Medium controlled aggregative growth as a key step in
mesoporous silica nanoparticle formation
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ABSTRACT: Near monodisperse mesoporous silica nanoparticles (MSN) represent a promising and rapidly
developing type of mesoporous silica materials; however, the vast data on their synthesis remains unorganized and
ill-understood. We systematically studied the formation of MSN under basic and neutral conditions using various
temperatures, CTAB concentrations, hydrolyzing agents (triethanolamine, ammonia, phosphate buffers), and media
with different colloidal stabilization properties (with ethanol as a cosolvent and monovalent salts). In the typical
conditions for the preparation of stable MSN colloids, the particle size was controlled by colloidal stabilization by
the medium (solvent type, ionic strength, and surfactant concentration) in agreement with the “aggregative growth”
mechanism, rather than by solely the hydrolysis and condensation rates conventionally used for data interpretation
in the classical nucleation theory. Medium properties (pH, ion types and concentration, polarity) also defined the
efficiency of silica-surfactant cooperative self-assembly, which directly affected the porosity, mesopore size and
pore wall thickness. Interestingly, this traditional silica-surfactant route showed a limited effect on the particle size,
emphasizing the dominating role of colloidal stabilization in the studied reaction conditions. In situ pH
measurements showed that every reaction medium has unique pH evolution profiles depending on the buffer
capacity, hydrolysis and condensation rates. Reaction systems that fail to maintain the working pH can lead to non-
porous products or undesired particle morphology and size distribution. The established particle formation
mechanism allowed us to formulate comprehensive guidelines for preparing relatively concentrated colloids of near
monodisperse (PDI 5-15%) mesoporous 30-700 nm silica spheres with variable porosity and mesopore size. These
findings will be particularly useful in designing new mesoporous silica-containing materials for biomedical
applications.
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m INTRODUCTION

Over the last decade, mesoporous silica
nanoparticles (MSN) have been attracting increasing
attention as promising materials, in particular,
because of their potential applications in drug
delivery and biotechnology.l1¢ The mesoporous
structure of the particles enables their loading with
any material of choice - organic molecules, metal
nanoparticles and quantum dots, luminophores,

fluorophores, magnetic compounds - thereby
endowing the  particles with  plasmonic,
photoluminescent, fluorescent, and magnetic

properties.>78 Tunable particle size and porosity,
monodispersity, easy framework modification, and
reproducible analytical response made these
materials a popular object of study in the emerging
bioanalytical applications®!? such as theranostics,
immunodiagnostics, bioimaging, and bio- and
chemosensors. For the same reasons, these materials
also  receive attention in catalysis and
optoelectronics.”

Silica nanoparticles with mesopores in the range of
2-30 nm are commonly prepared by the
condensation of silica precursors in the presence of

surfactant micelles and a catalyst in an aqueous
medium.!? The formation of the mesoporous
framework proceeds via the cooperative self-
assembly of the hydrolyzed silica precursor (silica
alkoxides TEOS, TMOS,12-14 their functionalized
derivatives®, sodium silicates!5) onto the surfactant
micelles.

In the early version of this mechanism, the main
driving force was “charge density matching” that
brings silica building blocks to the oppositely
charged surface of surfactant micelles and facilitates
subsequent silica condensation.1® Later, depending
on the choice of the silica precursor and surfactant,
self-assembly was found to be driven not only by
electrostatic forces but also hydrogen bonding or
weak Van der Waals interactions.!! Cationic
surfactants S* (CTAB and derivatives) are usually
chosen in the base-catalyzed systems with negatively
charged silica clusters I, and the self-assembly
process could be simplistically described as S*I- or
S*X'M+I- (where M+, X- - counterions).” For the non-
ionic surfactants, acid-catalyzed systems with
positively charged silica clusters (S°X I+ or SOH*X'I+)
are more often reported.!” There are also some
examples of mesoporous silica formation in the



Table 1. The reagent molar ratio and reaction condition ranges used in the preparation of mesoporous silica particles.

Molar ratios EtOH vol. % in the lonic strepgth of the T.°C
lvent solution, M
Si CTAB TEA Solvent soven
1 0.02-0.21 0.001-2.3 80-500 0-30 0.0-0.2 0-80

presence of anionic surfactants S+, with amino-
functionalized alkoxysilanes as a silica precursor.18

Hydrolysis and condensation of silica precursors
can be effectively catalyzed by both H* and OH-, which
in practice leads to different product morphology.1920
Since H*-catalysts favor the reactions with less
electrophilic silica clusters (ideally, non-hydrolyzed
TEOS), these systems generally produce too many
linear oligomer nuclei” that uncontrollably aggregate
or even form a gel-like product. However, even under
these conditions, it is possible to obtain near
monodisperse particles using very diluted solutions
and/or a sufficient amount of stabilizer or
surfactant.21-2¢ OH-producing base catalysts, on the
other hand, facilitate the reactions of more
electrophilic silica clusters (ideally SiOx(OH)sx),
which is more convenient for producing sols -
suspensions of colloidally stable nanoparticles.

Therefore, to obtain near monodisperse colloidally
stable MSN, we mainly focused on the systems with
the base as the hydrolyzing agent, CTAB as the
cationic surfactant, and TEOS as the silica precursor.
Such reaction systems were extensively studied over
the last 30 years for the synthesis of aggregated
mesoporous solids in terms of mesopore order,
symmetry, size and shape, and framework
stability.11.25

However, very little systematic work has been
done in application to the recently emerged near
monodisperse, colloidally  stable 20-500 nm
mesoporous (organo)silica nanoparticles for
biomedical applications. The necessity to maintain
sufficient colloidal stabilization during the
nanoparticle formation poses certain limitations on
the synthetic conditions (higher dilution, lower
reaction rates and ionic strength, avoiding
hydrothermal treatment and calcination, and so on),
which makes this area of research diverge even more
from the typical practices in the preparation of
mesoporous materials. A brief overview of the core
literature on the preparation of MSN colloids can be
found in the Supporting Information. It covers the
role of the surfactant concentration26-29, the type and

amount of hydrolyzing agents12.1323.30-37 the effect of
various kosmotropic and chaotropic salts11.2538-50,
alcohol additives31451-54,  and the degree of
dilution13313655 in the nanoparticle formation
mechanism. However, despite a large number of
publications on the MSN synthesis and applications,
the vast data on MSN preparation, undeniably
valuable from the experimental point of view, is still
poorly understood. Therefore, there is a need for a
hypothesis resolving the contradictory trends
observed for the systems with varied pH, surfactant,
T, etc.

Traditional papers on mesoporous silica
formation117.25 interpret their findings on the basis
of cooperative self-assembly mechanisms that do not
address the colloidal aspects important for MSN
particle formation. Some attempts have been made to
explain the particle shape and size distribution in
terms of the balance between the cooperative
assembly energy and colloidal stabilization energy.46
However, the study investigated the traditional
mesoporous silica synthesis and related to the crystal
morphology rather than truly colloidally stable MSN.

The reviews56 and articles!230 on colloidally stable
MSN often tend to explain the particle formation
mechanism in terms of the Classical Nucleation
Theory (LaMer model57), which recently has been
getting more critique>®-¢0 in the nanoparticle
synthesis community. Some researchers?26! ascribed
the observed deviations from the LaMer model to the
interference from silica-surfactant self-assembly that
affects particle nucleation. However, these
aberrations seem to occur in many surfactant-free
systems®062 too, indicating that silica-surfactant
assembly is not the key parameter in controlling the
particle nucleation. More advanced non-classical
models®063-65  were developed to explain the
nanoparticle formation mechanism via the
“aggregative growtht” of the primary nuclei¥, which
takes both the reaction kinetics and colloidal particle
stabilization into consideration. The “aggregative
growth” model successfully predicts the particle size
trends in the synthesis of metal nanoparticles and

" In this paper, nuclei are used in its broad meaning as the products of a nucleation event. Nucleation in our systems is the formation of a new
solid phase (silica clusters, oligomers, nanoparticles) from the monomer-saturated reaction medium.

T Aggregative growth — aggregation of various silica nuclei that produces larger nanoparticles. Unlike the uncontrollable aggregation, the process
can result in the near monodisperse products if it has characteristics close to the ones in “fast nucleation”, namely: it involves all the present nuclei

and occurs for a relatively short time.

¥ Primary nuclei are the early products of the fist nucleation event — small partially hydrolyzed/condensed oligomeric silica clusters made of

Si(OEt),(OH),(OSi), units.
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Figure 1. The reaction temperature and CTAB concentration effect on the particle size in different reaction media

(Si:CTAB:TEA:Solvent=1:0.03-0.12:0.06:80).

non-porous Stober silica spheres. There are reasons
to believe that the surfactant-assisted sol-gel silica
synthesis is not an exception.

Hence, the present work aimed to look beyond the
traditional cooperative self-assembly mechanism
and study the synthesis of mesoporous silica
nanoparticles from the perspective of colloidal
chemistry. Our experimental study allowed us to
formulate the guidelines for preparing near
monodisperse (PDI<15%) MSN with tunable size and
mesoporous texture in basic conditions, which will
help the researchers in pharmaceutical, biomedical
and analytical areas. We have examined the role of
pH, CTAB concentration, temperature, type of

hydrolyzing agent, ionic strength, and medium
polarity in particle formation and found that the
Bogush-Zukoski “aggregative growth” mechanism
(which fundamentally includes but is not limited by
the cooperative silica-surfactant assembly) is the
best concept for explaining the vast diversity of the
observed colloidal products.

m EXPERIMENTAL SECTION

Materials. All the reagents were used in the synthesis as

received without further purification:
tetraethylorthosilicate  (TEOS, 98%, Alfa Aesar),
triethanolamine (TEA, free base, MP Biomedicals),

ammonia solution (28-30 wt.%, EMD, GR ACS),
cetyltrimethylammonium bromide (CTAB, >98%, Sigma),
ethanol (anhydrous, Decon Labs), potassium fluoride,
chloride, bromide and iodide, sodium chloride and iodide
(AR, Mallinckrodt Chemicals), cesium chloride (99.9%,
Aldrich), ammonium chloride (99.7%, Fischer Chemical),
trimethylammonium and triethylammonium chloride
(98+%, Acros Organics), tetrabutylammonium iodide and
tetraoctylammonium chloride (98%, Sigma-Aldrich),
potassium/sodium hydrophosphate and potassium
dihydrophosphate (AR, Mallinckrodt Chemicals), pH
buffers (Fisher Chemical), hydrochloric acid (concentrated,
Fluka). Millipore® water (18 MQ-cm) used in all

experiments was obtained from a Barnstead “E-pure”
water purification system.

Instrumentation. The dynamic light scattering
technique failed to provide adequate data for the wide
range of the studied samples (including the aggregated
systems) without special parameter adjustment, which is a
common issue frequently brought up in the literatures. For
consistency, the morphology and shape of the particles
were studied by TEM using the JEOL 1400 microscope with
an acceleration voltage of 120 kV. Average particle size and
standard deviation were calculated from measuring 150-
250 particles using the Image] software. For monitoring
particle size at different reaction times, the reaction
mixture was diluted with cold ethanol 10 times, stored in a
freezer, and analyzed by TEM without any preliminary
washing. The textural properties were studied by low-
temperature Nz adsorption on the instrument
Micromeritics ASAP 2020. The degassing procedure was
carried out at 200 °C for 4 h under 1 pm Hg vacuum, and
the isotherm was recorded in the pressure range of
P/P0o=0.002-0.99. The specific surface areas were
calculated using the multipoint BET method at P/Po=0.05-
0.25, the pore size distributions - by BJH (cylindrical pores)
on the adsorption branch of the isotherm (see SI for more
details on the choice of model).

In situ pH measurements were carried out with the
Mettler Toledo Seven Easy pH-meter with LabX-Direct
software using a combination double-junction gel-filled

glass membrane electrode with Ag/AgCl reference.
Before each measurement, the pH meter was calibrated
against standard buffer solutions (pH=4, 7, 10, 11) at the
synthesis temperature of 60 °C. After each measurement,
the electrode was thoroughly cleaned using an ultrasonic
bath and rehydroxylated in 0.1 M HCl/1 M KCl solution for
1 h. The obtained pH curves were reproducible within an
absolute error |ApH| of ~0.05.

Preparation of Triethanolamine Hydrochloride
(TEAHCI). Triethanolamine (10 mL) was dissolved in 10 ml
of DI water and neutralized with 9.1 ml of concentrated
hydrochloric acid (final pH ~ 6.5) under constant stirring
at 0°C to prevent the mixture from overheating. The white
crystalline powder was washed with 50 ml of ethanol three
times and dried in an oven at 60°C overnight.



Preparation of mesoporous nanoparticles. A
procedure for preparing mesoporous nanoparticles was
developed based on a recipe producing reasonably
concentrated ~ 4 wt.% colloids with a relatively low
hydrolyzing agent and surfactant content3’. In a typical
experiment, a flat-bottom glass flask with a certain amount
of CTAB, TEA, and solvent was placed in an oil bath at 60 °C.
The system was equilibrated for 20 min, and TEOS was
added at once to the mixture. To reduce the effect of stirring
on the particle formation, we used 20 ml vials with ~10 mm
stirring bars to ensure rapid TEOS emulsification. After 15-
20 h of vigorous mixing at the selected temperature, the
resulting iridescent or white colloid was collected and
washed twice with ethanol to remove the unreacted TEOS
and four-six times with a hot 0.02 M HCl solution in ethanol
to remove the surfactant from the mesopores. The typical
reagent molar ratio was Si : CTAB : Hydrolyzing Agent :
Solvent = 1: 0.06 : 0.02-0.08 : 80, the reaction yields were >
90% for all the studied systems. The synthesis parameters
were varied in the range presented in Table 1.

m RESULTS

Temperature and surfactant content screening

In preparation for studying the effect of the
hydrolysis rate and colloidal stabilization by medium,
we screened a range of reaction temperatures and
surfactant concentrations to define the conditions
that lead to a near monodisperse product (PDI 5-
15%) with good yields > 90% (~ 4 wt.% colloid).

The entire T range of 20-80 °C produced
nanoparticles with reasonable yields (>90%);
however, the reactionratesat T < 20 °C were too slow
and considered impractical due to the increased
probability of forming emulsion-templated side-
products (Figure SIla and Figure SI2a). Varying the
surfactant concentration showed that nanoparticles
usually become prone to fusion/aggregation at the
CTAB content below 0.7 wt.% at the later synthesis
stages (FigureSIlb). Above 5 wt% CTAB,
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spontaneous micelle self-assembly might be induced,
producing large mesoporous crystals as a side-
product (Figure SI2b).

The effect of T and CTAB concentration on the
particle size seem to depend on the medium strongly.
It was small for purely aqueous reaction media with
low ionic strength and sufficient steric stabilization®”
provided by TEA (20-40 mM), but quite notable for
the media with ethanol or salt additives (Figure 1,
Figure SI3). A brief analysis of the complex profiles in
Figure 1 led us to conclude that the conditions
providing the lowest reaction/precipitation rates
(fewer nuclei at lower T) and a thick protective
surfactant or solvation shell around the particles
demonstrated the smallest response to the variation
in the reaction parameters, the reasons of which we
will discuss later in more detail.
pH evolution and product morphology

Many papers on MSN synthesis pay special
attention to the effect of pH and the corresponding
hydrolysis rates on particle size.12305¢ The effect is
often explained in terms of the classical nucleation
(or LaMer) model, where higher hydrolysis rates are
supposed to result in higher supersaturation and,
therefore, a larger number of nucleation events,
producing smaller nanoparticles.

As the first step of our investigation, we tried to
follow the same pathway and study a series of
reactions with 1+40 mM solutions of a common
hydrolyzing agent TEA, which corresponded to the
initial pHo range of 8.2-9.2. The pH of the mixture was
monitored throughout the reaction by in situ pH
measurements using a glass electrode.

The drop in the reaction pH was found to correlate
with the product morphology. Based on the pH
evolution analysis (see SI for more details), we can
speculate that for the sufficient TEA amount > 15 mM
the pH did not decrease dramatically during the most

60 80 100 120 o0 20 40 60 80 100 120
Time, min

Time, min

Figure 2. Evolution of the pH of the reaction medium in the systems with different concentrations of TEA or TEA/TEAHCI (molar ratios
Si:CTAB:TEA: Solvent=1:0.06:0.001-0.1: 80, 60 °C). For more information about the systems with ammonia and phosphate buffers

see Supplementary information (Figure SI5).



vital particle formation stages, which resulted in
relatively near monodisperse colloidal particles with
PDI < 15% (Figure 2a). For a lower TEA
concentration < 1 mM, a significant pH drop
happened during or even before nucleation,
switching the reaction mechanism from base- to acid-
catalyzed and leading to a mixed sol-gel or gel
product (Figure 2a). Therefore, maintaining the
working pH in the basic or subneutral range is
expected to produce nanoparticle colloids.

Indeed, using the TEAHCI/TEA buffer with
sufficient buffer capacity (23 mM, pHo ~ 8) enabled
us to obtain a stable colloid of ~ 80 nm nanoparticles
instead of a sol-gel mixture observed for 1 mM TEA
at the same pH range (Figure 2b). Interestingly, the
decrease in pHo from 9 to 7 was shown to notably
increase the particle size from 30 to 160 nm,
seemingly in accordance with the supersaturation
concept predicting larger particles at lower
hydrolysis rates. The same trend was observed for
the ammonia and phosphate buffers, although the
particle sizes differed for each buffer system (Figure
SI4).

However, we also observed the data points that
didn’t quite fit the Classical Nucleation Theory (CNT)
model. For example, the increase in the buffer
concentration notably increased the particle size for
TEAHCI/TEA and phosphate buffer despite more
basic working pH and, therefore, the higher
hydrolysis rates (Figure 2c, Figure SI4,5). Moreover,
the reaction catalyzed by 20 mM of the phosphate
buffer at pHo=6 surprisingly produced a colloid of 80
nm nanoparticles instead of the expected gel.

All of the above made us conclude that the initial or
working pH were not the main reaction parameters
that controlled the particle formation mechanism. It
seems that buffers have another characteristic not
directly related to their H*/OH- generation ability -
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their contribution to the ionic strength and specific
interactions with the growing silica clusters
(FigureSI6). These findings prompted us to
undertake further investigation of the role of the
ionic strength and the reaction medium stabilizing
properties in the particle formation mechanism.

The effect of salt additives

To study the role of ionic strength in the particle
formation mechanism, we screened a set of non-
hydrolyzing salts M+X- (M* = Na*, K*, Cs*, TMA+, TEA*,
TBA* and X'=F’, CI', Br’, I') at different concentrations.

The addition of salts is expected to facilitate silica
hydrolysis, condensation, and silica-surfactant
mesophase formation due to the suppressed
solvation shell.11.2544-46 The lower pH drop along with
higher precipitation rates observed in our systems in
the presence of salts point to the higher condensation
rates (Figure 4a, Figure SI7 for more detailed
discussion).

Regardless of the ion type, the higher ionic strength
up to 0.1 M produced larger but still near
monodisperse (PDI < 15%) mesoporous
nanoparticles (Figure 3a). Fluoride salts were an
exception due to their high catalytic activity!?68 in
hydrolysis and condensation, producing multiple
stabilized nuclei at the earliest reaction stages. The
further increase in the ionic strength > 0.1 M resulted
in particle fusion (Figure 3a insets), pointing to
insufficient colloidal stabilization at the later
synthesis stages. Moreover, the high ionic strength
also shifted the reaction towards a sol formation in
the systems that normally produce a gel (Figure SI8).
Similarly, the addition of 1 M KCI induced the
cooperative silica-surfactant assembly into the
ordered mesoporous structures in the system that

only produces 20-30 nm nanoparticles with
disordered porosity without salt (Figure S19).
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Figure 3. The effect of additives concentration on the particle size: (a) monovalent anions at 20 mM TEA (Si : CTAB : Solvent=1:0.06
: 80, 60 °C); (b) ethanol content with and without salt additive (Si: CTAB: TEA: Solvent=1:0.21:2.3:500, 60 °C).



Different ions seem to facilitate reaction rates and
affect particle stabilization to a different extent. The
particle diameter increased from the highly hydrated
“hard” kosmotropic to the weakly hydrated “soft”
chaotropic ions: F" < Cl" < Br < I for potassium salts
(Figure 4a). Screening various cations in a wide range
from kosmotropic Na* to chaotropic Cs* or bulky
TEA*/TBA* showed a minor effect on the particle size
(Figure SI10). The pH evolution profiles follow the
observed particle size trends: the increase in the
working pH from more hydrated Cl” to chaotropic I
and no significant changes for cations (Figure S17).

Therefore, the larger and less hydrated anions
increase the particle size to a greater extent, most
likely due to the ability to better screen the particle
surface charge and, thereby, induce their growth by
the aggregation of silica clusters. Various types of
cations did not demonstrate statistically significant
differences suggesting that their influence is
overwhelmed by the anions, which generally have a
larger size and are believed to have more impact on
colloidal systems.5°

Interestingly, the salt-induced particle size
enlargement seems to be less significant if the loss of
a thick hydration shell is partially compensated by
other factors, for example, the high concentration of
a steric stabilizer TEA or the ionic surfactant. From
the colloidal point of view, the low reaction
temperature can also improve particle stabilization
by generating fewer building blocks and significantly
reducing their collision frequency in the solution.®?
The screening of the reaction T (20-80 °C) and CTAB
concentration (0.7-3.0 wt.%) in 60 mM KCl solution
clearly demonstrated that the particle size
enlargement was barely noticeable at the lowest T for
all CTAB contents and the highest CTAB content for
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all temperatures (Figure 1b). It suggests that the
particle size is dominated by the colloidal
stabilization or the surfactant protective shell, and
the system shows a noticeable response to the
changes in the reaction rates only when these factors
are reduced.

The effect of EtOH additives on particle size

Similar to salts, adding ethanol increases the
particle size from 50 to 500 nm (Figure 3b, Figure
SI11). On the one hand, ethanol slows down the
apparent reaction rate due to the reverse H*/OH -
catalyzed silica alcoholysis!?, well-known for the
base-catalyzed systems. Our experiments also
confirmed slower precipitation rates along with the
slower pH evolution (Figure 4a). In line with the
supersaturation concept, the smaller monomer
buildup should produce fewer nuclei that eventually
reach a larger size.

On the other hand, above a 20 vol.% EtOH
threshold, we observe fused nanoparticles, which
points to the loss of the electrostatic stability in the
medium with low dielectric permittivity. Justas in the
case of salts, we can speculate that the medium’s
decreased colloidal stabilization may facilitate the
aggregation of silica-surfactant clusters producing
fewer nuclei and larger nanoparticles.

Surprisingly, the variation of T and CTAB content
for the 20 vol.% EtOH-H20 mixture did not show the
same trend as for 60 mM KCl. The larger CTAB
content (3 wt.%) did not lead to the expected
decrease in the particle size due to the surfactant
protective layer. On the contrary, the dependence
showed a curve with a local minimum at 1.5 wt.%
CTAB, more pronounced at the higher temperatures
(Figure 1c). It’s worth noting that the ability of CTAB
to form micelles and stabilizing double layers

Reaction time, min

Figure 4. The effect of salt and ethanol additive on the pH evolution (a) and evolution of the particle size in the different reaction media
monitored by TEM(b). Solid lines indicate the time intervals when nanoparticles were clearly observed; dashed lines - when only vague
signs of particles/micelles/droplets were seen. (Si: CTAB: TEA : Solvent =1:0.06: 0.03 : 80, 60 °C).



Table 2. Textural properties of the prepared mesoporous silica nanoparticles.!

Sample Drem,2 nm  Ser, M2/g  Smeso,® M2/g  Vineso,> cm3/g | Sample  Drem, 2 nm Seer, m2/g Smeso,® M2/g Vineso,> cm3/g
TEA content Anion type

5 mM TEA 39+4 162 75 0.06 KF 30+3 706 648 0.46

15mMTEA 3824 602 521 0.27 KCl 50+4 642 609 0.41

40 mM TEA 42+4 612 532 0.37 KBr 565 670 636 0.41

50 mM TEA 31+4 709 637 0.43 KI3 109+13 558 513 0.47
75 mM TEA 335 793 714 0.53 Cation type CI

20 mM KxH3.«<PO4 buffer NaCl 53+5 711 678 0.44

pH=8 57+4 334 270 0.19 KCl 50+4 642 609 0.41

pH=7 6145 114 70 0.06 CsCl 49+5 703 658 0.44

pH=6 7045 97 30 0.03 TEACI 49+4 608 559 0.37
Ethanol content (at 40 mM TEA) Cation type I

10 vol.% EtOH  48%6 733 674 0.40 Nal 99+10 643 624 0.51

20 vol.% EtOH 104+10 644 592 0.33 KI 109+13 558 513 0.47

30 vol.% EtOH 442+28 199 156 0.08 TBAI 116+12 526 402 0.36

1 The reaction ratio was Si: CTAB : Solvent = 1: 0.06 : 80, 60 °C, the concentration of all the F-, Cl- and Br- salts was 60 Mm at Ctea=40 mM.
The concentration of I salts was chosen to be 50 Mm due to the lower CTAI solubility at the given temperature.

2 The nanoparticle diameter was determined by analyzing 150-250 particles in TEM images.

3To reduce the contribution of interparticle mesoporosity and intrinsic micropores, V(S)meso was calculated as V(S)meso=V(S)total-V(S)micro-
V(S)eu(>10 or 20 nm), where V(S)gu(>10 or 20 nm) was estimated for the P/Po corresponding to the mesopores > 20 nm for I'-containing
samples and > 10 nm for the rest samples using the BJH model. For more information see the SI.

decreases with higher T and alcohol content in the
mixture.’%-72 In a certain medium, the excess of CTAB
may not only lose its stabilizing properties but even
induce small nuclei or even particle aggregation
(Figure SI3) due to the so-called “depletion” or
“hydrophobic” colloidal effect, which was reported
for suspensions of non-porous silica nanoparticles.’3
Reaction kinetics or aggregation as the main
factor for particle size enlargement?

According to the literature and the data discussed
in the previous sections, salt and ethanol additives
affect the apparent hydrolysis/condensation rates in
opposite directions. Therefore, we would expect to
see some mutual cancelation of their contributions in
the mixed reaction medium. However, we observed
even larger nanoparticles (Figure 4), and the synergy
between the two effects grew as the ethanol content
increased.

The only parameter that could be synergistically
affected by salt and ethanol additives is the loss of
electrostatic colloidal stabilization by the medium. To
further investigate this matter, we monitored the
particle formation in the presence of KI and EtOH
throughout the synthesis using TEM (Figure 4, Figure
SI12).

Comparative analysis of the TEM images at 20 min
of the reaction confirmed the faster formation of
nanoparticles in the presence of salt (30 nm vs. 20 nm
for the reference) and slower precipitation of
nanoparticles in the presence of alcohol (no signs of
nanoparticles, Figure SI12). During the next 20 min,
the particles dramatically grew up to 100 nm in the

KI sample and only slightly increased in the reference
sample. Remarkably, the EtOH-containing system
evolved from the state with no distinct structures to
50 nm nanoparticles and surpassed the reference
sample over the same period, despite its overall
reaction kinetics being relatively slow. These findings
demonstrate that the lower colloidal stabilization in
the alcohol- or salt-containing media can be more
decisive in defining the final particle size than the
hydrolysis rates. The effect of the stabilizing medium
is briefly summarized in Figure 5.
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Figure 5. Variety of products obtained with different reaction
media and with 1-100 mM TEA as a hydrolyzing agent (Si : CTAB
: Solvent = 1 : 0.06 : 80, 60 °C). Note: salts or ethanol generally
increase the particle size, with F- being an exception due to its high
intrinsic catalytic activity.
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Figure 6. TEM images of the particles obtained with different potassium halides: at 15 mM TEA (top) and at 40 mM TEA (bottom).

(Si: CTAB: Solvent=1:0.06: 80, 60 °C).

The crucial role of colloidal stabilization in particle
synthesis is clearly illustrated by the formation of
“raspberry-like” nanoparticles. This phenomenon
takes place in the systems with the substantial pH
drop that triggers “secondary” nucleation. Reducing
the medium’s stabilizing properties can trigger the
aggregation of the freshly formed nuclei onto the
existing particles, giving rise to the raspberry-like
morphologies. Interested readers can find more
information about this mechanism in the Supporting
Information (see “Bimodal particle size distribution
and raspberry-like morphology,” Figures SI13-15).

Main factors affecting particle porosity
The mesopores in the studied materials result from
the formation of a silica framework around the CTAB

micelles, and these interactions are believed to be
driven by electrostatic forces between =Si-O- and
CTA*. Consequently, one can expect that medium
properties would affect these interactions via the
micelle packing parameter and effective surface
charge, thereby resulting in different mesoporous
structures.!! Also, the degree and type of the particle
mesoporosity will reflect the contribution of
cooperative silica-surfactant self-assembly to the
particle formation mechanism under different
reaction conditions.

TEM images of the samples prepared with TEA,
ammonia, and phosphate buffers indicate that the
overall particle porosity decreases as the initial pH
drops below 8 regardless of the choice of the
hydrolyzing agent (Figure SI14-5). Textural properties

(@ (b) ©
——3.8mM TEA L% EtOH
0.031 5.6 nm ——15mM TEA ] — 10% Et 0.03 KF
———38 mM TEA 003 23nm —20% EtOH
£ e ——30%EOH
%0 —2.8 nm £ 2.0m %
= 0.021 ) &
g g 0.024 = 0.02 no salt
o i3] Q
§ 5 ) KCl
S} > KBr
0.014 = 0.014 %
<1.7nm 0.01
0.00 T T T 0.00 : - - .
2 3 4 5 6789 2 3 4 5 6 789 2 3 4 5678910 20

Pore size, nm Pore size, nm Pore size, nm

Figure 7. The effect of (a) pH (in H20), (b) medium properties (50 mM TEA) and (c) anion addition (60 mM salt and 50 mM TEA in Hz0)
on the mesopore size distribution obtained by low-temperature N2 adsorption (Si: CTAB : Solvent =1:0.06 : 80, 60 °C).



obtained by low-temperature N2 adsorption fully
confirm that trend (Figure 6a, Table 2). On the one
hand, lower pH decreases both =Si-OEt hydrolysis
and =Si-0H dissociation and can suppress the silica-
surfactant electrostatic interactions via the route
CTA*O-Si=. Such systems favor silica condensation
over silica-CTAB cooperative assembly during the
nanoparticle formation, leading to the lower total
mesopore volume and thicker silica walls.

The variation of the anion in the salt additive from
highly hydrated kosmotropic F- to chaotropic I- also
significantly changed the packing parameter of the
micelles and, therefore, the mesoporous structure
(Figure 7). The specific surface area and small
mesopore  volume  slightly decrease from
kosmotropic F- to chaotropic I-, while the mesopore
size increases and their distribution widens (Figure
6c, Table 2, Figure SI16-18). Although not so
pronounced, the same dependence was observed for
the cations Na*, K+, TEA+ and TBA*, with the CsCl and
KBr samples slightly falling out of the trend for the
unknown reason.

Interestingly, higher concentrations of
kosmotropic salts and/or hydrolyzing agents seem to
increase particle porosity (Figure SI5), most likely
because of the higher working pH resulting from the
facilitated condensation. Different anions seem to
induce more pronounced textural changes at lower
pH, where silanol dissociation and particle
electrostatic stabilization are reduced (Figure 7, the
upper and bottom row). The effect is likely to be
explained by the competition between CTA*X- and
CTA+*0--Si=, as we discuss later.

Ethanol addition slightly increases the mesopore
volume at 10 vol.% due to the small micelle swelling
effect observed for the low alcohol contents.’* The
higher ethanol concentration reduces the total
mesopore volume even at relatively high pHo > 9,
meaning that the concentration of =Si-0- and CTA* is
insufficient for the effective S*I- self-assembly in the
medium with lower polarity (Figure 6b). The
mesopore size also decreases at the higher ethanol
content, which can be explained by the smaller CTAB
micelle size due to their smaller aggregation number
in the alcohol-containing medium. 70-72

It is worth noting that the hydrophobic SOI°
interactions between the CTAB hydrophobic part and
=Si-0Et also take place during the particle formation
along with or instead of the electrostatic route,
although such interactions do not yield highly porous
products (Vmeso ~ 0.1 cm3/g). DRIFT spectra of the
washed low porosity samples showed an increased
amount of CTAB compared to the highly mesoporous
samples, and this surfactant residue was extremely
hard to remove even by many repeated washes with

ethanolic HCI (Figure SI19). It points to the fact that
silica nanoparticle formation proceeds via a
spectrum of routes involving S*I, SO0 silica-
surfactant interactions, and surfactant-free silica-
silica condensation, each of them dominating under
certain favorable conditions.

Practical advice for MSN design

Based on the extensive collected data, we have
designed a set of general rules for the preparation of
near monodisperse (PDI < 15%) particles with the
desired size and mesoporous texture at subneutral-
basic pH with CTAB surfactant (Figure 8):

1. The smallest nanoparticles < 50 nm form in the
media with good electrostatic and/or steric
stabilization - polar media with low ionic strength (<
0.05 M), TEA, reasonable surfactant excess, lower
reaction T.

2. Larger spheres are produced in the media with
diminished stabilization properties - less polar
cosolvents (> 10 vol.% EtOH), high ionic strength (>
0.05 M), less CTAB, higher reaction T.

3. The variation in the reaction pH ( which affects
hydrolysis, condensation, and silica-surfactant
assembly) can also be used to tune the particle
nucleation/growth rates. However, the effect will be
minimal for the media with good stabilizing
properties.

4. The highly developed mesoporous pore system
is usually formed in the reaction media where
electrostatic interactions between silica and
surfactant are favored - usually in sufficiently polar
media at basic pH (> 8) in the presence of
kosmotropic ions. Chaotropic ions result in lower
porosity, larger mesopore size, and thicker pore walls.

5. The concentration and pKa of the hydrolyzing
agent affect the pH evolution profile. A large pH drop
may induce the undesired aggregation, secondary
nucleation or result in less porous particles, making
itimportant to maintain pH above the critical level by
using an appropriate buffer concentration. It is worth
noting that a higher buffer concentration may also
increase the ionic strength, contributing to particle
size enlargement or aggregation in the absence of
steric stabilization.

6. One should remember that ethanol reduces the
reaction rates due to reverse alcoholysis reactions
and generally decreases the porosity and mesopore
size, which can be used for tuning the mesoporous
structure to a certain extent. In order to stay within
the reasonable range of reaction rates and porosities,
one should limit its content to < 20 vol.%.

7. Salt additives, on the contrary, facilitate the
reaction rates and accelerate the kinetics, which
makes them a better tool for tuning the particle size.
However, reaction media without stabilizing



additives and with the ionic strength > 0.05 M should
be used with care because of their tendency to
promote particle aggregation. The addition of 0.02-
0.10 M kosmotropic (F~, CI) or chaotropic anions
(Br7, I, Tosylate) induces notable changes in the
micelle aggregation number and S+*I- electrostatic
interactions, which makes it an easy and versatile
tool for mesopore control comparable in the utility
with organic porogens.23 Swelling the micelles with
cosolvents doesn’t directly affect silica-surfactant
interactions and usually results in highly porous
structures with thin pore walls. Salt additives
interfere with S*X-M*I- interactions and allow us to
vary not only the pore size but also the wall thickness,
which can be useful for tuning particle degradability.

To illustrate the above guidelines, we provided a
set of specific reaction conditions to prepare particles
with various sizes, porosities, and a narrow particle
size distribution (Figure SI120).

m DISCUSSION

Mechanism of nanoparticle formation

Over the last 20 years, the research on mesoporous
silica synthesis was mainly focused on the silica-
surfactant interaction rather than the size and shape
of the nanoparticles. A cooperative self-assembly
mechanism was proposed, in which the silica-
surfactant interactions enable the formation of the
mesoporous silica framework and facilitate the
precursor condensation.z’

Small < 50 nm

High/moderate colloidal stabilization by the media:
highly polar media, low-moderate ionic strength < 0.05 M, steric
stabilizer (optional — non-ionic cosurfactants, TEA, aminoacids, etc.)

} |

High porosity Medium/low porosity
* Highly polar media (H,0) » Highly/moderately polar

media (< 10 vol. % EtOH)
* Lower pH or high pH drop

* High pH and low pH drop

* Kosmotropic
ions/porogen (optional) « Chaotropic ions (optional)

Favored CTAB-silica
electrostatic interactions

Suppressed CTAB-silica
electrostatic interactions

Figure 8. General rules to the formation of mesoporous silica nanoparticles with tunable size and porosity.

+<—— Particle size? ——

However, new aspects of the mechanism have to be
involved to predict the particle size distribution in
these systems, namely: nucleation, growth, and
colloidal stabilization. In terms of the particle
nucleation, the self-assembly mechanism can be
considered as a specific case of the sol-gel synthesis,
where the nucleation stage is complicated by various
silica-surfactant interactions (S*I, S*X'M+I;, S0XO,
where S - surfactant, I - silica, M*, X- - counterions)
From this point of view, the surfactant is as much a
part of the reaction medium as a solvent or stabilizer.
In other words, the focus of the mechanism shifts
from the “silica-surfactant” assembly to the more
generalized “medium-mediated” silica assembly.

Such changes in the point of view will allow us to
better explain the observed particle size trends in the
MSN colloidal systems. However, which nucleation
mechanism would fit the experimental data best?
Many papers on nanoparticle synthesis123056 tend to
ascribe the seeming “pH-particle size” dependence
(Figure SI16) and monodispersity to the classical
nucleation mechanism?> further developed by LaMer
and Dinegar>’ by adding growth kinetics. In this
model, the higher monomer buildup in the medium
(=supersaturation) results in multiple nucleation
events that eventually lead to the smaller
nanoparticles. High monodispersity can be ensured
by a very short nucleation stage where the entire
population of nuclei forms in a nearly identical
environment simultaneously.

All the above phenomena, without doubt, take
place in every particle formation process. However, a

Large > 100 nm

Moderate/low colloidal stabilization by the media:
highly/moderately polar (< 20 % EtOH) media and/or moderate-high
ionic strength 0.02-0.2 M without stabilizers

| |

High porosity Medium/low porosity

Highly/moderately polar
media (< 20 vol. % EtOH)

pH, > 8, low pH drop
Kosmotropic
ions/porogen (optional)

Favored CTAB-silica
electrostatic interactions

Highly/moderately polar
media (< 20 vol. % EtOH)

pH, < 8 or high pH drop

Chaotropic ions (optional)

Suppressed CTAB-silica
electrostatic interactions




number of recent works claim that the classical
nucleation theory doesn’t define the final particle size
distribution. In the early 1990s, G. H. Bogush and C. F.
Zukoski®® reported that the formation of well-known
near monodisperse Stober spherical particles seems
to follow an “aggregative growth model,” where
particles grow by aggregation of generated silica
clusters followed by monomer capture until they
reach colloidal stabilization. However, this work
didn't get as much attention as the classical
nucleation mechanism in the nanoparticle synthesis
literature. Later, the assumptions of the LaMer model
were shown to be wrong not only for the originally
studied sulfur®®, metal5?65, and some inorganic
oxide®> colloids but also for the silica sol-gel
synthesis!3 where light scattering experiments
showed that the number of particles increases
throughout the synthesis instead of remaining
constant.

In agreement with the “aggregative growth model”
model, our in situ pH measurements and TEM
observations for the systems with salt, ethanol, and
stabilizer/surfactant additives suggest that the
particles grow predominantly through the
aggregation of silica clusters, and their final size is
mainly defined by the moment when they reach
electrostatic or steric stabilization. For example, we
found that the higher salt concentration increases the
reaction rate, whereas the higher ethanol content
slows it down, yet both additives result in larger
nanoparticles in all the studied pH range (Figure 5).
Similarly, the systems seem to be not very sensitive
to the moderate variation in pH (Table 2, TEA
content), T, and CTAB concentration (Figure 1) if the
particles are stabilized by atleast one of the following
factors: a thick protective shell from the excess of
TEA, CTAB, a thick hydration shell from the low ionic
strength and high medium polarity, smaller lower
synthesis temperature (less frequent collision of
building blocks). The systems with reduced colloidal
stabilization (high ionic strength, low solvent
polarity, low CTAB content, high T), on the contrary,
readily respond to the changes in the reaction
parameters (Figure 1b-c, Figure SI3).

What makes nuclei aggregate

Let’s look closer into the underlying phenomena
driving nanoparticle colloidal stabilization or
aggregation in the medium with different pH, ion
content, and dielectric constant. First of all, the
forming silica nanoparticles and clusters are covered
with =Si-OEt and =Si-OH groups. The latter often
dissociate in the reaction environment, with pKa ~2-
9 depending on the hydrolysis/condensation degree
in Si(OH)x(OEt)y(0Si). building blocks and the
working pH.387677 According to the DLVO theory>?,
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such nuclei or particles are better stabilized in the

medium that:

e reduces the frequency of particle collision (low
concentration or temperature);

e provides a thicker shell protecting the particles
or silanols from interaction;

e increases the surface charge, in our case, by
facilitating =Si-OH dissociation due to the charge
stabilization by dipoles (like in a high dielectric
constant solvent water at high enough pH).

A protective shell can be enriched with the solvent,
stabilizer, surfactant molecules (like TEA, a
single/double CTAB layer), cations and anions. For a
hydrophilic surface, the lower ionic strength and
more hydrated kosmotropic ions38 usually reduce the
surface charge screening, making the interparticle or
silanol interactions more repulsive. For a
predominantly hydrophobic surface, the colloidal
stabilization is ensured by the steric stabilizer or
surfactant molecules and chaotropic ions. All these
factors become even more important for the early
primary nuclei with high curvature that are even
more prone to aggregation.s?

Let us consider the role of pH evolution in nuclei
stabilization or aggregation. It is complicated by the
fact that each reaction kinetics has a unique pH
profile. The H* concentration usually increases due to
the dissociation of the generated silanols and
decreases due to the silanols condensation and the
proton capture by the base. Too large and early pH
drop may change the colloidal environment
drastically, which may trigger secondary nucleation
(Figure S13-15). Therefore, it is essential to maintain
the pH above a critical level with an appropriate
amount of buffer.

In addition to the higher buffer capacity, higher
ionic strength and EtOH content were also found to
increase the working pH, although it adds little to the
overall electrostatic stabilization in these cases.

For example, both the particle size and working pH
increases from more hydrated Cl- to chaotropic I,
which contradicts the literature reports on the
Hofmeister series in hydrolysis/condensation.2540 To
resolve this contradiction, we propose that the
particle growth is driven not only by the
condensation reaction but also the aggregation of
nuclei that are less electrostatically stabilized (or
more screened) in the presence of chaotropic .4 The
forced nuclei aggregation “buries” the unreacted =Si-
OEt and increases the chances of the available
silanols condensation, which results in a smaller pH
drop. This type of particle growth is not directly
related to the condensation reaction but rather
depends on the medium stabilizing properties.



The same aggregation-dominated process is likely
to happen in alcohol-containing systems. Both the
reduced hydrolysis rates and the decreased medium
polarity result in primary nuclei with fewer charged
groups, forcing them to aggregate even at the higher
working pH. This might explain why the core of such
nanoparticles has a relatively loose, not fully
condensed framework full of unhydrolyzed =Si-
OEt.2078 [t is an important feature that makes it
possible to produce hollow spheres from Stober
nanoparticles by selective etching and opens new
approaches to nanoparticle design.”?

Reaction medium and particle porosity

The study of the mesoporous texture tells us that
the presence of CTAB in the reaction medium does
not necessarily induce  S*I'  interactions
(Vimeso=0.08+0.53 cm3/g for 5-75 mM TEA) or
contributes to the facilitated particle growth (Table
2). It is the reaction medium that enables electrostatic
silica-surfactant interactions determining the degree
of particle mesoporosity. For base-catalyzed systems
with a cationic surfactant, these interactions can be
written in the form of S*I- or S*X'M*I- (where S -
surfactant, I - silica, MX - salt). Under this hypothesis,
the factors reducing the net charge of the building
blocks should result in the lower total porosity, as
was fully confirmed in our experiments (Table 2). For
CTA* micelles, these factors were high screening by
ions, especially large chaotropic anions, and the
suppression of ionic dissociation in the alcohol-
containing medium. The charge of silica clusters was
mostly reduced at subneutral pH and high EtOH
content, as well as by high ion screening, especially
with alkylammonium cations.

The mesopore shape and size follow the structure of
the surfactant micelles, which, in turn, depends on
the medium polarity, ionic strength, and
solubilization of hydrophobic molecules. In
accordance with this hypothesis, high ethanol
content was shown to decrease the aggregation
number of CTAB micelles due to the increased
solubility of the hydrophobic “tail” eventually
resulting in a smaller mesopore size. Similarly, the
kosmotropic and chaotropic anions changed the
hydrophilicity of the surfactant “head,” tuning the
mesopore size from 2 for Cl- to 10-20 nm for I-.

Interestingly, ions seem to induce more
pronounced changes in the systems at lower pH
(Figure 7, the upper and bottom rows), as previously
reported’37 for chaotropic tosylate anions. According
to the reported hypothesis, the dissociated silanols
and anions compete for the adsorption onto the
positively charged micelles, and it defines the
porosity of the particles. The lower working pH (less
=Si-0-) or more chaotropic anions (stronger binding
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to CTAB) shift this competition in favor of the anions,

which leads to low porosity products with larger

mesopores. Thus, the formation of the highly
developed mesoporous system depends on:

e the concentration of =Si-O- that interact with
positively charged micelles and trigger the
cooperative self-assembly;

e the specific ion-mediated S*X-M+*I- interactions
(where S - surfactant, [ - silica, MX - salt).

On the order of the mesopores

Most MSN are prepared with stabilizers under
“mild” hydrolysis conditions (pH<10) and possess
“worm-like” disordered mesoporosity?3 (Figure 7,
FigureSI5), unlike classical ordered MCM-41 or MCM-
48 materials. The reason for such a difference most
likely lies in the precursor hydrolysis degree. The
traditional ordered mesoporous silica
syntheses13313655 provide the highest concentrations
of =Si-0-and CTA* at high ionic strength (FigureSI9),
resulting in fast precipitation within the first minutes
of the reaction. Unfortunately, very high hydrolysis
and condensation rates along with the high ionic
strength do not allow the formation of colloidally
stable MSN since the aggregative growth is too
intensive and leads to large crystals or aggregated
products. Moreover, the addition of a stabilizer
would interfere with the self-assembly process,
leaving the impractical “high dilution” approach as
the only option for producing ordered near
monodisperse MSN that are “protected” from
aggregation by their low concentration (Si/solvent <
1/600).

However, some progress in improving the pore
alignment can be achieved by manipulating the
hydrophobic part of the micelles, for example - by
using organic pore expanders. That topic is
extensively covered in the recent review.” The
particles with stellar-like mesopores can be prepared
by this approach in reasonable concentration
without significant damage to the MSN colloidal
stability.80581

m CONCLUSIONS

In the present work, we have comprehensively
studied the formation of near monodisperse (PDI ~
5-15%) 30-700 nm mesoporous nanoparticles in the
subneutral-basic pH region of 6-11 using various
hydrolyzing agents (triethanolamine, ammonia,
phosphate buffers), CTAB concentration (0.5-5 wt.%)
and reaction temperature (0-80 °C). The medium
polarity was varied using ethanol additives (0-30
vol.%), and the ionic strength was tuned in the range
0f 0.001-0.2 M with monovalent salts M*X-, where M+
= Na+, K+, Cs*, TMA+, TEA*, TBA* and X =F’, Cl, Br, I'.



Screening of a wide range of reaction conditions
showed that the cooperative assembly mechanism of
mesoporous silica formation has limited applicability
to the studied colloidal systems where silica-
surfactant electrostatic interactions can be not a
dominant route of the particle formation. The classic
nucleation theory, where the particle size depends on
nucleation rates tied to hydrolysis and condensation,
also fails to explain the observed trends. We have
found that the final particle size is defined by the
medium’s  electrostatic or steric stabilization
abilities, which confirms the Bogush-Zukoski model
of aggregative growth. Under this hypothesis, the
particle size becomes more sensitive to the changes
in the reaction kinetics as colloidal stabilization
decreases. The prerequisites for low colloidal
stabilization are higher ionic strength or EtOH
content, less surfactant or TEA stabilizer, usually
more  chaotropic  anions, higher reaction
temperature, lower pH.

These findings enabled us to formulate general
rules for preparing near monodisperse mesoporous
silica nanoparticles at a reasonable yield in a one-pot
synthesis. We hope that these guidelines, along with
understanding the mechanism of particle formation,
will help the researchers develop new types of
porous silica-containing nanoparticles. The present
work can serve as a starting point for studying the
formation of mesoporous silica nanoparticles with
organic functional groups, where the interaction
between silanols, surfactant, and organic moieties
are even more complicated.
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