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Abstract

Both pore size and particle diameter of aqueous colloidal mesostructured/mesoporous
silica nanoparticles (CMSS/CMPS) derived from tetrapropoxysilane were effectively
and simply controlled by the addition of trialkylbenzenes (TAB). Aqueous highly
dispersed CMPS with large pores were successfully obtained through removal of
surfactants and TAB by a dialysis process. The pore size (from 4 nm to 8 nm) and
particle diameter (from 50 nm to 380 nm) were more effectively enlarged by the
addition of 1,3,5-triisopropylbenzene (TIPB) than 1,3,5-trimethylbenzene (TMB), and
the enlargement did not cause the variation of the mesostructure and particle
morphology. The larger molecular size and higher hydrophobicity of TIPB than TMB
induce the incorporation of TIPB into micelles without the structural change. When
TMB was used as TAB, the pore size of CMSS was also enlarged while the
mesostructure  and  particle morphology were varied. Interestingly, when
tetramethoxysilane and TIPB were used, CMSS with very small particle diameter (20
nm) with concave surfaces and large mesopores were obtained, which may strongly be
related to the initial nucleation of CMSS. Judicious choice of TAB and Si sources is
quite important to control the mesostructure, size of mesopores, particle diameter, and

morphology.
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Introduction

Mesoporous silica nanoparticles (MSN) are promising for various potential
applications through effective use of designed mesopores by nanoscale downsizing of
mesoporous silica having various characteristics, such as high surface area, high pore
volume, tunable mesopores, easiness of surface modification, and mechanical and
chemical stabilities."® MSN are expected to be applied in a wide variety of fields
(adsorption, separation, drug delivery, and catalysis) because MSN have also colloidal
characteristics, such as dispersity, transparency, and fluidity."”>’ In addition, their
properties and potentialities geared for applications have stimulated the development of
the control in the composition, structure, and morphology of MSN.**4¢

In particular, the control of pore size of MSN is quite important because it
affects both the accessibility of in-coming guest molecules and the confinement effect
of pores.*’>* The control of particle diameter of MSN has also a great significance in
terms of the uptake, cytotoxicity, and dispersity of MSN.”>** Thus, both control of pore
size and particle diameter of MSN is largely meaningful for the precise preparation of
different types of MSN appropriate to various applications.

It has already been known that pore size of mesoporous silica (including MSN)
can be enlarged by adding a substance, like alkanes, alcohols, and trialkylbenzenes
(TAB), into amphiphilic molecules or varying experimental conditions including the
concentration of surfactants and the kinds of catalysts.**>"%*%7 One of the most
frequently used expanders is TAB such as 1,3,5-triisopropylbenzene (TIPB) or
1,3,5-trimethylbenzene (TMB).”*”® TAB can enlarge pore size of MSN easily under a
basic condition where it is easy to form MSN.*”*">" Also, other particulate
characteristics such as pore arrangement and particle diameter are varied by using
TAB.*”*7 Especially, it is quite reasonable to expect that the particle diameter of MSN
can be enlarged by using the hydrophobicity of TAB. This is because the appropriate

introduction of hydrophobicity in the reaction media can affect the hydrolysis rates of
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alkoxysilanes, followed by the variation of dominance between nucleation and particle
growth.* However, how the differences in the amount and kind of TAB affect pore size,
pore arrangement, and particle diameter has not yet been clarified.

In this study, it has been clearly confirmed that how multifunctional role
trialkylbenzene plays on pore size, particle diameter, and morphology of colloidal
mesostructured and mesoporous silica nanoparticles (CMSS and CMPS, respectively)
under a basic condition. (Please see Scheme 1.) As TAB, 1,3,5-triisopropylbenzene and
1,3,5-trimethylbenzene were used, and as Si sources, tetrapropoxysilane (TPOS) and
tetramethoxysilane (TMOS) were used. When TIPB was used as TAB and TPOS as a Si
source, both pore size (from 4 nm to 8 nm) and particle diameter (from 50 nm to 380
nm) were enlarged, depending on the amount of TIPB. When an excess amount of TMB
was used as TAB, the pore size of CMPS was enlarged above 10 nm, but the
mesostructure and particle morphology were varied. When TMOS and TIPB were used,
CMPS with small particle diameter (20 nm), concave surface, and large pore (5-8 nm)
were obtained, and they should be equivalent to particles at the initial nucleation. Thus,
the kind of TAB played an important role in the enlargement of pore size and particle
diameter of particles as well as in the variation of morphology. The differences in the
mesostructure and particle diameter of CMSS by the kind of TAB should be ascribed to
larger molecular size and higher hydrophobicity of TIPB than those of TMB, which
indicates the different interactions between surfactant micelles and TAB. Moreover,
removal of surfactants and TAB by a dialysis process was successfully achieved by
modifying the dialysis process reported previously by us. These findings can provide a
method to control both pore size and particle diameter of aqueous porous particles. This
leads to the development of siliceous materials which can contain more and larger guest
molecules and can reduce the nanorisks of toxicity toward applications for drug delivery,

bioimaging, and catalysis.
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Experimental Section
Materials.

Cetyltrimethylammonium bromide (CTAB) and triethanolamine (TEA) were
purchased from Wako Pure Chem. Ind., Ltd. Tetramethoxysilane (TMOS
Si(OCH3)4), tetrapropoxysilane (TPOS : Si(OCsHy)4), 1,3,5-trimethylbenzene
(TMB) and 1,3,5-triisopropylbenzene (TIPB) were purchased from Tokyo Kasei Co.,
Ltd. Acetic acid (AcOH), ethanol (EtOH), and 2-propanol (2-PrOH) were purchased
from Kanto Chem. Co., Inc. Sheet of high density polyethylene (HDPE) was
purchased from PlaPort Co. Ltd. All substances were used without any further

purification.

Characterization.

TEM images were taken on a JEOL JEM-2010 microscope operating at 200
kV. SEM images were taken on a HITACHI S-5500 electron microscope operated at
an acceleration voltage of 5-30 kV. Samples for TEM and SEM measurements were
dropped and dried on a carbon-coated micro-grid (Okenshoji Co.). X-ray diffraction
(XRD) patterns of dried powder samples were obtained on a RIGAKU UltimalV
with Fe Ko radiation (40 kV, 30 mA). Nitrogen gas adsorption-desorption
measurements were performed with an Autosorb-2 instrument (Quantachrome
Instruments) at -196 °C. Samples were preheated at 120 °C for 24 h under 1 x 107
Torr. Brunauer-Emmett-Teller (BET) surface areas were calculated from adsorption
data in relative pressure range from 0.05 to 0.20. Pore volumes were calculated at
P/Py=0.95. Pore size distributions were evaluated using the adsorption branch with
non-local density functional theory (NLDFT). Thermogravimetry-differential
thermal analysis (TG-DTA) was carried out with a RIGAKU Thermo Plus 2

instrument under a dry air flow at a heating rate of 10 °C min™ up to 900 °C. IR
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spectra were obtained by using a JASCO FT/IR 6100 spectrometer by a KBr disk
method. Dynamic light scattering (DLS) measurements were conducted with a
HORIBA Nano Partica SZ-100-S at room temperature. The {-potential

measurements were conducted with an Otsuka Electronics ELSZ-1 at 20 °C.

Preparation of Colloidal Mesostructured Silica Nanoparticles (CMSS) by
Adding Trialkylbenzene.
(1) Preparation of CMSS without the addition of TAB.

According to previous reports,***® CMSS were prepared by tetraalkoxysilanes
(TPOS or TMOS). First, TEA (0.420 g), and CTAB (2.00 g) were added to 240 ml of
water (solution 1). Next, the solution 1 (pH 9.5) was stirred at 80 °C for 2 h. Then 11
mmol of tetraalkoxysilanes (TPOS or TMOS) was added to the solution 1 and the
mixture was stirred vigorously at 80 °C for 12 h to become a colloidal state. Finally, the
colloidal suspension (pH 8.2) was filtered with a filtering paper (No. 5). The molar ratio
of the precursor solution was 1 tetraalkoxysilane : 0.50 CTAB : 0.25 TEA : 1200 H,O.
The samples are denoted as P-as and M-as, correponding to TPOS and TMOS,
respectively. The phrase “as” means “as-synthesized” or “before removal of

surfactants”.
(2) Preparation of CMSS by using TIPB and TPOS.

By varying the value of x which stands for the molar ratio of TIPB to CTAB,
CMSS were similarly prepared, as shown above (1). A certain amount of TIPB (5.5x
mmol: x = 0.2, 0.4, 0.8, 2, 4, 8, and 20) were added to a precursor solution 1 (that is,
solution 2), and the solution 2 was stirred for 30 min. Then, 11 mmol of TPOS was
added to the solution 2 and the mixture was stirred at 80 °C for 12 h to become a
colloidal state. Finally, the colloidal suspension was filtered with a filtering paper (No.
5). When the value of x was 0.8, an oil phase derived from TIPB was observed on the

surface of colloidal solution. With further increase in the value x, an oil phase was
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observed on the surface of the main aqueous phase. A portion of oil phase was found on
the filtering paper on filtration for those cases. This means that the amount of TIPB in
the filtrates was not always same as the initial amount. The samples are denoted as

P_TIPBx-as.
(3) Preparation of CMSS by using TMB and TPOS.

Another type of CMSS was also prepared by using TMB as TAB, instead of
TIPB. The amount of TMB was 5.5x mmol (x = 0.8 and 20). The samples are denoted as
P_TMBx-as.

(4) Preparation of CMSS by using TIPB and TMOS.

The other type of CMSS was similarly prepared by using TIPB as TAB and
TMOS as a Si source. The amount of TIPB was 4.4 mmol (x = 0.8) and that of TMOS

was 11 mmol. The sample is denoted as M_TIPB-as.

Removal of Surfactants and TAB by a Dialysis Process.

In order to remove surfactants and TAB, a dialysis process was conducted in
the same way as shown in our previous papers.®**>***7 A colloidal suspension (50
mL) of one of the following ones (P-as, M-as, P_TIPBx-as, P. TMBx-as, or
M_TIPB-as) was transferred into a dialysis membrane tube composed of cellulose
(molecular weight cut off = 12,000 — 14,000) and dialyzed for 12 h against 250 mL
of a mixture containing 2 M acetic acid and 2-propanol (1:1, v/v) and this process
was repeated five times. Then the tube, which contained CMPS, was immersed in
water to remove AcOH/2-PrOH in the tube, and the process was repeated twice.
Finaly the pH value of the resulting solution was 3.4. The samples are denoted as
P-dia, M-dia, P_TIPBx-dia, P. TMBx-dia, or M_TIPB-dia, respectively, where “dia”
means “after dialysis” or “after removal of surfactants”. The removal of both

organics has been proved by the absence of IR peaks due to those organic
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compounds and by no weight lossses due to them, as shown in the TG curves
(Electronic Supplementary Information (ESI), Figures S1 and S2). In addition, dried
samples were obtained by heating a portion of CMPS at 120 °C for 12 h.

Measurement of swelling ratios of HDPE for TMB and TIPB.

In order to estimate the extent of affinity of TAB to alkyl chains of
surfactants, the swelling ratios of some fragments of HDPE sheet for TMB and TIPB
were measured. These ratios were obtained by comparing the initial volume with the
swollen volume after an immersion of HDPE fragments in TAB. Each piece was
immersed in 1 mL of TAB and shaken at 100 rpm for one week. After the procedure,
the pieces were dry-wiped to remove any residual liquid and weighed. Measurements
were performed at least 3 times for each sample. The details on the calculation of the

swelling ratios are shown in ESI.

Results and Discussion

1. Preparation of CMSS and CMPS with Enlarged Pore Size and Particle
diameter by Adding TIPB.

1.1 Characterization of P_ TIPBx-as.

All types of P_TIPBx-as were somewhat transparent with clear Rayleigh and
Mie scatterings of the colloidal solutions without any aggregation, indicating their
high dispersity (Figure S3). As the amount of TIPB increased (ie. the increase in x),
the appearances of P_TIPBx-as were more cloudy, suggesting that the particle
diameter became larger. As shown in the distributions of hydrodynamic diameters
measured by DLS (Figure S4), all types of P_ TIPBx-as show a single peak and no
peaks above 1000 nm are observed. On the basis of these data on the appearances
and particle size distributions, it was confirmed that the particle diameter of

P_TIPBx-as increased with the amount of TIPB and that these CMSS were highly
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dispersed. Also, the enlargement of particle diameter (from ca. 50 nm for P-as to ca.
380 nm for P_TIPB20-as) is shown in the TEM images (Figure S5). In terms of
mesostructure, the TEM images (Figure S5) show that the shape of mesostructure is
varied from worm-hole to radially-arranged, as the amount of TIPB increases. These
variations of particle diameter, pore size, and the shape of mesostructure (or pore)

will be discussed in the section 1.3.

1.2 Characterization of P_ TIPBx-dia.

Removal of surfactants and TIPB by a dialysis process for P-as and
P_TIPBx-as was well accomplished with the retention of the dispersity of particles
(the details are shown in ESI). Like the cases of P _TIPBx-as, all types of
P_TIPBx-dia were almost transparent with clear Rayleigh and Mie scatterings of the
colloidal solution (Figure S6). Figure S7 shows that the particle diameter of
P_TIPBx-dia increased with the amount of TIPB and that these CMPS were highly
dispersed like the cases of the corresponding CMSS. As shown in Figures 1 and 2,
the enlarged particle diameter was retained.

On the basis of the TEM images (Figure 1), it was also confirmed that the
mesostruture was not varied after the dialysis. Mean pore size in each particle,
roughly estimated by the SEM images (Figure 2), was varied from ca. 4 nm to ca. 10
nm with the amount of TIPB, in the range of x < 0.8. The N, adsorption-desorption
isotherms (Figure S8) show type IV isotherms for all types of dried samples of
CMPS, meaning that they have mesopores. The relative pressure of capillary
condensation for P-dia is P/Py = 0.4, while in the cases of x = 0.2, 0.4, 0.8, and 2, the
values are P/Py = 0.45, 0.5, 0.6, and 0.65, respectively. Mean pore size of P-dia is
4.3 nm, while in the cases of x = 0.2, 0.4, 0.8, and 2, the pore size is enlarged to 4.9
nm, 6.6 nm, 7.0 nm, and 8.1 nm, respectively (Figure S8). In this range (x < 2), TIPB

should be incorporated into micelles of surfactants and micelles are sufficiently
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swelled. On the other hand, in the range of 2 < x < 8, the relative pressure is P/Py =
0.65 and mean pore size is 8.1 nm regardless of the amount of TIPB. This means that
the extent of swelling of micelles is limited. Moreover, in the case of x = 20, mean
pore size is 6.8 nm, smaller than those in the cases of 2 <x < 8. The isotherm in this
case (x = 20) shows that the adsorbed amount of nitrogen is less than those of the
cases of other x values and that the shape of isotherm is different from others. The
excessive amount of TIPB should lead to the variation of the curvature and the shape
of micelles,*® resulting in the transformation of structure.

The XRD patterns (Figure S9) show that the mesostructure is enlarged to
some extent with the amount of TIPB. In the region of x < 2, the periodicity of
structure is varied (d = from 5.6 nm to 9.0 nm). In the region of 2 < x < 8§, the
variation of the periodicity of structure was not observed. However, in the case of x
= 20, the periodicity slightly decreased to 7.9 nm. The tendency will be discussed in

the next section.

1.3 Enlargement of both pore size and particle diameter of CMPS by adding TIPB.
The variations of pore size and particle diameter of CMPS with the amount
of TIPB are shown in Figure 3. The values of particle diameter were obtained from
the data in Figures S4 and S7, and the values of pore sizes were obtained from the
data in Figure S8. The overall tendency is divided into two parts. (i) In the range of 0
< x < 8§, both the pore size and particle diameter are enlarged. While the pore size is
enlarged in the range of 0 < x < 2 and becomes constant over x = 2, the particle
diameter is gradually and constantly enlarged in this range (0 < x < 8). (ii) In the
range of 8 < x < 20, the pore size decreases and the particle diameter is obviously
enlarged. In this section, at first, the enlargement of particle diameter and pore size
by adding TIPB in the whole range is explained. Then, the roles of TIPB in the two

ranges described above are separately mentioned.
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The general view about the enlargement of both pore size and particle
diameter is explained as follows. In terms of pore size, TIPB is incorporated into
micelles of surfactants, as reported previously.’"®¥! In terms of particle diameter,
the decrease of hydrolysis rate of alkoxysilanes leads to particle growth more
dominant than nucleation.*®** In the present case, the interaction of TPOS with TIPB
due to hydrophobic interaction should inhibit the contact of TPOS with water. It
results in the decrease of hydrolysis rate of TPOS and then particle growth. After the
separate descriptions on the following two ranges (sections (i) and (ii)), the present
case is compared with the previously reported particle growth by the addition of
alcohols (section (iii)).*

(1)0<x<8

Firstly, the enlargement of pore size with the increase in the molar ratio of
TIPB to CTAB (that is, the value ‘x’) is explained. As shown in Scheme 1, when x is
low (x < 2), TIPB molecules are probably located at the center of micelles of
surfactants. This means the swelling of micelles due to the incorporation of TIPB.
On the other hand, when x is larger (2 < x < 8), pore size is not enlarged. In this
region, the oil phase of TIPB in the resulting solution was obviously separated from
water. This means that, in the case of excess amount of TIPB, TIPB should be more
stable as a separated phase due to the aggregation of TIPB itself than as a solubilized
phase in micelles.

Next, the gradual enlargement of particle diameter is described as follows.
In particular, when x is low (x < 2), the enlargement was not clear, but when x is
larger (2 < x < 8), the enlargement is clearly shown. In the case of low x (x < 2), the
additional TIPB was mainly absorbed into micelles and it was unlikely for TIPB to
be separated from water and to contact with TPOS. In the case of higher x (2 <x < 8),
the phase separation of TIPB as an oil leads to the interaction with TPOS and the

lack of contact of TPOS with water. It causes the decrease of the hydrolysis rate of

10
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TPOS as shown in Scheme 1, followed by particle growth more dominant than
nucleation. This phenomenon is similar to the previous study® in which the addition
of alcohols (typically butanol) leads to the decrease of the hydrolysis rates of
alkoxysilanes and the increase of the particle growth. Moreover, the enlargement of
particle diameter (0 < x < 2) compared to the particle diameter at x = 0 is due to a
slight interaction of TIPB with TPOS, although most of TIPB is absorbed into
micelles. This enlargement is also explained by the decrease of the hydrolysis rate of
TPOS.

Consequently, when x is low (x < 2), pore size is evidently enlarged due to
the incorporation of TIPB into micelles of surfactants, and the partial interaction of
TIPB with TPOS cause the decrease of hydrolysis rate of TPOS, leading to the slight
increase of particle diameter. When x becomes higher (2 < x < 8), pore size is not
enlarged because there is few space enough to incorporate TIPB into micelles. The
phase separation of TIPB from water and the increase of the interaction of TIPB with
TPOS leads to the obvious increase of particle diameter.

(11) 8 <x <20

In the cases of 8 < x < 20, the pore size of P_TIPBx-as decreased and
particle diameter clearly increased. Nitrogen adsorption-desorption isotherms
(Figure S8) show that the mesostructure changed. This variation should be due to the
relative large amount of oil (including TIPB) and also due to the formation of
complicated emulsion consisiting of water, oil, and surfactants.”” In the present case,
the presence of excess amount of TIPB varied the structures of micelles, siliceous
species, and their composites, probably leading to the variation of mesostructure.
Thus, pore size was not enlarged and decreased in the range of 8 <x < 20.

In addition, as x increased, the volume of oil increased and the amount of
TPOS incorporated into the oil phase also increased. As shown in Scheme 1, the

particle was grown successively to 380 nm.

11
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(ii1) Comparison of the present case with the case of the addition of propanol.

As reported previously,**?

the decrease of hydrolysis rates of alkoxysilanes
leads to the enlargement of particle diameter. In the case of alcohols, it is necessary
to add 88 mmol of propanol (using TPOS) in order to enlarge particle diameter from
40 nm to 80 nm and to add 88 mmol of butanol (using TBOS) to enlarge from 80 nm
to 330 nm. On the other hand, in the case of TAB (in particular TIPB), 11 mmol of
TIPB can enlarge the particle diameter from 40 nm to 380 nm. That is, the effect of
TAB on the enlargement of particle diameter is much stronger than that of alcohol. It
should be ascribed to the lower relative electric permittivity (and thus higher
hydrophobicity) of TAB than that of butanol. (water: 80, TAB: 2 ~ 2.3, and butanol:
18) This means that TAB delays the hydrolysis of alkoxysilanes more effectively

than alcohols, followed by the particle growth more dominant than nucleation.

2. Preparation of CMSS and CMPS by Adding TMB.
2.1 Characterization of P TMBx-as and P TMBx-dia.

Like the cases of TIPB, the appearance of P_TMBO0.8-dia was almost
transparent with a slightly blue color, and with a clear Rayleigh scattering, as shown
in Figure S10b insets. From the DLS measurement of P TMBO0.8-dia (Figure S11),
aggregates larger than 1000 nm in size were not observed and a single peak was
observed near 100 nm, which means nanoparticles are dispersed in an aqueous
medium. Nanoparticles with ca. 100 nm in size were also observed from the SEM
images (Figures S10b and S10f). In each case of 0 < x < 8, the aqueous dispersity of
particles was confirmed (data not shown).

The SEM image of P. TMBO0.8-dia also shows that the pore size is ca. 4 nm
and that this value was similar to that of P-dia which were made without the addition
of trialkylbenzenes (Figures S10a and S10d). The N, adsorption-desorption

isotherms of the cases using TMB show that the values of P/Py corresponding to

12
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capillary condensation are around 0.4 and that these are similar to that of P-dia
(Figure S12). Besides, in the cases of P. TMBx-dia (0 < x < 0.8), the pore sizes were
almost constant and independent of the values of x and the distinct enlargement of
pore size according to the increase of the value of x was not observed (Figure S13).
On the other hand, in the cases of P TIPBx-dia (0 < x < 0.8), the relative pressures
(P/Py) corresponding to capillary condensation were high (around 0.7), showing the
enlargement of pore size with the increase in the value of x.

The reason for the difference in the enlargement of pore size among various
kinds of trialkylbenzenes was discussed in the previous report by Fukuoka et al.’' Tt
is described that in the case of mesoporous silica made from CTAB micelles and
trialkylbenzenes, the position of trialkylbenzenes in micelles is a key factor for pore
size enlargement. On the basis of this report, the behavior of the formation of
micelles is described as follows. Because the structure of TMB is planar, a lot of
TMB molecules can get into the space between surfactant molecules in micelles
(Scheme 2b), thus micelles should not be enlarged clearly when the additional
amount of TMB increases. On the other hand, because the bulkiness of TIPB is
larger than that of TMB, lesser amounts of TIPB should exist in the spaces between
surfactants in micelles. Thus, it should be easy for TIPB to get into hydrophobic
central space of micelles (Scheme 2c¢). For this reason, the additional amount of
TIPB led to the increased accumulation in the hydrophobic center of micelles and the
distinct enlargement of micelles.

When the amount of TMB was increased (x = 20), radial mesopores were
observed from the TEM image and the size of mesopores was dozens of nanometers,
as shown in SEM image (Figure 4). The XRD pattern of the dried sample
(P_TMB20-dia) showed a very broad peak and a peak due to mesostructures was not
confirmed clearly (Figure S14). The reason for the formation of particles with large

radial mesopores will be discussed in the next section, on the basis of several
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previous reports about particles with similar structures.

2.2 Effect of the kind of trialkylbenzene on the mesostructure and particle
morphology.

The differences in the mesostructure and particle morphology can be
explained by how TAB interacts with surfactants. On the basis of higher swelling
ratio of HDPE for TMB than that for TIPB (Table S1), TMB should be easier to
diffuse between alkyl chains of surfactants, while TIPB tends to assemble in the core
of micelles. (Scheme S2) Such a difference in the swelling behaviors will be used for
the discussion in the following paragraphs.

In order to obtain MSN with radial pores, typically shown in Figure 4, the
following two points are important, that is 1) suppression of the adsorption of
soluble silica species on the micelles of surfactants and 2) release of TAB
encapsulated in the micelles to vary the micelle-directed mesostructure. On the basis
of this consideration, besides, it has been reported that TMB can have cation-n
interaction with head groups of surfactants as well as hydrophobic interaction with
alkyl chains of surfactants.*® It was also reported that the cation-m interaction
becomes stronger in aqueous system.”* Thus, in the present system, the phenomenon
1) must have occurred because the adsorption of soluble silica species on head
groups of surfactants is hindered due to the cation-m interaction between TMB and
surfactants. In the case of x = 0.8, particles with a disordered morphology were
obtained (Figure S10). This should be ascribed to the adsorption of TMB on micelles
in competition with soluble silica species, therefore, the contact points of silica
species with surfactants are heterogeneously limited. Moreover, in terms of the case
2), TMB should exist in the state as shown in Scheme 2b and TMB near the outer
surface of micelles can contact with solvents. In addition, TMB should be more

soluble gradually in the aqueous phase because the hydrophobicity of solvents
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increases due to the presence of propanol generated from the hydrolysis of TPOS.
For these reasons, TMB can leak and diffuse from the inner space of micelles to the
outer (but still inside) space to make the shape of micelles larger along the axis of
rod-like micelles.

On the other hand, as shown in Scheme 2¢, TIPB should exist in the inner
space of micelles and it is less likely for TIPB to contact with solvents in the outer
space of micelles. Thus, compared to the case of TMB, TIPB should be less affected
by the hydrophobization of solvents due to the presence of propanol (derived from
TPOS) and be less likely to leak and diffuse to the outside of micelles. It should lead
to the suppression of the formation of large radial pores as found for the case of
TMB. In addition, the steric hinderance of TIPB is larger than that of TMB, and thus
the cation-7 interaction between head groups of surfactants and TIPB should be less
likely. On the basis of this consideration, it can be explained that spherical particles
were obtained in the case of x = 0.8 because the adsorption of soluble silica species
on micelles is thought to occur in a relatively homogeneous way. (Scheme 2b)

Moreover, it should be noted that the volume of TIPB is about twice larger
than that of TMB at the same molar concentration. This means TIPB can have
stronger effect on expanding the size of micelles than TMB, regardless of how TAB
interact with surfactants. However, in the present case, the expansion by TIPB (ca. 4
nm to 8 nm, in the range of 0 < x < 0.8) occurred clearly, while the expansion by
TMB was not observed (almost the same ca. 4 nm, in the range of 0 < x < 0.8). Thus,
it is shown that relative locations of TAB and micelles has a more great influence on
the expansion of pore size than the difference of volumes of TAB.

Consequently, the effects of the kind of TAB on the preparation of CMSS
and CMPS can be summarized in the following three points: (i) regardless of the
kind of TAB, colloidal mesoporous silica nanoparticles dispersed in aqueous

solution can be prepared, (ii) in the case of TIPB, pore size of CMPS can be
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controlled easily with the amount of TIPB, and (iii) by varying the kind of TAB, the
mesostructures of CMSS and CMPS can be changed. These phenomena are
explained by the steric hinderance and hydrophobicity of TAB, that is, relative
locations of TAB and micelles. Such relations should affect the mesostructure as

well as the particle morphology of CMSS.

3. Pore Size Enlargement of Colloidal Mesoporous Silica Nanoparticles with
Small Particle diameter.

By using TIPB, the enlargement of pore size of small CMPS (20 nm) was
investigated. In terms of particle diameter, it was observed by SEM image (Figure 5)
that the particle diameters of both M-dia and M_TIPB-dia were about 20 nm
regardless of the presence of TIPB. Aggregates were not observed apparently.
However, as shown in particle size distributions measured by DLS (Figure 5), the
hydrodynamic diameter was about 40 nm and this means that secondary particles
were partly formed by the aggregation of primary particles.

It was confirmed by the N, adsorption-desorption isotherms (Figure S15)
that the pore size of M-dia, which was prepared without the addition of TIPB, was
about 4 nm. On the other hand, in the case of M_TIPB-dia, the pore size was about 5
nm. The degree of the enlargement for the cases of M-dia and M_TIPB-dia (from ca.
4 nm (M-dia) to ca. 5-8 nm (M _TIPB-dia)) is less than that of P-dia and
P _TIPBO0.8-dia (from ca. 4 nm to ca. 7 nm). The state and composition of the
solution before the addition of Si sources is similar to those of P_TIPB0.8-as, and
the micelle size of M_TIPB-as should be about 7 nm. In view of the fact that the
particle diameter was about 20 nm, the size of micelles and pore size (ca. 5-8 nm)
are too large to form particles. Thus, all surfaces of micelles did not contribute to the
formation of the framework of particles but a part of surfaces contributed to form the

framework, leading to the formation of a silica nanostructure with a concave
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surfaces.

The characteristics of silica nanostructure with concave surfaces is
explained as follows. In the step of the preparation of mesostructured silica
nanoparticles, the structure which consists of several micelles of surfactants,
corresponds to the structure in the initial step of nucleation. Taking account of the
mechanism proposed by Hollamby,”* several species of silicate-surfactant composite
micelles are formed in the initial step of nucleation of mesostructured silica
nanoparticles. As shown in Scheme 3, the proposed model is applied to the present
case judging from the size of micelles and particle diameter of CMSS. This means
that the silica nanostructure with concave surfaces in this case is comparable to
particles in the initial step of nucleation. The present mesostructured and
mesoporous nanoparticles with concave surfaces had much smaller particle diameter
and the curvature of concaves was smaller than those reported previously on
MSN.#%° These particles should contribute to the development of siliceous materials
which have both convex and concave surfaces for various applications of catalysis

and drug delivery.

Conclusion
Aqueous colloidal mesostructured silica nanoparticles (CMSS) were prepared by
varying the kind and amount of trialkylbenzenes (TAB) and by varying Si sources.
When 1,3,5-triisopropylbenzene (TIPB) was used as TAB and tetrapropoxysilane
(TPOS) was used as a Si source, both pore size (from 4 nm to 8 nm) and particle
diameter (from 50 nm to 380 nm) were enlarged with the amount of TIPB. In the case of
TPOS and an excess amount of 1,3,5-trimethylbenzene (TMB), the pore size of CMSS
was also enlarged above 10 nm, accompanied with the variation of mesostructure and
deformation of the spherical morphology. When tetramethoxysilane and TIPB were

used, CMSS with small particle diameter (20 nm), concave surfaces, and large pore (5-8
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nm) were obtained, which should be equivalent to particles formed at the initial
nucleation. TIPB can enlarge pore size and particle diameter than TMB, and the
enlargement by TIPB was accomplished without the variation of mesostructure and
particle morphology. This should be ascribed to the larger size and higher
hydrophobicity of TIPB than those of TMB. Besides, removal of surfactants and TAB
by a dialysis process was successful for the preparation of aqueous highly dispersed
colloidal mesoporous silica nanoparticles with enlarged pores. The present findings will
lead to the development of siliceous materials which can accommodate more guest
molecules with larger size, and they can expand possible applications for drug delivery

and bioimaging as well as catalysis and concomitantly can reduce their nanorisks.
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Scheme 3 Proposed model of M_TIPB-as, which was prepared by using TIPB as TAB
and using TMOS as a Si source.
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