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Advancing a mechanistic understanding of the colloidal to solid-phase transformations of silica allows us to tune
these meso-scale structures. In this study, we probe the structural transformations associated with the forma-
tion of mesoporous silica particles, SBA-15 using in-operando Small Angle X-ray Scattering (SAXS) and Grazing
Incidence-Small Angle X-ray Scattering (GI-SAXS). The chemical transformations associated with the hydrolysis
and condensation of silica particles is investigated using Attenuated Total Reflection — Fourier Transform Infrared
Spectroscopy (ATR-FTIR) measurements. Fast polymerization of Si-O-Si species to form mesoporous silica is noted
when SBA-15 is synthesized in the presence of nitrate salts, due to the “salting-in” effect or enhanced solubility
of polymers. However, aging the silica particles resulted in plate-like morphologies in the absence of the nitrate
salt and spherical morphologies in the presence of nitrate salt. Early onset of nucleation of silica particles in the
presence of nitrate salts was captured using GI-SAXS measurements. These studies show that the rational basis
for developing new synthesis routes for accelerated kinetics or specific meso-scale structures can be informed by

detailed characterization of the evolution in chemistry and meso-scale structure of these materials.

1. Introduction

Developing mechanistic controls on the synthesis of colloidal materi-
als requires us to advance experimental methods to probe the evolution
of matter in real-time. Colloidal approaches to synthesize novel mate-
rials have gained widespread scientific attention since they allow us to
design materials with specific pore and particle morphologies. In par-
ticular, the development of siliceous materials via colloidal approaches
have received significant attention. Silica is abundant in earth materials
and there is an emerging interest in understanding the thermodynamic
[1-6] and transport [7-11] behavior of fluids in confinements, espe-
cially the Earth’s subsurface [12]. To develop a calibrated understand-
ing of anomalous thermodynamic and transport behavior of confined
fluids, the development of model materials as surrogates for natural hi-
erarchical materials has been proposed [13,14]. One of the approaches
to develop geo-architected siliceous materials is via colloidal synthesis.
[15,16]. The morphologies of these ordered mesoporous materials are
sensitive to the processing conditions including the temperature and sol-
vent composition [17-21]. Examples of these materials include SBA-15,
SBA-16, MCM-41, and MCM-48. These materials can be functionalized
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for applications in catalysis [22-25], delivery of bioproducts to the body
[26,27], and filtration [28-30].

Directing the synthesis of novel materials with specific morpholo-
gies requires us to tune the experimental conditions. As an alternative
to the conventional route of testing several processing conditions, tar-
geted in-operando measurements can reveal important mechanistic in-
sights. Several research efforts have been dedicated to understanding the
chemical [31,32] and structural [33-36] changes during the formation
of ordered mesoporous silica. Moreover, the effect of electrolytes such
as salts [16,37,38], silica precursors [20] and other reagents [21,39,40]
and temperature [41] have a significant influence on the morphologies
of the silica particles produced via colloidal synthesis.

The synthesis of these materials, when using non-ionic surfactants, is
directly controlled by the amphiphilic molecules present in these struc-
ture directors or surfactants [21,39]. Amphiphilic molecules used mostly
for the ordered mesoporous silica synthesis are the block copolymers
such as Pluronic triblock copolymers, which consist of polypropylene
(PP) block sandwiched between two polyethylene (PE) blocks [42,43].
In an aqueous solution, Pluronic polymers typically form micelles with
a hydrophobic core of polypropylene (PP) block surrounded by a hy-
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drophilic corona made up of polyethylene (PE) block [43-46]. Water
is present as the main part of corona but to some extent, it can also
penetrate the core of micelles [45].

It is known that the addition of electrolytes and temperature can
affect the properties of Pluronic block copolymers [42,43,47,48]. More-
over, the solubilities of these nonionic block copolymers are influenced
by the presence of inorganic salts [16,37,49]. The inorganic salts can
either decrease or increase the solubility of organic solutes in the wa-
ter based on a phenomena termed as the ‘salting-out’ and ‘salting-in’
effects, respectively [38]. These effects are primarily governed by the
anions in the inorganic salts, while the cations do not have a significant
impact. The anions of the Hofmeister series are ordered below in terms
of their effect on the solubility of organic solutes; SO,2~, HPO,2~, OH-,
F~, HCOO~, CH3;COO-, CI~, Br~, NO;~, I, SCN™, Clco*- [16,38,50].
The anions to the left of Cl~ have reduced solubility in macromolecules
such as proteins (representing the “salting-out” effect), while those the
right represent enhanced solubility (representing the “salting-in” effect),
with the influence of Cl~ being ambiguous [16,49,51]. Ions influence the
micellar arrangements [45,52,53] leading to different morphologies of
mesoporous silica [16,54-56].

The formation of silica particles involves two stages. The first stage
involves the formation of micelles containing a hydrophobic core of
polypropylene (PP) surrounded by a hydrophilic corona made up of
polyethylene (PE). The second stage involves the 2-D hexagonal order-
ing of the micelles and the formation of silica particles. The reactions
below represent the hydrolysis and condensation reactions associated
with the formation of mesoporous silica [14,57].

Hydrolysis:

=Si-OC,H; + HO-H — =Si-OH + C,H;O0H Reaction (I)
Water condensation:

=Si-OH + HO-Si= — =Si-0-Si= + H,0 Reaction (1)
Alcohol condensation:

=Si-OH + H;C,0-Si= — =Si-0-Si= + C,H;OH Reaction (IIT)

Prior in-situ Small Angle X-ray Scattering (SANS) studies showed that
in-situ Small Angle X-ray Scattering (SAXS) studies were modeled to rep-
resent the condensation and densification of silica [34]. In-situ Small An-
gle Neutron Scattering (SANS) measurements showed that the salts in-
fluence the scattering intensity driven by changes in the composition of
the wall [58]. However, some scientific questions remain unanswered.
These questions include: (i) How do we delineate the stages that involve
the formation of micelles and the 2-D hexagonal ordering of the micelles
to form silica particles? (ii) How do these stages vary when consider-
ing “salting-in” as an approach to direct the synthesis of colloidal sil-
ica? (iii) Does aging the silica particles change the morphology of these
materials? To address these questions, we investigated the phenomena
that contributes to the densification and condensation of silica using
in-situ small angle X-ray scattering (SAXS) and Grazing Incidence-Small
Angle X-ray Scattering (GI-SAXS). The chemical onset of silica matrix
formation was identified using time-dependent ATR-IR measurements.
We evaluate the hypothesis that anions that contribute to the “salting-
in” effect such as NO3~ accelerate the densification and condensation
of mesoporous silica, SBA-15. Further, we evaluate the influence of ag-
ing on the morphology of mesoporous particles. SBA-15 particles have
a hexagonal particle shape and a cylindrical pore structure. The influ-
ence of nitrate ions on the morphological changes of SBA-15 are probed.
These investigations are designed to provide mechanistic insights into
the densification and condensation behavior of mesoporous silica via
colloidal synthesis.

2. Materials and methods

The reagents used in this study are Pluronic® P123 (EGy,PGg; EG,;),
tetraethylorthosilicate (TEOS), magnesium nitrate hexahydrate
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(Mg(NO3),.6H,0) purchased from Sigma Aldrich, and 1 N hy-
drochloric acid (HCl) acquired from Fisher Scientific. To synthesize
SBA-15 particles, 47.74 mL of HCl, 8 g of P123 and 252 mL of water
were stirred in a beaker at a rate of 600 rpm and temperature of 313 K.
After the complete dissolution of the surfactant, 17 mL of TEOS was
added to the solution and mixed for 24 h, followed by filtration and
air-drying at 90 °C for 48 h. To investigate the influence of nitrate
ions, Mg(NO3),.6H,0 was added to the solution of HCl, P123, and
water to achieve a final molarity of 1 M. Therefore, the synthesis
step was repeated by adding 17 mL of TEOS to the solution with salt
while stirring at 600 rpm and 313 K for 24 h. Throughout this study,
we refer to SBA-15 synthesized without the nitrate salt as “M-1” and
SBA-15 synthesized with the nitrate salt is referred to as “M-2”. To
evaluate changes in the chemical bonding during the first 60 min of
reaction, infrared (IR) spectra were acquired in an Attenuated Total
Reflection (ATR) mode using an Attenuated Total Reflection-Fourier
Transform Infrared spectrometer (ATR-FTIR, Nicolet™ iS50, Waltham,
MA). Slurry samples with 100 pL in volume were collected every three
minutes for the ATR FT-IR analyses. The spectra were collected in the
range of 4000-650 cm~! with a total of 32 scans for each run at a
resolution of 2 cm™1.

The in-situ SAXS measurements were performed to determine the on-
set of silica matrix formation during the synthesis of mesoporous ma-
terials. The synthesis was performed in a beaker as mentioned above
and the reaction solution was pumped through a quartz capillary (outer
diameter 1.5 mm, thickness 0.2 mm) in a closed-loop system using a
peristaltic pump. The schematic of the experimental setup used during
the in-situ measurements is shown in Fig. S1(a). The pumping rate of
solution from solution bath to the capillary was set at 130 mL/min.
During the measurements, the beam was centered in the middle of the
vertically oriented quartz capillary. The transmission Small Angle X-
ray Scattering (SAXS) measurements were performed at sector 9-ID-C at
Advanced Photon Source (APS) in Argonne National Laboratory (ANL)
[59-66]. The scattering data were acquired within the scattering wave
vector (q) range of 0.04-1.6 A1, q is related to the wavelength (1) of
incident X-ray and the scattering angle (0) as: ¢ = (4x/A)sin(6/2) [67].
X-ray wavelength during the measurements was 0.59 A, which corre-
sponds to an X-ray energy of 21.0 keV. Total X-ray photon flux received
by the instrument was ~10'3 photon mm~2 s~! with the beam size of
0.8 x 0.2 mm. The sample exposure time during each measurement was
30 s. The SAXS instrument was calibrated using silver behenate before
the measurements [68]. The 2D data collected by the instrument was re-
duced to 1D curves, represented as X-ray scattering intensity vs. scatter-
ing wave vector (I(q) vs. q(i—"r1 )), by using the Nika [69] macro written
in the IgorPro software (Wavemetrics, Lake Oswego, OR). The scatter-
ing from quartz capillary and respective solutions before the addition
of TEOS was subtracted as background from the data. The in-situ mea-
surements were performed up to 154 min for each sample. To obtain the
detailed insights from the SAXS data, the fitting was performed using the
“Small Angle Diffraction” tool in Irena package [70]. The representative
modeled curves are shown in Fig. S2.

For the in-situ Grazing Incidence-Small Angle X-ray Scattering (GI-
SAXS) measurements, the batch reaction assembly was used (Fig. S1(b)).
During the GI-SAXS measurements, the mesoporous materials were nu-
cleated on a fused silica substrate. The in-situ cell for GI-SAXS measure-
ments has a volume of 6 mL and thus, the amounts of materials added
were adjusted accordingly. The description and schematic of the GI-
SAXS cell is provided in a prior publication [71]. For instance, 3.94 mL
of water, 0.75 mL of HCl, and 0.125 g of P123 were added in the in-
situ cell and the first measurement was taken without TEOS. In the next
step, 0.27 mL of TEOS was injected into the cell through the inlets at the
top of the cell. The injection was done remotely using a programmable
syringe pump (Hamilton Microlab 600 series). The remote injection as-
sisted us in robust data acquisition without losing any information at the
early stage of reaction. The scattering data was acquired for 100 min.
The measurements were taken in two steps. In the first step, 50 scans
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Fig. 1. (a) Identification of the functional groups using Attenuated Total Reflection-Fourier Transform Infrared spectroscopy (ATR-FTIR) measurements, and (b)
meso-scale structure determination using Small Angle X-ray Scattering (SAXS) measurements in mesoporous silica, SBA-15 synthesized without (M-1) and with

magnesium nitrate salt (M-2).

were taken every 40 s, while in the second step, the interval between
each scan was 4 min. The acquisition time for each scan was 1 s. A
similar experiment was repeated with the solution bearing the nitrate
salt. The GI-SAXS measurements were performed at sector 12 ID-C at
APS. The scattered intensity during the measurements was collected
on a 2-D Pilatus 2 M detector (Dectris Ltd., Baden, Switzerland). The
GI-SAXS instrument was also calibrated for sample-to-detector distance
using silver behenate [67]. The sample-to-detector distance during the
measurements was 206 cm. The instrument was operated with the X-
ray energy of 18 keV, corresponding to the X-ray wavelength of 0.68 A.
The GI-SAXS data were acquired in the g range of 0.006-0.74 A-1.The
X-ray beam was directed to the substrate at an incidence angle (;) of
0.11°. The incident angle is lower than the critical angle for total exter-
nal reflection at the given energy. The GI-SAXS data were cut along the
horizontal 433 axis and 1D curves were obtained using an Igor based
program.

Finally, the powdered samples synthesized in the laboratory were
investigated for pore size and N, adsorption-desorption isotherms using
the Brunauer—Emmett—Teller technique (BET, Quantachrome NOVA-
touch Analyzer, Boynton Beach, FL). To evaluate the chemical species
in the final product, the ATR-IR spectra of powders were also collected.
The morphologies of particles formed during the syntheses were imaged
using a scanning electron microscope (Zeiss LEO 1550 FESEM). These
measurements coupled with the in-situ X-ray scattering and ATR-FTIR
data provided detailed insights into the morphological and chemical
evolution of SBA-15 in the presence and absence of the nitrate salt.

3. Results and discussion

3.1. Characterization of SBA-15 particles synthesized with and without the
addition of nitrate salt

To evaluate the hypothesis that the chemistry and morphology of
SBA-15 particles changes on the addition of nitrate salt, ATR-FTIR spec-
tra and SAXS data of the synthesized M-1 and M-2 powders were col-
lected. These data are shown in Fig. 1(a) and (b), respectively. The func-
tional groups of solid SBA-15 particles remain unchanged when these
particles are synthesized with and without the addition of nitrate salt.
In the FTIR spectra, the bonds corresponding to Si-O-Si asymmetric, Si—
OH, and Si—O-Si symmetric vibrations in the silica matrix are around
1045, 940, and 795 cm™!, respectively [72,73]. Moreover, stretching

vibrations from OH bands were noted between 3750 — 3300 cm™!, with
additional vibrations from CH bonds from residual surfactant. Detailed
assignments to these bands are presented in Table S1. These data show
that the chemical composition of SBA-15 particles remains unchanged
when the materials are synthesized with and without the nitrate salt
(Fig. 1(a)).

Analyses of the SAXS data showed that the characteristic dimensions
of SBA-15 change when the material is synthesized using nitrate salt
(Fig. 1(b)). The addition of nitrate salt shifted the peak representing the
(100) plane to a relatively higher g value of 0.071 A~! from 0.064 A~!,
which corresponds to the d-spacing of 88.5 A and 98.2 A, respectively.
The values of all the d-spacings corresponding to labeled peaks are pre-
sented in Table S2. The mesoporous lattice types in M-1 and M-2 were
evaluated by calculating the ratios of g values of the first four peaks that
appeared in the SAXS curves (Fig. 1(b)). The calculated ratios for M-1
and M-2 are presented in Table S3. For both materials, we found that
the mesopores were organized as a hexagonal (H, ) lattice [47,48] since
both followed ratios of 1: 1/3: 1/4: 1/7. The lattice parameters ‘a’ for
M-1 and M-2 were also calculated using the following equation.

ag= 2 x dgje)/V3 o)

where, d(190y = 27/q(100y- The values of ‘a’ for M-1 and M-2 were found
to be 11.64 nm and 10.23 nm, respectively.

Additional insights into the pore sizes were obtained from the BET N,
adsorption-desorption isotherms, measured at 77 K. The isotherms and
pore size distribution of M-1 synthesized in the absence of salt and M-2
synthesized in the presence of nitrate salt are presented in Fig. 2. The
pore size distributions for both samples were determined using the BJH
method applied to the desorption isotherm. M-1 exhibited a relatively
wider pore-size distribution with an average pore diameter of 4.11 nm,
while M-2 exhibited a narrow pore-size distribution having an average
pore diameter of 3.65 nm (Fig. 2(a)). Moreover, the values of the lattice
parameter ‘a,” and average pore size were used to determine the wall
thicknesses (a, — pore size) in M-1 and M-2 [19]. The pore wall thickness
for M-1 and M-2 were found to be 7.5 nm and 6.6 nm, respectively. This
decrease in the pore size and thinner walls in the presence of salt can
be attributed to the salting-in effect of nitrate ions. The effect of anions
on the size of P123 micelles in aqueous solution using small angle X-ray
and neutron scattering has been studied by Manet et al., [52] who re-
ported that the anions facilitating salting-out effects produce relatively
larger micelles compared to the anions that facilitate the salting-in ef-
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Fig. 2. Pore size distribution curves (a) and N, adsorption-desorption isotherms for mesoporous M-1 (b-1) and M-2 (b-2), respectively. M-1 and M-2 represent

mesoporous silica, SBA-15 synthesized without and with magnesium nitrate salt.

Table 1

Lattice parameters, pore sizes, wall thicknesses, surface areas, and pore volumes for M-1 and M-2. Lattice parameters were calculated from the first peaks (q;90)) in
SAXS curves. Pore size distributions, surface area and pore volumes were determined from N, adsorption—-desorption isotherms. The wall thickness was calculated

by subtracting the average pore size from lattice parameter.

Sample ID Lattice parameter (nm) Pore size (nm) Wall thickness (nm) Surface area (m?/g) Pore volume (cc/g)
(ay = w0y (BJH method) (ay — pore size) (BET) (N, isotherm)

M-1 11.6 41 7.5 3755 0.44

M-2 10.2 3.6 6.6 370.7 0.33

fects. Since NO;~ ions facilitate salting in effects, the decrease in the
pore size of the final product of M-2 can be attributed to this effect.

The N, BET adsorption-desorption isotherms for M-1 and M-2 are
presented in Fig. 2(b-1) and (b-2), respectively. Typical type IV-a
isotherms were exhibited by both the samples, having a hysteresis which
indicates the presence of capillary condensation in the pores [74]. How-
ever, the different types of hysteresis loops were presented by both the
samples. For instance, M-1 presented a type of H1 hysteresis, which
is an indication of uniform mesopores having a delayed condensation
on the adsorption branch. For M-2, type H2-(a) hysteresis was noted.
This observation is associated with the cavitation-induced evaporation
leading to narrower pore size distributions and smaller pores [19,28,74-
76] compared to M-1. As evidence, the surface area of M-1 and M-2 are
375.5 m?/g and 370.7 m?/g, respectively. The pore volumes of M-1 and
M-2 are 0.44 cc/g and 0.33 cc/g, respectively. The pore sizes of M-1 and
M-2 are 4.1 nm and 3.6 nm in M-1 and M-2, respectively. These param-
eters are summarized in Table 1. While the BET pore size measurements
showed clear differences in the structure of SBA-15 synthesized with and
without the nitrate salt, insights into the evolution of micellular organi-
zation leading to the structure of SBA-15 are reported in the following
sections.

3.2. Evolution of the Si-bearing functional groups during the synthesis of
SBA-15

The formation of mesoporous silica is accomplished in two steps
[57]. The first step is the hydrolysis of silicate species (TEOS) by wa-
ter which results in the formation of silanol (Si-OH) as presented by
Reaction (I). Following the hydrolysis step is the condensation reaction,
which leads to the formation of Si-O-Si linkages, eventually leading to
the formation of a well-ordered mesoporous structure. During the con-
densation reaction, the silanol species react with either another silanol
or precursor silicates to form siloxanes (Si-O-Si). The formation of silox-

ane by the reaction of two silanols is termed as water condensation,
while the reaction of silanol with silicates to produce siloxane is called
alcohol condensation, as shown in Reactions (II) and (III), respectively.

To capture these chemical changes during the formation of meso-
porous M-1 and M-2 materials, the ATR-FTIR measurements were per-
formed as the silica materials were synthesized. For these measure-
ments, 100 uL of the solution was extracted from the reaction mixture
and dropped on the ATR diamond crystal for FTIR analyses. The time
interval between sample extraction from solution to dropping on ATR
crystal was 30 s. Each ATR measurement took approximately 1 min. The
time reported here corresponds to the beginning of each measurement.
The solutions were well-mixed to ensure that the samples were represen-
tative of the solution composition. The FTIR spectra of M-1 and M-2 so-
lutions before the addition of TEOS were taken as the background prior
to the measurements. The ATR-FTIR spectra of TEOS, M-1 (pre-TEOS),
and M-2 (pre-TEOS) are presented in Fig. S3. The pre-TEOS spectra of
M-1 and M-2 were acquired with water as the background. In these IR
spectra, the C-O-C and C=O0 stretching vibrations from Pluronic P123
were observed around ~1090 cm~! and ~1615 cm™!, respectively [77].
For M-2, a peak from asymmetric vibrations of NO;~ from Mg(NOs),
was also noted at 1338 cm™! [78].

During the synthesis, significant changes were noted between 1250
and 850 cm™! in the IR spectra (Fig. 3). Changes for the peaks cor-
responding to Si-OH (silanol) and Si-O-Si (siloxane) were observed.
To understand the underlying chemical transformations, the peaks in
the range of 1250-1000 cm~! were deconvoluted to better understand
the underlying chemical transformations. This range was selected be-
cause the bands corresponding to the final silica product (Si-O-Si) lie
within this range as indicated in several literature sources [31,32,79-
83]. The deconvoluted spectra at the major representative transforma-
tion stages were plotted and shown in Figs. S4 and S5 for M-1, and
M-2, respectively. The deconvolution was performed using the Leven-
berg Marquardt iteration algorithm using the Gauss model embedded
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Fig. 3. Evolution of the functional groups during the synthesis of mesoporous silica, SBA-15 in the (a-1) absence (M-1) and (b-1) presence of nitrate ions (M-2). The
time evolution of the functional groups based on the normalized integrated peak areas in mesoporous silica, SBA-15 in the (a-2) absence (M-1) and (b-2) presence

(M-2) of nitrate ions is shown.

in Origin Pro software (OriginLab Corp.). To compare the evolution of
functional groups in both samples, the peaks around ~960 cm~! for Si—
OH (silanol) and ~1079 cm™! for Si—O-Si (blue curves in deconvoluted
spectra) in silica matrix were selected. Although multiple Si-O-Si vibra-
tion modes were identified during the peak deconvolution, the bands
around 1079 cm~! were selected as representative bands for siloxane
vibrations. The integrated peak areas for Si-OH (~960 cm~1) and Si-O-
Si (~1079 cm~!) were determined and the values were normalized by
the maximum value. The normalized integrated peak areas for Si-OH
and Si-O-Si are plotted in Fig. 3(a-2) and (b-2) for M-1 and M-2, re-
spectively. In M-1, the C-O and C-C peaks from ethanol were observed
in the first scan (0 min) shown in Fig. S4(a), which is an indication of
hydrolysis of silicate species by water. Similar behavior was exhibited
by M-2 at 0 min, as presented in Fig. S5(a). Moreover, the actual inte-
grated peak areas and associated errors for peaks around ~1079 cm™!
are shown in Fig. S6.

Our hypothesis when analyzing the ATR-FTIR data was that the
trends in the absorbance vary as transformations from the colloidal to
solid phase occur, which was confirmed based on the data presented in
Fig. 3. Deconvolution of Si—-O-Si peaks provided insights into the mech-
anisms governing the formation of silica particles. The first peak for
Si—0-Si (~1079 cm™1) was noted after 21 min for M-1, while for M-
2 it was noted after 12 min. Si-O-Si bands (~1079 cm™!) followed a
similar trend as Si-OH band (~960 cm~1), which corresponds to the
simultaneous hydrolysis of TEOS and condensation of silanol (Si-OH)
to produce siloxane (Si—O-Si) linkages in the mesoporous silica matrix.

The downward trend in the integrated peak area curves was attributed
to the separation of precipitated particles from the solution phase, with
the solvent in contact with the ATR crystal. Further, additional vibra-
tion modes for Si-O-Si were also identified in the deconvoluted spectra
of both M-1 (Fig. S4) and M-2 (Fig. S5). These peaks could be attributed
to the co-existence of different internal and external Si-O vibrations be-
tween 1200 and 1000 cm~!, which has been reported to exist during
the formation of mesoporous MCM-41 [31]. Additionally, the asymmet-
ric Si—O band from unreacted TEOS was also noted for both the samples,
which shifted from ~1125 em~! (0 min) to ~1200 cm~! during the for-
mation of the mesoporous matrix.

The ATR-IR measurements have shown that in the presence of nitrate
anions, the onset of siloxane formation was relatively early (12 min)
when compared with the solution (21 min) without salt. This observa-
tion is consistent with the hypothesis that anions that facilitate “salting
in” effects enabling higher solubility of the polymers and early onset
of micellization [38,52]. These studies show that early micellization fa-
cilitated by nitrate ions enables the early onset of hydrolysis and con-
densation of the silica matrix, as noted for M-2. To compliment these
spectroscopic investigations which provide insights into the dynamic
chemical evolution of colloidal silica material systems leading to the
formation of mesoporous silica, in-operando evolution in the meso-scale
features of silica with and without nitrate salts is probed using Small
Angle X-ray Scattering (SAXS) and Grazing Incidence-Small Angle X-
ray Scattering (GI-SAXS) measurements, as discussed in the following
sections.
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3.3. Dynamic evolution in the meso-scale features of silica

To monitor the evolution of mesoporous phase formation, in-situ
SAXS measurements were performed in transmission and grazing in-
cidence geometries. The in-situ transmission SAXS curves for M-1 and
M-2 are presented in Fig. 4(a) and (b), respectively. The increase in
the scattering intensity in case of M-2 could be referred to the in-
crease in scattering length density (SLD) in the presence of Mg(NOs3),
(SLD = 19.47 x 10~ A-2). The integrated intensities of both sam-
ples were also calculated and plotted in Fig. 4(c) for M-1 and M-2,
respectively. The peaks and Guinier knee-like feature around 0.3 A1
were fitted using the ‘small angle diffraction’ tool using the Irena pro-
gram [70] in IgorPro software. The SAXS data for M-1 and M-2 were
interpreted using hexagonal close-packed (HCP) cylindrical geometry,
which is consistent with the meso-scale organization of these materials
[47,48]. However, the Guinier knee was fitted using the approach pro-
posed by Beaucage [84,85]. The model was fitted between the g values
of 0.2-0.8 A-! to obtain the radius of gyration (R) values, which are
reported in Fig. 5.

Important insights into the evolution of the meso-scale features of sil-
ica can be obtained by investigating changes in the (100) characteristic
peak which corresponds to the ordered mesopores [16,19,34]. Further,
the intensity of (100) characteristic peak was observed to be increasing
with time as the mesoporous silica phase was formed. In the case of M-
1, the onset of the (100) peak at 25 min (Fig. 4(a)) corresponded to the
onset of siloxane formation, as discussed in Section 3.2. In the case of
M-2 in which the SBA-15 is synthesized in the presence of nitrate salt,
the characteristic peak was noted as early as 2 min. The earlier devel-
opment of the (100) peak in mesoporous silica synthesized using the
nitrate salt, M-2 (Fig. 4(b)) [86] is consistent with the earlier onset of
siloxane linkages noted in Section 3.2.

To determine whether the scattering was from micelles or meso-
porous phase, the values of d-spacing corresponding to the peak cen-
ters were analyzed. For M-1, initially, the d-spacing of 11.0 nm was ob-
served, which could be attributed to the scattering from micelles in the
solution. Comparable values of d-spacing for P123 micelles have been
reported in the literature [16,86]. At the onset of siloxane (Si-O-Si)
condensation (~27 min), the d-spacing value decreased to 10.4 nm and
remained constant until 83 min of reaction. After 83 min of reaction,
the d-spacing value changed to 9.9 nm and remained constant until the
end of SAXS measurements. This decrease in d-spacing is attributed to
the densification of silica-phase around the micelles [21,58,87,88]. For
M-2, in which nitrate ions were present in the solution, the d-spacing
values for (100) plane exhibited a similar trend as shown by M-1. How-
ever, the initial value (13.5 nm) was relatively higher than the M-1. The
first decrease in the d-spacing value was noted after 10 min, where the
value decreased from 13.5 to 12.5 nm and eventually attained a value
of 11.7 nm after 18 min. Upon further reaction for up to 50 min, the d-
spacing value decreased to 11.0 nm and remained constant until 75 min.
Afterward, the values changed to 10.4 nm and remained constant until
the end of the reaction.

The d-spacing of M1 determined from the in-situ measurements and
ex-situ measurements of the synthesized powder was 9.9 nm and 9.8 nm,
respectively. These data are in reasonable agreement with each other.
The d-spacing of M2 synthesized with nitrate salt from the in-situ mea-
surements and ex-situ measurements of the synthesized sample was
10.4 nm and 8.9 nm, respectively. The discrepancy in these data is at-
tributed to the influence of aging these samples on the changes in the
mesoscale structure. To probe the effect of aging on the morphology of
the particles, SEM images were taken (Fig. 6).

The micro-scale morphology of M-1 and M-2 particles was also im-
aged using SEM and presented in Fig. 6(a-1) and (b-1), respectively. The
observed morphology of SBA-15 particles synthesized at room tempera-
ture (Fig. 6(a-1)) is consistent with the observations from prior publica-
tions [19,21]. However, when nitrate ions were present in the solution
(Fig. 6(b-1)), no regular morphology was observed. The morphologies of
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Fig. 4. Evolution in the characteristic d (100) peak in mesoporous silica, SBA-15
synthesized in the (a) absence (M-1) and (b) presence (M-2) of nitrate salt using
in-operando Small Angle X-ray Scattering (SAXS) measurements. Comparison of
the normalized integrated peak intensity of the d (100) peak is shown in (c).
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Fig. 5. Estimated radius of gyration (Rg) values for M-1 and M-2 between the
g-range of 0.2-0.8 A-1 obtained from the transmission SAXS measurements.

synthesized silica particles have been shown to be sensitive to tempera-
ture [41]. Prior literature suggested that Cl~ ions result in well-defined
and regular particle morphologies, Br~ ions yield small and slightly
irregular particle morphologies while I~ ions do not result in regular
morphologies [16]. In the Hofmeister series for evaluating salting-in ef-
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fects, nitrate is located in between Br~ and I~ ions. The initial irregular
morphologies observed when using I~ ions to synthesize silica particles
[16] is consistent with that of nitrate ions in this study. However, we
observed that aging the samples synthesized in nitrate salts, changes
the particle morphology. SEM images were collected on samples aged
for two weeks at room temperature under static conditions (Fig. 6(a-2)
and (b-2)). Aging M-1 samples prepared in the absence of nitrate salts
resulted in platelet or disk-like morphology (Fig. 6(a-2)). However, in
the presence of nitrate ions, the random particles initially formed were
transformed into spherical particles (Fig. 6(b-2)). The particle size was
also found to be increased in both cases, which was a direct effect of
aging in the solution, as reported previously [89].

The formation of spherical particles in M-2 could be attributed to
the intrinsic need of the system to minimize the surface energy [90]. It
has been reported that in the presence of salt, more water is expelled
during the synthesis resulting in a more flexible molecular rearrange-
ment and thermodynamically favorable structures [16,91]. Therefore,
the presence of NO5;~ ions in the solution, could help minimize the
surface energy and eventually produce particles with spherical mor-
phologies. Additionally, if the polymerization of inorganic species (Si-
0-Si) is slow relative to the formation of the meso-structure, then
well-defined mesostructured materials are developed. However, irreg-
ular particles are formed if inorganic species polymerize relatively fast
[16,90]. Therefore, to understand whether the spherical morphology
of M-2 particles was controlled by the presence of NO;~ ions or ag-
ing in the solution where the existing silica phase might influence
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Fig. 6. Morphologies of as-prepared (a-1) M-1 and (b-1) M-2 and, (a-2) M-1 and (b-2) M-2 aged for three weeks represented using Scanning electron micrographs
(SEM). M-1 and M-2 represent mesoporous silica, SBA-15 synthesized without and with magnesium nitrate salt.
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Fig. 7. Evolution in the characteristic d (100) peak in mesoporous silica, SBA-15 synthesized in the (a-1) absence (M-1) and (b-1) presence (M-2) of nitrate salt using
in-operando Grazing Incidence-Small Angle X-ray Scattering (GI-SAXS) measurements. The morphologies of (a-2) M-1 and (b-2) M-2 are captured using Scanning

electron micrographs (SEM).

the final morphology, the SAXS experiments were repeated in a GI-
SAXS geometry and the mesoporous particles were precipitated on fused
silica-substrates.

To understand the effect of the substrate or existing silica phase on
the morphology of mesoporous particles, in-situ GI-SAXS measurements
were performed, as described in Section 2. Briefly, 3.94 mL of water,
0.75 mL of HCI, and 0.125 g of P123 were added in the cell followed by
injection of 0.27 mL of TEOS after the first measurements. The evolution
of (100) characteristic peaks for both M-1 and M-2 are presented in
Fig. 7(a-1) and (b-1), respectively. It can be noted that the (100) peak
appears after 26 min for M-1 (Fig. 7(a-1)), which is relatively late when
compared with the emergence of (100) peak in M-2 (Fig. 7(b-1)). In the
case of M-2, the small peak was noted for the curve at 1 min, however,
a prominent peak at 1.5 min was observed. These data show that the
presence of nitrate ions facilitates the early nucleation of silica particles.

Scattering from M-1 showed that a broad peak appeared after
12 min. This peak was attributed to the scattering from the micelles
formed and accumulated at the substrate. The initial data from micelles
for M-1 was fitted using the core-shell model available in Irena pro-
gram [70] and presented in Fig. S7. Additionally, the parameters cal-
culated from the model fitting are reported in Table S4. The d-spacing
value for M-1 at 12 min was noted to be 25.2 nm, which decreased to
18.8 nm after 33 minutes, where the first sharp peak was observed. This
decrease in the d-spacing value can be attributed to the densification of
silica-phase around the micelles as a result of Si—-O-Si polymerization,

which increases X-rays contrast. Finally, the d-spacing value decreased
to 15.4 nm after 100 minutes of reaction. In the case of M-2, a sig-
nificant (100) peak from micelles/mesostructures was noted just after
two minutes and an increase in the peak growth was observed. Initially,
for M-2, the d-spacing of 13.2 nm was observed at 2 min. However, as
the reaction proceeded, d-spacing decreased from 12.7 nm at 17 min
to 11.9 nm after 100 min. Additionally, the full width half maximum
(FWHM) of (100) peaks for M-1 and M-2 were also calculated and are
presented in Fig. S8(a) and (b), respectively. After 33 min of reaction
times, FWHM values for M-1 started to decrease and achieved a con-
stant value after 60 min. However, in the case of M-2, the FWHM value
slightly increased due to peak broadening and achieved a relatively con-
stant value at a comparatively early stage (~12 min). These findings
were similar to those noted in ATR-IR and transmission SAXS measure-
ments, where Si—-O-Si polymerization and pore densification were noted
after 25-27 min for M-1 and 10-12 min for M-2.

The SEM images of M-1 and M-2 particles nucleated on the fused
silica substrates during GI-SAXS measurements were also acquired to
analyze the micron-scale morphology. The SEM images are presented in
Fig. 6(a-2) and (b-2), respectively. For M-1, hexagonal and cylindrical
morphologies were observed as noted in the as-synthesized sample (Fig.
6(a-1)). However, upon addition of nitrate ions, spherical mesoporous
particles were formed (Fig. 6(b-2)). The formation of spherical particles
in the case of M-2 can be related to the influence of the existing silica
substrate which assists the NO;~ ions to lower the surface energy during
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Fig. 8. Avrami plots for (a) M-1 and (b) M-2 determined from GI-SAXS data. M-1 and M-2 represent mesoporous silica, SBA-15 synthesized without and with

magnesium nitrate salt, respectively.

the relatively fast polymerization of Si-O-Si in mesostructure formation
[90]. Further information about the kinetics of mesostructure develop-
ment was obtained from the GI-SAXS data by fitting the (100) peak
intensity vs. time data to the Avrami equation. The Avrami equation
can be used to obtain insights into the phase transformation processes
involving continuous nucleation, loss or gain of a phase [92-95]. The
mathematical expression for the Avrami equation is represented below:

X (H=1-e*" 2

where, X, (t) = I,(1)/1,(0), is the fraction of mesostructure formed at
time t, n is the Avrami index, and k is the rate coefficient. The value
of X,(t) was calculated by dividing the intensity of (100) peak by the
maximum observed intensity. The Avrami equation can be modified into
a linearized form by re-writing as follows:

In(In[1-X®])=nint+Ink ©)

The fits performed on linearized Avrami equation, and parameters
obtained are presented in Fig. 8, and Table 1, respectively. The Avrami
index reflects the nature of transformation and corresponds to the mech-
anism of crystal growth or, in the present case, the formation of silica
mesostructure [ 92,96,97]. The value of n = 1 corresponds to the one-
dimensional (1-D) growth of the objects, n =2 is attributed to the two-
dimensional (2-D) growth with the nucleation at the start of process,
while n = 3 presents the three-dimensional (3-D) growth of instanta-
neously formed nuclei or 2-D growth at a constant nucleation rate [92].
In the case of M-1, the onset of (001) peak is 26 min. Fitting the data in
the time scales of 13-20 min, just before the appearance of mesostruc-
tured phase, gives an Avrami index, n of 2.91 + 0.25, corresponding to
2-D growth at a constant nucleation rate (Fig. 8(a)). In the case of M-2,
the onset of nucleation is 1.5 min. After 6 min, densification of silica
particles is noted. Fitting the data in the range of 1.3-5.3 min results
in a n value of 2.27 + 0.14. The GI-SAXS data together with transmis-
sion SAXS and ATR-FTIR data facilitate mechanistic insights into the
colloidal assembly of mesoporous silica and guide future synthesis ef-
forts.

4. Conclusions

Elucidating the reaction mechanisms, the compositions and chem-
istry of the reactants on the meso-scale morphologies of silica syn-
thesized via colloidal pathways is essential for developing mechanis-
tic insights into these pathways. In this study, we describe the chemi-
cal transformations underlying the hydrolysis and condensation of silica
species in the presence and absence of nitrate ions as determined using
time-resolved ATR FT-IR measurements. Fast polymerization of Si-O-
Si species to form mesoporous silica is noted when SBA-15 is synthe-
sized in the presence of nitrate salts. Transmission SAXS measurements

showed that the onset of 2-D hexagonal structure is accelerated in the
presence of nitrate salts. However, the equilibrium meso-scale structure
is influenced by aging in the synthesis solution, resulting in plate-like
morphologies in the absence of the nitrate salt and spherical morpholo-
gies in the presence of nitrate salt after two weeks. Further, GI-SAXS
measurements show the early nucleation of silica particles when synthe-
sized from solutions bearing nitrate salt. These studies show that tuning
the reaction conditions to achieve specific meso-scale morphologies can
be informed by characterizing the dynamic evolution in the meso-scale
structure of silica.

Supporting Information: Tables summarizing the ATR-IR functional
groups, SAXS parameters, ratios of g values observed in SAXS of as-
synthesized powders, and parameters calculated from scattering of mi-
celles using core-shell model. Schematic of experimental setup during
in-situ X-ray scattering measurements. Plots of fitted models for trans-
mission SAXS measurements. ATR-IR spectra of precursors. Deconvo-
luted ATR-IR peaks during the synthesis of M-1 and M-2 in the range of
1250-1000 cm~!. Integrated peak areas for Si-O-Si (~1079 cm™1) of
M-1 and M-2. Plots of fitted model for micelle scattering in M-1. FWHM
curves for M-1 and M-2 calculated from in-situ GI-SAXS curves.
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