle size (approximately 780 + 50 nm) BC
and AC due to the long alkyl-chain compared with those of other
surfactants (Fig. S14 and S15, ESIt). The particle size can be
tuned under various experimental parameters, such as
temperature, pH, concentrations of silane precursor and
surfactant, rotation speed, and reaction time.

The synthesis of uniform and monodispersed nanoparticles
depends upon the critical micelle concentration (CMC) of
a surfactant because the CMC can control the micelle formation
according to the concentration, pH, and temperature of the
surfactant solution.**>* At a certain concentration, a surfac-
tant can generate a micellar structure by self-assembly and form
a uniform nanoparticle depending on the organic/inorganic
compound. Banerjee et al.** determined the CMC of MAF-OH
by fluoroscene spectroscopy using pyrene as a probe accord-
ing to a reported procedure, and found its CMC value as around
2.3 mM.* In this work, a higher MAF-OH concentration than
that of the CMC value, expecting the formation of unifrom and
monodispersed nanoparticles by self-assembly of silane
precursor on the micellar surface. Actually, the hydrophilic and
hydrophobic functional groups in MAF-OH control the aggre-
gation of particles and induce the formation of uniform mon-
odispersed SiNPs. CTAB (C,;9H,;,BrN) can make a uniform
cylindrical micelle at the concentration of 0.7 to 1.2 mM.***
Furthermore, the synthesis of SiNPs was explored using CTAB
(0.5 mmol) surfactant with a higher concentration than that of
its CMC value. It should be noted that all other surfactants used
in the study are anionic, while CTAB is cationic. CTAB is widely
used as a structure-directing agent. Furthermore, it plays a vital

© 2021 The Author(s). Published by the Royal Society of Chemistry
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role in the synthesis of uniform SiNPs as well as mesoporous
SiNPs based on the self-assembly, and also forms micelles in
water. Hence, a further comparative experiment using CTAB
was performed studying the roles of CTAB and other surfactants
for the synthesis of uniform and monodispersed SiNPs. For
a reference, the CMC values of HA, NA, PFPA; and PFHA were
reported to be 1.4,* 50-70, 51-82,**° and 250 mM,*
respectively.***

We found that MAF-OH and CTAB surfactants produced
notable effects in the size- and morphology-controlled synthesis
of SiNPs among such above tested surfactants. In addition, the
CTAB produced SiNPs (780 + 50 nm) with much larger sizes
than those obtained involving MAF-OH. In contrast, HA, NA,
PFPA, and PFHA produced uneven particle sizes with slight
aggregation of SiNPs, which was due to the use of lower
concentrations of NA, PFPA, and PFHA when comparing with
their CMC values. Owing to this reason, the aforementioned
surfactants can make some aggregations and form uneven
nanoparticles. This behaviour is related to the delayed forma-
tion or even non-formation of complete micellar structure when
the surfactant concentrations are lower than those of the CMC
values of the surfactants.

The FTIR spectra of the synthesised SiNPs revealed strong
C-H asymmetric and symmetric stretching frequencies at 2926
and 2854 cm ™' in addition to Si-O-Si, Si-OH, and C-C peaks,
similar to other samples (Fig. S16a, ESIf). The peaks dis-
appeared AC of the SiNPs, while strong Si-O-Si peaks appeared
(Fig. S16b, ESIt). The samples also exhibited amorphous
behaviour with considerably improved thermal stability than
that of the sample produced in the presence of CTAB (Fig. S17
and S18, ESIf). These SiNPs also exhibited negative surface
charges BC and AC. The CTAB-loaded SiNPs also demonstrated
lower surface area (26 m> ¢~ ') and higher pore diameter values,
whereas higher surface area (831 m®> g~') and lower pore
diameter (2.2 nm) values were obtained from the mesoporous
structure by the calcination of the SiNPs (Fig. S19 and Table S1,
ESIt).

Some other surfactants were also reported to prepare silica
particles with different size, shape, morphology, and surface
50-53 Typical anionic surfactants include sodium dodecyl
sulfate (SDS), sodium oleate (SO), sodium dodecyl benzene

areas.

sulfonate (SDBS). Cationic surfactants include dodecy-
trimethylammonium bromide (DTAB), tetradecyl-
trimethylammonium bromide (TTAB), while non-ionic

surfactants include Igepal CO-520 [polyoxyethylene (5) non-
ylphenylether, branched] and Brij 30 [polyoxyethylene(4)
dodecyl ether, C12E4]. The use of SDS and SO anionic surfac-
tants to prepare silica particles at ~1 x 10> M concentration
would increase the negative surface charge from —52 mV (for
bare silica) to —68 and —66 mV, monodispersity, and particles
sizes from 306 nm to 108-284 nm with photonic property.> In
contrast, the introduction of CATB to prepare silica particles led
to zeta potential of —38 mV with increased particles size (138 +
33.6 nm), while the use of Igepal CO-520 non-ionic surfactant to
prepare silica particles exhibited the zeta potential of ~—53 mV
and the particle size (107 = 10.9 nm).*® The homogeneity and
mesoporous structure of silica particles were also reported to be
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tuned by adding mixed anionic surfactants such as SDS and
SDBS at certain concentrations.>

Conclusions

Several methods and approaches were reported to synthesise
SiNPs in the presence or absence of a surfactant. Although
various techniques were reported on uniform SiNPs in different
approaches and conditions, in this work, however, for the first
time, we have reported the use of an alternative surfactant., i.e.
MAF-OH for the synthesis of uniform and monodispersed
SiNPs. We carried out the synthesis at a particular experimental
condition, and noted that without any surfactant, the particles
were not quite uniform with some irregular particles size and
shape. As a matter of fact, the introduction of MAF-OH can
make more uniform and monodispersed SiNPs. Moreover, the
size, shape, and dispersibility of the particles were also tuned by
increasing the MAF-OH concentration at the same conditions.
In order to compare the effect of MAF-OH surfactant on the
synthesis of uniform SiNPs, we also used various other surfac-
tants at a particular concentration and studied the size, shape,
and morphology with various characterization tools. Unfortu-
nately, other surfactants at particular concentration showed
non-uniform morphology. Hence, we conclude that MAF-OH
seems to behave as an alternative surfactant for uniform and
size controlled synthesis of SiNPs in addition to the available
methods. The surface area, pore volume, surface charge, and
thermal stability of synthesised samples suggested that the
SiNPs displayed lower surface area and pore volume, and
negative surface charge with excellent thermal stability. The
calcined SiNPs slightly altered above properties due to the
complete removal of surfactant and the formation of denser
particles by self-condensation at higher temperature. Our initial
study supplies the idea to use the MAF-OH surfactant for the
size controlled synthesis of various metal nanoparticles. In
addition, the different surface properties and surface charges
would suggest the possibility to use such SiNPs for diverse
applications such as drug delivery, dye and metal adsorption,
polymer nanocomposites, and coatings.
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