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ABSTRACT: Uniform hollow silica nanospheres (HSNs) synthesized with reverse
microemulsion have great application potential as nanoreactors since enzyme or
nanocatalysts can be easily encapsulated de-novo in synthesis. Reverse
microemulsions (w/o type) comprising of polymeric surfactant Polyoxyethylene (5)
isooctylphenyl ether (Igepal CA-520), ammonia and water in a continuous oil phase
(alkanes) coalesce into size-tunable silica nanoparticles via diffusion aggregation after
introduction of silica precursors. Here we elucidate in details the growth mechanism
for silica nanoparticles via nucleation of ammonium-catalyzed silica oligomers from
tetracthylorthosilicate (TEOS) and aminopropyltrimethoxy silanenanoporous (APTS)
in the reverse microemulsion system. The formation pathway was studied in-situ with
small angle X-ray scattering (SAXS). We find a four-stage process showing a
sigmoidal growth behavior in time with a crossover from induction period, early-stage
of nucleation, coalescence growth and a final slow-down of the growth. Various
characterizations (TEM, N, isotherm, dynamic light scattering, zeta potential, NMR,
elemental analysis) reveal diameters, scattering length density (SLD), mesoporosity,
surface potentials and chemical compositions of the HSNs. Oil phases of alkanes with
different alkyl chains are systematically employed to tune the sizes of HSNs by
varying oil molar volumes, co-solvent amounts or surfactant mixture ratios. Silica
condensation is incomplete in the core region with silica source of TEOS and APTS

leading to hollow silica nanosphere after etching with warm water.
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Introduction

Recently, hollow silica nanospheres (HSNs) are receiving increased attention from
researchers. Hollow silica nanoparticle with a nanoporous shell is a valuable material
for its possible functions as nanoreactor’ in catalysis or nanocarrier’ in drug delivery.
Nanoporous silica shell has advantages in its chemical stability, optical transparency,
porous structure, and selective permeability. As a nanoreactor, it can encapsulate
catalytic agent such as semiconductor nanoparticle,’ kegging ions,* gold nanoparticle™

® or enzyme.” ® The porous shell could be designed as a short conduit for

5, 6

reactant/product while selectively keeping poisons outside. As a carrier in

.. . . . . 1
nanomedicine, its easy functionalization' on the external surface and encapsulated

payloads inside can be exploited to build multifunctionality” '

such as carrying drug,
enzyme, contrast agent and cell recognition ligands. Its potential in both fields is rich.
In their applications, precise synthetic control of the silica nanospheres, including
diameter, porosity, and encapsulation, would be valuable in its future developments.
Present methods of making hollow silica sphere include templating silica sol-gel

12, 13

. . P . 11 . .
synthesis with sacrificial solid nanospheres,” emulsion droplets, or vesicular

14-16
structures.

However, the sizes of the HSNs in most of the reports are above 200 nm
in diameter as in emulsion or vesicle templating. Such large size is usually not
effective for biomedical applications since cell uptake is limited. Recently, there are a
few reports giving sub-100 nm size. Hollow silica nanospheres around 30-60 nm have
been made with catanionic vesicles as template.'” Williamson et al. reported a

synthesis of porous hollow silica nanostructures using hydroxyapatite nanoparticle

templates.'® However, most of the reports did not show deliberate size control.
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Microemulsion is a thermodynamic equilibrium system; its droplet size is thus
typically uniform."’ In principle, one can systematically control its size by changing
the interfacial curvature through surfactant/co-surfactant composition or solution
conditions.”™ *! With sol-gel silica condensation in the microemulsion droplets, stable
solid silica nanoparticles have been synthesized, in both w/o (water-in-oil) type** or
o/w type microemulsion.”® In the two types of microemulsion, w/o type reverse
microemulsion works better as template when tetraethylorthosilicate(TEOS) is used as
silica source because other undesirable surfactant/silicate organizations (such as
mesocellular foam) can be avoided in oil-continuous phase.”’ In fact, w/o type

. . . . . J . 24.25. 28-
microemulsion method has been used in making solid silica nanoparticle** > **° or

silica-coating of pre-made inorganic nanoparticles.’'**

HSN has been synthesized by limited sol-gel condensation with w/o microemulsion
such that the incompletely condensed core can be etched away in alkaline condition.”
10-3335 previously, we reported a synthesis of hollow silica nanosphere by a two-step
process’: First, we make a Stober-like synthesis of solid silica nanoparticle (SSN)
within a reverse microemulsion (w/0) system of alkane, water, block copolymer
amphiphiles, co-surfactant (hexanol), TEOS and aminopropyltrimethoxysilane
(APTS). Second, an etching step in synthesizing HSN was employed to remove the
core portion of silica nanoparticles. The resulting hollow silica nanospheres (HSNs)
have several desirable features: (1) cargos such as nanoparticles of gold or iron oxide®®
or enzyme molecules™ *® can be easily encapsulated in the cavity of HSN. (2) The

porous silica shell could function as a selective screen keeping out poisons while

allowing small substrates for the catalysis.” The approach is especially suitable for

Page 4 of 42



Page 5 of 42

Nanoscale

encapsulating fragile substance such as enzyme in the water-pool of W/O
microemulsion. The de-novo enzyme encapsulation in microemulsion templating
solved nicely the ship-in-bottle synthesis problem. ****7 In most of other approaches

of making hollow metal oxides, such as in solid replacement methods,*® *

post-
synthesis loading into cavity would be limited.

For the increasingly important hollow silica nanosphere, there has been little
systemic study on its formation mechanism and size control. It would be desirable to
perform a systematic investigation of the reverse microemulsion templating method to
understand its formation mechanism. Zhao and coworkers have studied systematically
the control of the size of solid silica nanoparticles by varying the organic solvents used
in a w/o microemulsion alkaline synthesis.* Evolution of reverse microemulsion-
TEOS systems in the synthesis of silica nanoparticles has also been followed.*'™*
However, there has been little mechanistic study for the hollow silica nanospheres. In
this work, we study the effects of varying hydrocarbon solvents, alcoholic co-
surfactant and compositions of a mixed surfactant system on the size of the hollow
silica product. We then rationalize the results by evoking molecular model of
surfactant packing for the interface of microemulsion.*

To understand the evolution of the nanostructures in the process of synthesis, we
performed in-situ SAXS measurements, a powerful technique for studying the
evolution of size and density (contrast) of the nanoparticle in microemulsion* ****+
We analyze time-resolved scattering patterns with a nanosphere model to understand

their time evolution behaviors. Simulations of the patterns allow us to deduce the

changes of both diameter and scattering lengths density. We employ a mild etching



Nanoscale

process that removes silica oligomers in the cores to produce well-defined hollow
nanostructures.*™ ** The compositional changes were evaluated by elemental analysis
and NMR. Combing the results in synthesis controls of sizes of HSN and in situ
SAXS, and dynamical light scattering, we finally discuss the growth of HSN in terms

of a proposed formation mechanism.

2. Experimental Section

Materials sources and purity are described in supporting information. Here we give
experimental procedures for synthesis and characterizations.
2.1 Synthesis of hollow silica nanospheres (HSNs): The hollow silica nanospheres
were synthesized in water-in-oil (w/0) reverse microemulsion system. First, 29.65g of
cyclohexane, 3.26 mL CA-520 and 700 pL deionized water were mixed together and
stirred at room temperature, in order to generate the reverse microemulsion system.
Then, 200 pL of TEOS and 50 pL of ethanol solution of APTS were added into
mixture. The ethanolic APTS solution was prepared by adding 200 uL of APTS to 1.4
mL of absolute ethanol. Two hours later, 500 uL of ammonia hydroxide (28-30 wt %)
was added to initiate the hydrolysis of TEOS and APTS. The hydrolysis and
condensation process was kept at 20 °C in all synthesis of HSN and SAXS, MAS-NMR
and dynamical light scattering experiments. The as-synthesized nanospheres were
separated from solution by centrifugation at 15000 rpm for 15 min and washed with
ethanol twice to remove the surfactant. Afterwards, the solid nanospheres were stirred

in warm water for transforming into hollow silica nanospheres (HSNs). Again,the
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silica hollow nanospheres were separated from solution by centrifugation and then
dried at room temperature.

2.2 Synthesis of HSNs by changing the solvent of the reverse microemulsion
system: Various amounts of solvents, 29.65 g of cyclohexane, 30.29 g of n-hexane,
40.24 g of n-octane, 50.1 g of n-decane, 60.0 g of n-dodecane were used in order to fix
molar ratio of system. In order to obtain a clear solution, 2.5 mL of n-hexanol was
added into the solutions. The rest of work-up procedure is the same as in 2.1.

2.3 Synthesis of HSNs by changing the ratio of CA-520 and Triton X-100: 14.83¢g
of cyclohexane were mixed with various amounts of CA-520 (3.26, 2.45, 1.63, 0.82
and 0 mL) and Triton X-100 (0, 1.25, 2.5, 3.75, and 5 g). 0~4 mL of n-hexanol as co-
surfactant was added into the mixture of various ratio of CA-520 to Triton X-100. 350
pL of H>O was added into the solution to form a clear solution. 100 pL of TEOS and
25 pL of ethanolic solution of ATPS were added into the mixture, and then 250 pL of
aqueous ammonia (28~30 wt %) was added into solution after 2 hours. The rest of the
procedure is the same as in 2.1.

2.4 Synthesis of HSNs by varying the volume of n-hexanol: The reverse
microemulsion system was made by 14.83 g of cyclohexane, 5 g of Triton X-100, 350
pL of deionized water, and the different volume of n-hexanol (1, 3, 5,and 7 mL). It was
noticed that the solution was turbid all the time, rather than a clear solution. Then, 100
pL of TEOS and 25 pL of APTS ethanolic solution were added to the mixture under
continuously stirring. After 2 hours, 250 pL of aqueous ammonia (28-30 wt %) was
added to the mixture to initiate the hydrolysis of silanes, and the mixture was stirred

for 36 hours at 20 °C. The as-synthesized solid silica nanospheres were isolated by
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adding 95% ethanol to destabilize the microemulsion system and then by
centrifugation. The rest of procedure is the same as 2.1.

2.5 Small-angle X-ray scattering (SAXS) measurements: The SAXS measurements
were conducted at the BL23A SWAXS end station in National Synchrotron Radiation
Research Center (NSRRC, Taiwan). With 12 keV synchrotron X-rays (wavelength =
1.034 A) and a sample-to-detector distance of 3.8 m, the scattering wavevector q,

defined as 4 7 ) /sin @ with scattering angle 2 @, covered from 0.005 A" to 0.2 A™.

The in situ formation process of SSN was performed in a flow-cell system, as depicted
in Figure SI-2. We use small-angle X-ray scattering (SAXS) technique to elucidate the
morphology evolution process for silica nanoparticles. During the growth period, a
solution composed of cyclohexane, CA-520, TEOS and APTS were circulated between
the reaction flask and a Kapton-sealed stainless cell by a rotary pump, with a

temperature controlled in a cold water bath (20°C) (Fig. S2). Consecutive SAXS scans

(Fig. 3 and Fig. S3) with a short exposure time (30 s) were collected at various time
after TEOS/APTS hydrolysis was initiated by ammonium hydroxide. Data were
corrected for electronic noise, sample transmission, and detector sensitivity, followed
by a scaling to absolute intensity 1(q) in units of cm™ via scattering from water. More

details for analysis of SAXS data can be found in Supporting Information.

3. Results
3.1 Synthesis and characterization: Our synthesis was conducted in a reverse
microemulsion system of water-oil-surfactant with alkanes as continuous phase, water

as dispersed phase, and neutral surfactant Igepal CA-520 (polyoxyethylene (5) iso-
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octylphenyl ether) as a surface-active agent. For detailed study of mechanistic, we
focus primarily on using cyclohexane as oil phase. Initially, the surfactant was
dissolved in cyclohexane to form a clear solution. When a small amount of water (700
uL) was introduced, the solution turned to turbid for a short period of time and then
became clear. This indicates that a reverse microemulsion system was formed with
nano-sized water droplets dispersed in the oil phase. Two silica precursors, TEOS and
APTS, were initially dispersed in the oil phase and gradually hydrolyzed in the water
droplet upon ammonia addition. Subsequent silica condensation, resulting in formation
of silica nanoparticles, occurred in the water phase. Representative TEM image (Fig.
la) indicates formation of solid silica nanoparticles (SSNs) with uniform final particle
sizes of 30 £ 3 nm. The solid nanoparticles were transformed to hollow silica

nanospheres (HSNs), by washing with a warm ethanol-water solution (40-50 C).

During the washing, silicate oligomers (in the core) and some of the amphiphiles (on
the shell) are extracted. There is little size reduction or shape deformation in the
etching process as evidenced by the TEM images of SSNs and HSNs(Fig. 1¢,d). For
the cyclohexane system, the final dried HSNs show an average diameter of 29 nm and
a shell thickness around 5 nm (Fig. 1b).

The N, adsorption-desorption isotherm (Fig. 2) shows a peculiar texture (the
hysteresis loop), different from the amorphous silica of nanoparticles obtained by
Stsber synthesis™. This is due to the nanopores on the shells of HSNs. The surface
area and pore volume of the calcined HSNs at 359.14 m’ g'1 and 1.09 cm’ g'1 which

are not greatly bigger than those of as-washed HSNs (170.74 m” g and 0.72 cm’ g

".(Table 1) The large surface areas are partly attributed to the mesopores on the shells
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that were initially occupied by CA-520 but later removed by extraction and further by
calcination. The micropores(less than 1 nm) in HSN and calcined HSN are responsible
for substantial fraction of the total area. In SSN, the pores are completely microporous
in nature. These micropores(less than 1 nm) are the results of stacking of very small
nanoparticles which are also present in Stober silica. After washing to create the
hollow voids, some pores are already created in extraction to connect the outer and
inner voids and thus there is not significant difference in pore volume between as-
washed and calcined HSNs. After calcination, the hysteresis loops in the isotherm
increases and shifts to lower pressure regimes (Fig. 2b, 0.45 < p < 0.8), indicating
resulting in smaller pores on the HSN particles. In comparison, the surface area and
pore volume for unwashed SSN are much smaller.(Table 1) Zeta potential
measurements were measured on the as-etched HSNs in a titration pH range between 3
and 10 (Fig. S1.) Isoelectric point of the HSNs is determined at pH= 5.2 which is
significantly higher than those of amorphous silica (around pH= 2-3). The higher
isoelectric point is due to the functionalized amine group in the HSNs. Below the
isoelectric point (pH < 5), HSN becomes positively charged due to protonation of
amines in APTS. Above the isoelectric point (pH > 6), the HSNs are negatively
charged due to de-protonation of surface silanols groups.

3.2 Time Evolution by SAXS Study: Initial examination of the SAXS profile in
Figure 3a indicates a growth of polydisperse distribution of nanospherical domains as
time increases. Except for the two initial time data which can be fitted by unimodal
size distribution of nanospheres, all the SAXS data for the rest of the time were fitted

by bimodal distribution of sizes of various SLD. Four selected fittings of SAXS

10
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profiles are shown in Fig. 3 b-e. At initial time, the low g part of SAXS spectra did not
indicate any particle of size bigger than 15 nm. Thus, we fit SAXS spectra with
unimodal distribution of spheres of diameter less than 15 nm. Compared to SAXS of
collected and dried SSN (Figure 3e), the less oscillation at intermediate ¢ (~0.02 A™)
in Fig. 3e hints there are population of small nanostructure around ~10 nm coexisting
with the silica nanospheres in solution, thus smearing out the SAXS oscillations.
Before silica condensation, the microemulsion shows a water droplet size of 8§ nm.
From the IGOR fitting analysis, nanoparticles with increasing SLD values and growing
sizes were identified after the addition of ammonia solution. The nanoparticles with
larger SLD values can be directly evidenced in TEM images (Fig. S4) which indicate
the growth of silica nanoparticle evolving from a size similar to the microemulsion
droplet (7-8 nm). Within the first hour of initiation, a quick reduction in SAXS
intensities indicates a consumption of microemulsion droplet population and a small
growth of particle sizes (~10 nm) (Fig. 4b). At about the same time, the fitted SLD
(Fig. 4a) shows a rapid increase with time suggesting a rapid hydrolysis of TEOS and
APTS and nucleation within the w/o droplet. We also see a very large fluctuation of
the size of nanoparticles at about 100 min which is characteristic of a period of rapid
nucleation burst.’' After 100 min, the total scattering intensity at low q gradually
increased giving a continuous increase of size of the silica nanoparticles while its SLD
remains roughly constant until 600 min. In this period, the continuous growth of size
of silica nanoparticle is driven by coalescence of hydrolyzed TEOS and APTS inside
the microemulsion droplet. The medium-g scattering profile (0.006 < g < 0.1) is

mainly due to increasing sizes and SLD values of the growing nanoparticles whereas

11
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the high-g scattering profile (¢ > 0.1) yields sizes and SLD values for those of the
initial microemulsion droplets. The SAXS and fitting results from the medium- and
high-g regime can provide us a picture in evolutions of diameters and SLD values as
well as aggregative behaviors during the growth process. We observed a bi-modal
distribution of spherical nanoparticles. The smaller ones of 8 nm size with low and
unchanging SLD are the water droplets in microemulsion. Apparently those are the un-
nucleated droplets with mainly water inside. The large growing spheres are the sites of
sink for coagulation driven by silica condensation. The coagulation behaviors of
nanoparticles suggest a coalescence pathway for the final solid silica nanoparticles
(SSNs). Diameter distributions and the SLD values can be derived from polydispersity
(p) and its fitted diameter (d);

We plotted growth parameters (SLD and diameter) of the SSNs with individual
variance bars as shown in Figure 4a and 4b. In the earliest stage (< 30 min), the
variance for the diameters and SLD values were relatively small with a nearly constant
diameter size (~8 nm) and SLD (9.5-9.7 x 10 A™%) for the microemulsion comprising
water only. After 1.5 h (90 min), SAXS profiles suggest increased polydispersities
(~0.3 in Fig. 4a) that coincide with an observation of wide diameter distributions in
TEM analysis (Fig. S3). This phenomenon suggests that the initial nucleation of SSNs
results in big diameter fluctuations with higher polydispersity. In the next few hours,
the SSNs grew to be larger than 30 nm and SLD values increased to 1.23x107
whereas the SLD values for pure H,O and silica are known to be 9.46 x 10° and 1.8 x
10” A7 respectively.”> The SLD contrasts between H,O and silica suggest that SSNs

are low-density soft silica matrix comprising of mainly H,O, ethanol and some

12
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partially condensed silica from which less condensed silicates may be removed by
washing with warm water. In the period 1.5 to 10 hours (metastable zone), the SLD
values reached the first plateau stages by absorbing hydrolyzed polymeric silica inside
the microemulsion water droplets. In the next 10-18 hours, the silica nanoparticles
became matured with a small increase of SLD. Apparently, water were further
consumed in silica condensation and one see a small further increase of SLD. The
final SLD value (1.3 x 10” A™?) never reaches the high value for pure silica (1.8 x 10°
A™). Thus the final SSNis collected by centrifugation still contain substantial amount
of uncondensed silanol and thus removable by washing. In Fig. 4b, we also plotted the
final size of collected SSNs as measured by TEM (red curve). Since, in the SSNs are
collected after precipitation, centrifuge and drying, excess water and alcohols in the
droplet pools have been removed. Thus, it is expected the size of SSNs determined by
TEM should be smaller than the size of water droplet in reverse microemulsion.

In order to understand better the growth mechanism of the silica nanoparticle in
solution, we re-plotted the time evolution of its diameter in a log-log graph as shown in
Fig. 4c. One can see clearly the evolution can be divided into stages. We discuss the
growth mechanism in greater details based on this plot in discussion section after the
rest of experimental data in this section are presented.

3.3 Etching to form hollow nanospheres: After the nanoparticles (SSNs) were made,
they were etched in warm water to make hollow nanospheres (HSNs) with interior
hollow cavity and nanoporous silica shells. Fig. 5 shows the time evolution of the
etching process. The initial SSN was quite uniform in size. Initial etching at 10 min

washing shows many isolated small voids inside SSNs. At 20 min, we obtained hollow

13
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center voids with some residue silica inside.(Fig. 5c) Finally, at 40 min, well-etched
HSNs were obtained showing the same size as the original SSNs. Elemental analysis
and ’Si NMR can monitor TEOS and APTS condensation and etching-release degrees
during the process. The ~5 nm thick shells in HSNs contains twice amounts of the
nitrogen element(from APTS) as that in the SSNs while the supernant solution from
etching process contains only small amounts of nitrogen (Table S1). According to the
C, H, N elemental analysis (Table S1) and mass-transfer calculations of APTS, TEOS,
CA-520 and SiO, (Table S2) show HSN shells receive 35.8% of TEOS-derivatives and
76.1% of APTS-derivatives from the SSNs prior to the etching process. The washed
out content was mainly water and TEOS-derivatives (64.2 %) with minor quantity of
APTS (23.9 %). To further investigate the siloxane species in as-synthesized silica,
solid state *’Si NMR spectroscopy was employed to evaluate degrees of condensation
before and after the etching procedure. In Figure 6a, one observed a significant
reduction of Qx species while the T species due to APTS remain about the same level
(Fig. 5a, red to blue curves). This confirms the fact that TEOS-derivatives were the
dominant leached species from HSN cores. After deconvolution of Gaussian profiles,
slightly increasing Q’, and Q* and decreasing Q? intensities (Fig. 6b and 6¢ and Table
S3) indicate condensation continued to occur during the etching process.

Also in the etching process, the ethanol-washing step is to remove the surfactant CA-
520. It not only removed the surfactants on the external surface but also created some
pores by removing the pore-templating surfactant. In the next warm-water washing
step, the uncondensed species inside SSN(mainly from TEOS) were leached out

through the pores on the shell. In summary, the etching process in a warm solution

14
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successively release mainly TEOS- and in minor APTS-derivatives into the solution.
The synthesis of HSNs depends critically on incorporating APTS which leads to partial
condensation and removal of TEOS in the facile washing process.” °

3.4 Growth Mechanism: Here we propose a mechanism of formation of the uniform
hollow silica nanospheres in the w/o microemulsion. The reverse microemulsion
served as soft container to initiate the nucleation and growth of silica nanoparticles in
alkaline condition that can be systematically transformed into hollow nanospheres
(HSNs) as illustrated in Scheme 1. The initial droplets (~8 nm as observed in SAXS
spectra) in reverse microemulsion are mainly water. The hydrophobic silica source
TEOS dissolve in the oil phase of cyclohexane. The amphiphilic CA-520 and APTS
reside mostly at the oil/water interface of the droplet. After NH,OH was introduced
into the reverse microemulsion, TEOS and APTS were catalytically hydrolyzed to
form silanol groups (Si-O° or Si-OH) and move into water droplet in the
microemulsion and condensed into polymeric species.” After inter-droplet
collision/exchange, the polysilicate species could initiate the nucleation of silica
nanoparticle. Further growth of the surfactant-stabilized nuclei then occur through
inter-droplet coalescence. Initially in the first 100 min, the sizes and SLD greatly
fluctuated due to coexistence of different-diameter nanoparticles as they were just
nucleated. However, after that nucleation was quenched, subsequent growth process
become size-focusing as indicated by the reduced size variance in Fig. 4c.

3.5 The Effect of Chain Length of Alkanes: With the growth mechanism understood,
we vary the oil phases in the reverse microemulsion systems which may impact the

sizes of HSNs. Using alkanes of different chain lengths, e.g. n-hexane, n-octane, n-

15
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decane, and n-dodecane as the continuous oil phase, we can create reverse
microemulsion systems with different initial sizes. In all samples, a fixed amount of
co-surfactant (n-hexanol, 2500 pL) was added to stabilize microemulsion in these
oil/surfactant systems. All experiments were also conducted with the same molar ratio
of the oil component to the surfactant (CA-520). After the same growth process at 20
°C for 36 hours, the size of HSNs (from TEM images) synthesized from different oil
are shown in Figure 7a-d and 7e. The average diameters of HSNs for products from #n-
hexane, n-octane, n-decane, and n-dodecane were determined as 42 + 4 nm, 51 + 6 nm,
60 = 5 nm, and 71 = 7 nm (Table S4). All the HSNs are very uniform in size with
variance of size around 10%. Roughly speaking, a linear correlation between the HSN
diameters and the solvent molar volume was found (Fig. 7¢). The diameters of HSN
became larger as chain-length of oil was increased. We also employed dynamic light
scattering (DLS) to measure the microemulsion droplet sizes before introduction of
TEOS or APTS. The size distributions of hydrodynamic diameters are shown in Figure
S5. The w/o microemulsion system in n-hexane has shown the smallest droplet size
among all oil phases. The hydrodynamic diameters of the w/o microemulsion droplets
are positively correlated to the chain lengths of alkane. Previously, Zhao and
coworkers reported a synthesis of silica nanoparticles using Triton X-100, with similar
trend in tuning sizes using these alkanes.*’ Compared to Stéber silica, the size
distributions here are broader which is due to the presence of APTS in our synthesis.*
However, compared to silica hollow spheres reported in literature(except by hard

templating), our HSNs are relatively uniform(less than 15% dispersity).

16
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3.6 Effect of co-surfactant: It is known that the particle sizes synthesized in a
microemulsion system are governed by the amount of cosurfactant besides the
bulkiness of the oil molecule.”’ So, we investigate the effect of the co-surfactant (n-
hexanol) on the diameters in HSN synthesis for the cyclohexane system. Here, we use
the surfactant Triton X-100 instead of CA-520. Triton X-100 has longer hydrophilic
groups than CA-520 while their hydrophobic groups are the same. To form stable
microemulsion, a co-surfactant of more hydrophobic balance would be needed. The
microemulsion system was composed of cyclohexane, water, Triton X-100, and n-
hexanol. Without introducing n-hexanol in the system, the microemulsion could not be
formed because the hydrophilic PEO group is too short and water and oil phases
became immiscible. A co-surfactant, such as hexanol, is necessary to form
microemulsion. After the same synthesis and etching process, the images and size
distributions of HSNs are compared in Figure 8. Representative TEM images indicate
that sizes of nanosphere and shell thicknesses increased with the amounts of n-hexanol
added. A linear correlation of the final HSN diameters (60-170 nm in log scale) to the
volumes of added n-hexanol was observed in Figure 8e and Fig. S6b. However, this
diameter trend of n-hexanol added volume gives an opposite correlation to their initial
microemulsion water droplet sizes. For example, adding 7 mL of n-hexanol into Triton
X-100 system gives the smallest sized reverse micellar size in microemulsion but
grows into the largest HSNs (175 nm)(Fig. S6). We note here that the co-surfactant n-
hexanol behaves like surfactant in that an increasing of co-surfactant/surfactant would
create more interfaces. Then more droplets of smaller size will be formed. However,

the final increase of size of diameter of the resulting HSNs with respect to amount of
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hexanol will be explained in section 4.2. To sum up, using n-hexanol as a co-
surfactant to control the size of HSNs is a simple and effective method. The size of
HSNs can be tuned form 60 nm to 170 nm as the added amount of n-hexanol is
increased.

3.7 Effect of surfactant mixture: Finally, we examine the effect of mixing two
surfactants. It has been observed that Triton X-100 can lead to HSNs with diameters
larger than those made from CA-520. Therefore, one expects mixing these two
surfactants may interpolate the diameters between HSNs made with a single surfactant.
As shown in the TEM images in Figure 9, the size of the HSNs increased as relative
molar ratio of Triton X-100 to CA-520 was increased. In addition, we observed
significantly increased polydispersity in diameters when the percentage of Triton X-
100 in the system was larger than 50%. The microemulsion behaviors in the mixing
system do not follow a single size distribution, and the DLS analysis for the
microemulsion in Figure S7 indicates a bimodal size distributions (5 nm and at 21 nm)
of the water droplets before adding TEOS or APTS. But the final size distribution is
still weakly bimodal. For example, when the percentage of Triton X-100 was 75%, the
final SSN sizes were also redistributed into a bimodal profile having two centers
around 60 and 90 nm.(Fig S7 inset) It clearly suggests that for this case the size-
focusing effect is not strong enough to lead to mono-disperse distribution of the size of

the final SSNs.

4. Discussion
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In this section, we discuss the physical chemistry behind the growth process and the
control of particle size of HSN in a reverse microemulsion. The chemical reactions
involved in silica formation from TEOS, hydrolysis(Eq(1)) and condensation(Eq(2)(3)),
as catalyzed by the highly alkaline ammonia solution, are

= Si —OEt + H,0 - = Si —OH + EtOH 1

= Si —OH + EtO-Si = - = Si —0-Si = + EtOH ?2)

= Si —OH + HO-Si = > = Si —0-Si = + H;,0 3)

The net reaction is:

(EtO)sSi + 2 H,0 - SiO, +4 ROH “)

As the reactions proceed, TEOS consumes water and produces EtOH together with
forming silanol and siloxane bonds. This makes the silicate species (oligomers)
gradually move from the continuous phase to the water droplets where further
condensation occurs. Meanwhile, the water droplet provides an environment similar to
Stober synthesis with a mixture of ammonia, water and ethanol solution. The droplet
size grows initially as hydrolyzed silicates and APTS move into the water droplets. In
fact, this can be regarded as a Stober-like reaction occurred in a soft-confined space of
nanoreactor. Then the silica nanoparticles grow by coalescence as silica condensation
reaction takes over as the driving force for growth.

4.1 Evolution of Silica nanoparticles within Reverse Microemulsion: Here the role

of microemulsion in synthesis of SSNs is examined to compare to the classical Stober

process. We focus on the evolution of size and SLD of the silica nanoparticles as
depicted in Fig. 4c. In principle, there are three growth modes of nanoparticle:** e.g.

classic (LaMer) nucleation and growth, aggregative growth, and Ostwald ripening. In
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our system, the microemulsion droplets compartmented silicate species made the
aggregation via inter-micellar contacts much slower compared to the corresponding
Stober process in homogeneous solution. The slowed-down kinetics allows us to
observe in-situ the different stages in growth. Also, in microemulsion synthesis mass
transfer of silica precursors via shrinkage and dissolution into oil phase is not effective.
Ostwald ripening process, in our case, is not an important pathway in microemulsion
synthesis at least initially.

Next, we examine the time evolution of diameter and SLD as we presented in Fig. 4c.
In the beginning, one sees stage (1) at the first half hour where neither the SLD nor the
size changed much. This is the induction period for nucleation. > There are hydrolysis
reaction and solubilization going on, but little silica condensation occurred yet. We
note here that previous time-evolution studies of Stober process>® did not identify any
induction period because it was much faster in homogeneous solution compared to our
reverse microemulsion system. In stage (2)(~30 to 100 min), one observed a rapid
increase of SLD (Fig. 4a) which we interpret as the nucleation burst period. A LaMer
nucleation/growth process and critical size aggregation result in a bimodal size
distribution. In the same period, the mean particle diameter grows to about 18 nm but
with a very large variance in size distribution at the end of nucleation period. This is
reasonable since each particle will immediately grow after nucleated and this leads to
big differences in sizes between particles that were nucleated at different time of the
nucleation burst period. At the end of burst period, the size distribution is the broadest
as we clearly see at the time of 100 min. Between 100 and 400 min (stage 3), the

nucleation stopped and growth by diffusion/coalescence dominated. In the log-log plot
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of Fig. 4c, one see a time dependence ~ t'? (actual fit is t***

) which is characteristic of
the classical Lifschitz-Slyozov(LS) for interface kinetic limited growth.”” A super-
critical silica particle grows by incorporating the silicate species in other reverse
micelle (moving diffusively) after collision and fusion. In the final stage (4), the time

evolution of diameter slowed down to a power law of t*2!

. The particle size is reaching
a limiting value ~ 37 nm slowly. Because of this slow-down the size distribution is
self-focusing and becomes narrower. This makes the reverse microemulsion method
advantageous in size uniformity. According LS theory, if the growth is changed to
diffusion-limited, the time evolution of diameter would be t'* under unchanging
concentration at infinite distance. Our observation of a slower growth law of t**' may
be due to the additional effect of a decreasing population of reverse micelles in
solution.

Recently, in a detailed in-situ SAXS study of Stober synthesis of silica nanoparticle,
Tobler et al. found a 3-stage growth proce5558: (1) nucleation of silica nanoparticles, (2)
surface-controlled particle growth and (3) Ostwald ripening(OR) and particle
aggregation. In our synthesis of silica nanoparticles, we found a first stage of induction
period for nucleation event and surface-limited particle growth by fusing small reverse
micelles. The surface-controlled growth by incorporating silicate-containing reverse
micelles was evidenced by the t"? dependence profile in our stage (2) and (3).
However, unlike most solution synthesis of nanoparticles, the final stage of decreasing
variance in size-distribution of our stage (4) makes the OR mechanism unlikely.

Because of the compartmental effect of reverse micelles, Ostwald Ripening and

aggregation are much reduced. Instead, we observed a final slow-down stage (4)
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allowing a self-focusing effect of the size distribution of the product of silica
nanoparticles.
4.2 The effects of changing continuum phase and interface composition:

The final diameters of silica nanoparticle are determined by coalescence kinetics of
critical-size nanoparticles. We have seen that among the four stages of time evolution,
the diffusive coalescence of micellar droplets (red line in Fig. 4c) dominated the
growth process. Thus we have made changes in synthesis compositions in order to
control the coalescence kinetics. Here we have reported three synthesis parameters on
growing silica nanoparticles for different sizes: continuous phases, co-solvent amounts
and surfactant mixture ratios.

In a reverse microemulsion system, the continuous phase (oil) interacts with
hydrophobic parts of the surfactants, resulting in stable initial reverse micelles with
well-defined sizes. In our microemulsion system, the polymeric surfactants wedge the
micelles to lower the curvature. Thus, we examine the spontaneous curvature of the
o/w interface when solvent is varied. In water/oil microemulsion, it has been reported
that the radius of spontaneous curvature decreases as the chain length of oil decreases
in an w/o microemulsion.”® Indeed, we have measured by dynamical light scattering
that the hydrodynamic diameter of w/o droplet decreases as the chain length becomes
shorter, from 5.5 nm for n-hexane to 16 nm for n-dodecane [see Fig. S5]. The solvation
of the hydrophobic polymeric chain of the surfactant CA-520 by the alkane solvent
determine it effective size. A good solvent, such as hexane or cyclohexane, would
swell the hydrophobic tails of the polymeric surfactant and gives higher curvature for

the reverse micelle droplet. In contrast, a poor solvent, such as dodecane with a long

22

Page 22 of 42



Page 23 of 42

Nanoscale

alkyl chain, would result in de-solvation and shrink of the hydrophobic tails. It then
gives a lower curvature of the droplet.

When two droplets in a reverse microemulsion collide, they may fuse partially to
establish fluid bridge and exchange contents and then separate. This coalescence is
important when nucleated silica grows inside droplet. In addition to the attractive
interaction due to dispersion force, short-range repulsive barrier to fusion is determined
by the entropic force between interpenetrating polymer chains. An expanded polymeric
configurations in good solvent would suffer more entropy loss when encounter each
other upon collision of two interfaces and thus more resistant to fusion.® This then
would give a stronger entropic repulsion between two approaching micelles which
protects interface from fusion and coalescence. This would allow less fusion and
coalescence of the two approaching interfaces. The result is a smaller silica
nanoparticle when using good solvent as continuous phase in w/o microemulsion. In
scheme 2, we depict the molecular interactions involved in coalescence process. The
repulsive interaction between the reverse micelles, which gives rise to energy barrier
against coalescence, is entropic in origin. This explains the trend of sizes for different
chain lengths of alkane in Fig. 7e.

A second factor determining the energy barrier of fusion of droplets is the energy
spend on forming Gaussian curvatures, e.g. saddle-shaped curvature. Here, the
magnitude of saddle splay modulus «’ determines the corresponding energy.®’ If «’ is
positive and large, the saddle-like surfaces are favored with respect to planar. It has
been long known adding a medium chain alcohol(such as hexanol) to a surfactant film

normally increases the film flexibility for forming saddle-like shaped film. ®® The
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presence of the cosurfactant hexanol decreases the strength of surfactant film and thus
increases the fusion dynamics of micelles. This qualitative trend explains the results of
increasing size with hexanol amount in Fig. 8e.

A third, though minor, factor in affecting the size of HSNs would be the partition
equilibrium of hexanol between oil and micellar phases. Although partition of hexanol
in micellar phase is favored, the large volume of oil phase makes the dissolution of
hexanol in oil significant which decreases slowly with the chain length of alkanes.”’ So
in heavier alkanes, there is more presence of hexanol in the oil-water interface.
According to Fig. 9, this effect also tends to make the size of HSNs bigger for the

higher alkanes. But this effect is relatively minor compared to the previous ones.

4.3 Why hollow structures are formed: We now discuss the process of forming
hollow silica nanoparticle after repeated washing SSNs with warm water. Several
etching methods of incompletely condensed silica nanoparticles to create internal voids
or enlarged pores have been developed. In most literature reports, the etchings of silica
are alkaline-based methods. However, for the very small silica nanoparticles alkaline-
based etching method has been difficult to control. One needs an etching method that
is mild and controllable. Yin and coworkers have recently reported warm water as
etchant for making permeable silica nanoshells by surface-protected etching.®* This
process is particularly useful for treating small silica nanoparticles. It is expected that
the etching efficiency is directly related to the degree of condensation of the silica

network.
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In our microemulsion-based synthesis, several factors lead to incomplete
condensation of silica in the core region of silica nanoparticle. First, the PEO group in
the polymeric surfactants stabilizes silica condensation in the interfacial region.
Previously, Yin and coworkers® have used poly(vinyl pyrrolidone) (PVP) to stabilize
the silica network structure in a “surface-protected etching” approach in making silica
nanoshells. Either PVP or PEO can stabilize condensed silanol groups through
hydrogen bonding interaction. This makes the shell region more condensed and less
prone to etching. Secondly, ethanol solution of APTS was used in preparing the initial
reaction solution which means that the continuous alkane phase is already saturated
with ethanol in the beginning of synthesis. Thus, the production of EtOH in hydrolysis
(eq(1)) and condensation (eq(2)) of TEOS and APTS has to stay inside the water pool.
When enough EtOH is produced, it will shift the reactions to the left hand side of eq(1)
and eq(2), e.g. less condensation of silicates. Thirdly, the use of APTS would lead to
less silica condensation because it has one less condensable alkoxyl group. However,
from our leaching study, we found to our initial surprise that it is APTS preferentially
stays on the silica nanoparticle upon etching with warm water. This is due to the self-
catalysis activity of —NH, group in APTS for hydrolysis and condensation reaction
(eq(1) and (2)).% %7 Thus, APTS becomes more condensed than TEOS in the confined
space of microemulsion. Putting together the above three factors, silica condensations
of the silica source TEOS and APTS in the water pool of reverse microemulsion are
less complete in the core region and lead to hollow silica nanosphere after etching with

warm water.
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5. Conclusion

In situ SAXS performs real-time monitoring for the formation of the ammonia-
catalyzed silica nanoparticles in cyclohexane w/o microemulsion. Co-condensation of
TEOS and APTS during the growth of silica creates an interesting system of partially
condensed nanospheres that possess high negative potentials at pH=7. Etching with
warm water of the silica nanoparticles then produced uniform hollow silica
nanospheres. The diameters of the silica nanoparticles can be rationally controlled by
changing oil phases, co-surfactants or mixing surfactant ratios. The diameter tuning
range (20-160 nm) allows us to explore micelle growth pathway via aggregation and
coalescence, where evolutions of both diameters and SLD values suggest sigmoidal-
like growth kinetics. Upon detailed examination of the kinetics with in-situ SAXS,
evolution of bimodal narrow distributions of the growing nanoparticles and a small
constant-size water droplet could be followed in the aggregative coarsening behaviors
in w/o microemulsion. We identify four stages of the evolution, induction, nucleation,
diffusional growth and slow down. This allows one detailed knowledge for controlling

the size and distribution of the hollow silica nanospheres.
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Figure 1. Representative TEM images and size distribution analysis of the un-etched

solid silica nanoparticles (SSNs)(a,c) and hollow silica nanospheres (HSNs)(b,d).
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Figure 2. N, adsorption-desorption isotherms of (a) SSN (red symbol-curves), (b) as-
prepared HSNs after warm-solution washing (blue symbol-curves) and (c¢) HSNs after

calcination at 560 C (black-symbol curves).
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Figure 3. (a) All SAXS experimental (dot-curve) and selected fitting results (red dot-
curve) from bimodal spheres in Schulz size distribution function for SSN growth

reaction after (b) 10.5 min, (¢) 86 min, (d) 370min, and (e) 1060 min.
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Figure 4. (a) SLD calculations and (b) diameters of solid silica nanoparticles (@) and
reverse microemulsion (()) via bimodal spheres in Schulz size distribution function

with polydispersity parameters for diameter uncertainty. (c) Stages of the size
evolution for SSN growth as denoted under X-axis: (1) induction period, (2) nucleation

burst, (3) growth by diffusion-coalescence, (4) slowdown of growth stage.
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Figure 5. The etching process of HSN at (a) 0 min (b) 10 min (c) 20 min (d) 30 min
(d) 40 min
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Figure 6. (a) *°Si solid-state NMR spectra of SSNs (i, red curve) and HSNs (ii, blue

curve).
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Figure 7. Representative TEM images for HSNs synthesized in various alkyl-chain
solvent systems: (a) n-hexane, (b) n-octane, (c) n-decane, (d) n-dodecane. The size

distributions and their correlations to the solvent molar volumes are plotted in (e).
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Figure 8. TEM images and size distribution of HSNs synthesized in the cyclohexane
system with different volume of n-hexanol: (a) 1 mL, (b) 3 mL, (c) 5 mL, (d) 7 mL. (e)

A relationship between the different volume of n-hexanol added and the corresponding

diameters (in log scale) of the HSNs.
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Figure 9. Representative TEM images of HSNs synthesized with various amounts of
(a) 0, (b) 25%, (c) 50%, (d) 75% and (e) 100% Triton X-100 over CA-520. (f)

Correlation of Triton X-100 molar ratio (%) to HSNs’ diameters (in log scale).
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Scheme 1. The nucleation and growth mechanism of silica nanoparticles

nanospheres.
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Scheme 2. Solvent-initiated fusion pathways for silica nanoparticle formation. The
fusion tendency of droplets in w/o microemulsion is primarily determined by solvent
compatibility with the hydrophobic chain as varied in chain length of the continuous

phase (oil).
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Table 1. Textural properties of SSN, HSN and calcined HSN determined by N,

adsorption isotherms.

BET surface area Pore volume Micropore
(mi/g) (cm?ig) surface area
(t-plot, mi/g)
SSN 6.09 0.05 6.09
HSN 170.74 0.72 53.66
Calcined HSN | 359.14 1.09 206.35
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