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1 | INTRODUCTION

Abstract

Large, ink-bottle-shaped pores in mesocellular foams (MCFs) are desired for
various applications requiring enhanced mass transfer or the immobilization
of larger compounds. Hence, the cylindrical pores of COK-12, an ordered
mesoporous silica structurally comparable to SBA-15 but synthesized at room-
temperature at quasi-neutral pH, are chemically swollen into ink-bottle pores.
Therefore, p-xylene is used as a more sustainable swelling agent compared to
popular alternatives. Its high boiling point allows for an additional thermal
aging step to amplify the mesostructure enlargement without needing addi-
tional chemicals. For COK-12, the MCFs obtained at room temperature reach
an unprecedented plateau for the modal mesopore cell and window diameter
0f 19.9 and 5.5 nm, respectively, with an underlying broad pore size distribution
and distorted hexagonal lattice up to 14.5 nm, involving hexagonal and spher-
ical structures. The combined chemical and thermal swelling resulted in the
selective enlargement of the window diameter to more than 200% and a slightly
increased cell diameter, pore size distribution, and hexagonal lattice distortion
in comparison to the room temperature synthesis. Such materials are thought to
be promising alternatives to SBA-15-based MCFs, often utilizing toxic catalysts
during synthesis. The presented results pave the way for enhanced adsorptive,
catalytic, and drug delivery performances for COK-12-based materials.
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drug delivery.!'->l While MCM-41 and SBA-15 remain the
most prevalent OMSs, COK-12 has appeared as a promis-

Ordered mesoporous silicas (OMSs) are materials with
highly ordered mesopores, high specific surface areas
(SSAs), and high pore volumes. Their properties make
them interesting for a wide range of applications, such as
catalysis, water and air treatment, sensor engineering, and

ing alternative to SBA-15 materials owing to its more
environmentally friendly room-temperature synthesis at
quasi-neutral pH, its scalability, and its use of an inex-
pensive silica source.l°®] COK-12’s representative static
aging at room temperature, requiring no energy input,
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and advancements in the reduction of the calcination
time facilitate low energy requirements.!”'°1 Further-
more, the synthesis buffered at mild pH and at ambient
temperature and pressure can be considered to be safer
than handling strongly acid solutions during hydrother-
mal synthesis routes, as required for SBA-15.I"" Finally,
due to the overall ease of the COK-12 synthesis, successes
toward upscaled and continuous procedures have been
reported.!7-12]

In general, by using a surfactant-templated synthesis
route, the OMS mesostructure (e.g., hexagonal, lamellar,
cubic, disordered), morphology (e.g., spheres, rods, crys-
tals), and size (in the micro-, meso, and/or macropore
range) can be tailored by controlling the synthesis condi-
tions such as surfactant composition and concentration,
temperature, pH, and through the choice of additives.!*]
Driven by the vast development potential of OMS, siliceous
mesocellular foams (MCFs) were first reported on in
1999.1"*] MCFs are generally comprised of 3D intercon-
nected spherical cells connected by narrower windows,
also referred to as ink-bottle pores.'*'>! Their large-pore
structures allow for enhanced mass transfer and the con-
venient immobilization of bulky functional groups or
molecules, paving the way for the adsorption, conversion,
or the controlled release of larger molecules. 0%

In surfactant-templated syntheses, MCFs can be
obtained by the incorporation of a sufficient amount
of swelling agent, which accumulates in the micelle
center and results in a pore growth and transforma-
tion of the initial shape (e.g., hexagonal to the MCF
structure).'”!  For amphiphilic surfactant molecules
made from poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEQO) block copolymers,
for example, Pluronic P123, which is utilized in the synthe-
sis of the OMS materials SBA-15 and COK-12,!%'!] swelling
agents with a hydrophobic character are applied, accumu-
lating within the hydrophobic PPO core of the micelle.
For P123-based (EO,,PO;,EO,;) MCFs of the SBA-15 type,
aromatic compounds, such as 1,3,5-trimethylbenzene
(TMB) and xylene, yet only in combination with aqueous
ammonia, have been reported as swelling agents and are
most commonly used at concentrations of 0.5-2 grams per
gram of P123, with TMB being utilized significantly more
often.l'*19-23] Furthermore, hexane has been successfully
utilized as a swelling agent to obtain MCFs from both
SBA-15 and COK-12 type materials.[®!>24] Additionally,
TMB was used to demonstrate the flexibility of the
micelles in the COK-12 synthesis by small-angle X-ray
scattering (SAXS) measurements, yet the final structure
upon template removal was not fully characterized.!”!

To further tailor the mesostructure of MCFs in the pres-
ence of swelling agents, different pathways are available.
Firstly, NH4F is commonly applied as a catalyst and miner-

alizing agent to selectively enlarge the window size by up to
80%.11425-27] Thereby, fluorides such as NH,F increase the
solubility of silica in water, allowing to reverse the hydrol-
ysis and condensation and thus, improve the structural
organization of the silica.l?>?8! Secondly, temperature, pH
adaptors such as aqueous ammonia or hydrochloric acid,
and their time of incorporation can be used to affect the
hydrolysis rate and extent of template self-assembly to fur-
ther enlarge the pore cell size.[?>?°] Lastly, a prolonged
aging time was found to broaden the overall pore size
distribution, including larger pores.[>-*°]

While F127-based  (EO;02.106PO70EO102-106)  face-
centered OMS materials such as FDU-12 or COK-19
directly yield spherical mesopores, which can be expanded
with swelling agents such as TMB, ethylbenzene, or
xylene,*"3! their suitability for the synthesis of MCFs
is generally limited due to the longer EO blocks and
about two times higher block copolymer costs, restricting
desired generous cell interconnectivity and cost efficiency,
respectively. However, temperature elevation throughout
the synthesis was shown to enhance the mesopore inter-
connectivity of the face-centered OMS materials FDU-12
and COK-19, with and without the use of swelling agents,
respectively.l*13]

The aim of this work is to study the suitability and
efficiency of p-xylene as a swelling agent for the hexag-
onal OMS COK-12 toward obtaining large-pore MCFs
and thoroughly examine the resulting structural proper-
ties. Thereby, p-xylene is chosen over TMB and hexane
because it is more cost-effective and its boiling point
(138.4°C) is higher than that of hexane (69°C), allowing
for an additional thermal aging step at 90°C. Further-
more, in contrast to TMB and hexane, p-xylene does
not constitute an acute or chronic environmental hazard
according to the Globally Harmonized System of Clas-
sification and Labelling of Chemicals 09 (GHS09). The
additional thermal aging step at 90°C in the presence of
only a small amount of swelling agent allows to further
enlarge the mesostructure and converge pore cell and win-
dow sizes, pursuing a greener alternative in contrast to
the extensive use of chemicals such as swelling agents or
catalysts.

2 | EXPERIMENTAL

2.1 | Chemicals

Pluronic P123 (MW ~ 5800 g mol~!) and p-xylene (99%,
density of 0.861 g cm™3 at 20°C) were purchased from
Sigma-Aldrich (Merck, Germany). Citric acid (>99.5%,
anhydrous), trisodium citrate dihydrate (>99%), and
sodium silicate (7.8-8.5 wt% Na,O, 25.8-28.5 wt% SiO,)
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were obtained from Carl Roth (Germany). Deionized water
(DIW) was used for the synthesis and washing.

2.2 | COK-12 synthesis

COK-12 was synthesized as reported previously, including
the incorporation of a swelling agent.!'>**] Instead of n-
hexane, p-xylene was utilized as a swelling agent. Briefly,
4 g P123 was dissolved in 107.5 mL DIW. Upon dissolu-
tion of P123, different volumes of p-xylene, that is, 0, 0.25,
0.5, 0.75, 1, 2, and 4 mL per gram of P123, were incorpo-
rated and stirring was continued overnight. After 13 hours,
3.362 g anhydrous citric acid and 2.882 g trisodium citrate
dihydrate were added as a buffer. After another 7 hours,
a mixture of 10.4 g sodium silicate and 30 mL DIW was
added and stirring was maintained for 5 minutes. There-
after, the slurry was aged at room temperature for 24 hours
without stirring and then gradually washed with 500 mL
DIW. Finally, the material was dried at 60°C overnight and
calcined in air at 500°C with a 1 K min~! heating rate
and 8 hours dwell time to remove the templating agent.
The resulting materials were denoted COK-12-X#, where #
represents the volume of p-xylene in mL incorporated per
gram of P123.

A batch upscaled by a factor of five was produced using
0.5 mL p-xylene per gram of P123 and applying an addi-
tional aging step at elevated temperature, during which
the slurry was kept at 90°C for 24 hours, in a closed sys-
tem to avoid solvent evaporation, following the aging at
room temperature and prior to the washing step, as pre-
viously investigated.!*'] The aging temperature of 90°C
was chosen to maximize the thermal swelling effect, while
preventing possible structure-alterations from the boiling
of aqueous system. The resulting material was denoted
COK-12-X0.5+A.

2.3 | Characterization

The pore structure, pore size, and SSA were studied
using nitrogen sorption analysis in a QuadraSorb appa-
ratus (Quantachrome, USA). Isotherms were recorded
at 77 K after degassing under vacuum for 10 hours at
200°C. The SSA was determined using the Brunauer,
Emmet and Teller (BET) method. Model applicability was
ensured using the Rouquerol plot.[*>2%] The mesopore cell
and window diameters were determined from the non-
local density function theory (NLDFT) calculations on
the adsorption and desorption branches of the isotherm,
respectively. The cylindrical/spherical pore model, valid
for cylindrical pores with pore diameters smaller than 5nm
and spherical pores larger than 5 nm,*’! was used on the

adsorption branch to account for the dominant, ink-bottle
structure for samples with high p-xylene volumes (X >
0.75). For low amounts of p-xylene (X < 0.5), the dom-
inant cylindrical mesopore structure was obtained using
the cylindrical pore model applicable to all mesopore sizes.
The cylindrical pore model was also applied to the des-
orption branch to determine the window sizes. Micropores
were analyzed by the t-plot method.[*8] All nitrogen sorp-
tion data was analyzed using the Quantachrome ASiQwin
software (Version 4.01).

SAXS data was collected using the MOUSE instrument
at the Bundesanstalt fiir Materialforschung und -priifung
(BAM).I3°]' A monochromatized Cu Ka (1 = 0.154 nm)
X-ray source was used and data were collected using an in-
vacuum Eiger 1 M detector (Dectris, Switzerland), which
was placed at multiple distances between 57 and 2507 mm
from the sample. Powder samples were sandwiched
between two pieces of Scotch Magic™ tape. Data was sub-
sequently processed using the DAWN software package
using standardized data correction procedures.[*>*!] Fit-
ting of the SAXS data was performed using a previously
reported SAXS fitting model with some additions to bet-
ter describe the swollen and ink-bottle shaped pores.!'?]
In short, fitting of the SAXS data was performed using
SASfit,[*?] allowing for information on the lattice param-
eter, macro-/ meso-/ and micropore sizes, alongside an
additional spherical contribution, and in some cases, a sec-
ond hexagonal contribution, to account for the spherical
cells with ink-bottle shaped pores and enlarged win-
dow sizes of the thermally swollen COK-12-X0.5+A. More
detailed information on the SAXS modelling can be found
in the SI (Figures S1-S3).

Particle morphology was investigated by means of scan-
ning electron microscopy (SEM) using a LEO Gemini 1530
(Zeiss, Germany) at 5 kV with an InLens electron detector
and an aperture size of 30 um after sputtering with a thin
carbon layer.

The mesostructure was visualized with a transmission
electron microscope (TEM) in a FEI Tecnai G* 20 S-TWIN
(FEI, USA) equipped with a LaBg-source at 200 keV accel-
eration voltage. Images were recorded with a GATAN
MS794 P CCD-camera.

3 | RESULTS AND DISCUSSION

The nitrogen sorption analysis results, depicted in
Figure la, show that the pristine COK-12-X0 possesses
a typical type IVa isotherm with a H1 hysteresis loop,
characteristic for the cylindrical mesopores with a narrow
pore size distribution and in agreement with previous
works.[07:910364344] Jpon the addition of p-xylene, the
main hysteresis loop is shifted toward higher relative
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a) Nitrogen sorption isotherms, b) the corresponding cell-, and ¢) window pore size distributions obtained by NLDFT from

the adsorption and desorption branch of COK-12-X# synthesized with 0-4 mL swelling agent p-xylene per gram of P123 (X0-X4). The +A

represents an additional thermal aging step at 90°C. All graphs are stacked by 10% (absolute) for clarity. The original isotherms are shown in

Figure S4. The graphs marked with an asterisk (*) are to be treated with care due to fitting errors of up to 8%, compare Figure S5.

pressures while the hysteresis onset is shifted toward
lower relative pressures, indicating an increase in the
main mesopores size as well as a boosted presence of
smaller mesopores, compare also the original isotherms
displayed in Figure S4. When an additional aging step at
90°C is induced for COK-12-X0.5+A, the onset position
of the hysteresis loop remains constant, yet its width and
height are markedly enlarged toward higher pressures
and volumes, indicating a broader pore size distribution,
increased SSA, larger mesopores, and higher pore volume.
For COK-12 samples synthesized with higher volumes of
p-xylene (X > 0.75), a H2a hysteresis loop can be observed,
which is characteristic for the ink-bottle pores of MCFs,
where desorption is decoupled from the cell pore size
and dependent on the smaller window size minimizing
the entrance, delaying capillary evaporation.['>3%%] The
development of the cell and window diameters obtained
from the application of NLDFT models on the adsorption
and desorption branches, respectively, is depicted in
Figure 1b,c. A summary of all obtained parameters is also
listed in Table 1. Starting off with cylindrical mesopores of
6.6 nm in diameter, a BET SSA of 634 m? g_l, pore volume
0f 0.61 cm? g~!, and a micropore volume of 0.13 cm? g~ for
the pristine COK-12-X0, an increase in the cell diameter
along with a slight decrease in window diameter, (micro-)
pore volume, and SSA can be observed upon the addition
of pxylene. For COK-12-X0.25 and COK-12-X0.5, a tran-
sition phase occurs, which is characterized by a bimodal
mesopore diameter distribution, where the second peak

corresponds to the window sizes shifting toward smaller
diameters. Finally, the cell diameter and pore volume
reach a plateau at 19.9 nm and 0.73 cm® g~!, respec-
tively, for COK-12-X2 and COK-12-X4. Concurrently, the
mesopore size distributions are significantly broadened,
as previously derived from the hysteresis shapes of the
isotherm, limiting the significance of the common modal
pore size. Furthermore, the window diameter, micropore
volume, and consequently also the SSA of the series settle
at 5.5 nm, 0.07 cm® g~!, and 434 m? g, respectively,
at the plateau of COK-12-X2 and COK-12-X4. It must be
noted that for these predominantly MCF-based structures
with large cell sizes, the applicability of the cylindrical
NLDFT model on the desorption branch is restricted,
as shown in Figure S5, yielding fitting errors up to 8%,
wherefore the window sizes for these samples must be
treated with care. The observed change from cylindrical
mesopores toward MCFs with ink-bottle pores is reported
to be driven by the reduction of the surface to volume ratio
to cover an increasing amount of hydrophobic swelling
agent with the same amount of templating agent P123
and is described as buckling of the cylindrical pores with
approximately the same periodicity as the pore diameter,
forming spherical nodes along the pore length.l'”! The
observed decrease in microporosity, which is located in the
silica walls between the pores and noticeably constitutes
to the total SSA, can be expected to arise from the reduced
wall thickness caused by the pore buckling, as previously
observed.*"]
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TABLE 1 Structural parameter summary for COK-12-X# synthesized with 0-4 mL swelling agent p-xylene per gram of P123 (X0-X4)
Sample Dp," Dw,sz Sger® Vi Vmicronz® a distortion® Dmicro,Sh Dc,si Dys i Dmacro,Sk
COK-12- [nm] [nm] [m?g!'] [ecmig!] [cm’g™] af[nm] [%] [nm] [nm] [nm] [nm]
X0 6.6 6.6 634 0.61 0.13 10.6 <1 0.89 - 6.4 169
X0.25 6.8' 6.6 537 0.56 0.11 11.0 <1 1.01 7.6 7:2 170
X0.5 6.8' 6.6 587 0.59 0.13 11.0 <1 1.04 7.6 7.4 173
X0.75 10.5™ 5.5" 510 0.61 0.11 11.7 6.6 1.17 15.5 5.4 193
X1 16.7™ 5.5" 522 0.67 0.10 12.0 6.7 1.18 16.3 5.4 196
X2 19.9™ 5.5" 434 0.72 0.07 13.9 9.7 1.71 18.7 5.4 199
X4 19.9™ 5.5" 434 0.73 0.07 14.5 9.7 1.74 19.2 5.4 200
X0.5+A 22.9™ 11.3 640 1.55 0.07 15.2/10° 2.2/3.7° 1.87 22.4 6.5/5.6° 200

2Mesopore cell diameter estimated by NLDFT on N,-adsorption branch.
YMesopore window diameter estimated by NLDFT on N,- desorption branch
Specific surface area (SSA) estimated by the BET method

dPore volume estimated by NLDFT on N,-adsorption branch

¢Micropore volume estimated by the t-plot method

fLattice parameter determined by SAXS

gDistortion of the hexagonal lattice position determined by SAXS
"Micropore diameter determined by SAXS

"Mesopore cell diameter determined by SAXS (spherical contribution)

IMesopore window diameter parameter determined by SAXS (hexagonal contribution)

XMacropore diameter determined by SAXS

INLDFT cylindrical pore model

MNLDFT cylindrical/spherical pore model

"Data to be treated with care due to fitting error of up to 8%
°Obtained from two hexagonal contributions.

The +A represents an additional thermal aging step at 90°C.

Upon the application of an additional aging step at 90°C
for COK-12-X0.5+A, the cell diameter distribution is fur-
ther broadened and shifted toward larger mesopores of
about 18.5 nm up to more than 30 nm with a mode pore
diameter of 22.9 nm. Similarly, the additional aging step
at 90°C also broadens the window diameter distribution
and shifts the modal window size to 11.3 nm. The pore size
broadening is likely to be attributed to both the elevated
temperature and prolonged aging time, affecting the sil-
ica dissolution and reprecipitation.!'%*3°] Furthermore,
the upscaling of the synthesis by a factor of five might
have slightly contributed to broadening of the pore diam-
eter toward larger values as indicated from COK-12 pore
sizes obtained from batches upscaled by the factors 25
and 50, respectively.!”'?] In accordance with the larger
mesopores of COK-12-X0.5+A, the pore volume and SSA
increase up to 640 m? g~! and 1.55 cm® g~!, while the
micropore volume remains at about 50% of the microp-
ore volume of COK-12-X0 and COK-12-X0.5. The enhanced
pore swelling and loss of microporosity due to aging at
90°C, despite the smaller p-xylene concentration, can be
ascribed to two phenomena: On the one hand, the p-xylene
undergoes thermal expansion with increasing tempera-
ture. As its density decreases from 0.861 g cm™ at 20°C
to 0.800 g cm™ at 90°C,!*®l its volume increases accord-
ingly. On the other hand, the lengths of the ethylene oxide

segments of the P123, around which the silica walls are
formed, decrease with increasing temperature due to a
rapidly increased probability for non-polar anti conforma-
tion at elevated temperatures, that is, more hydrophobic
behavior, in contrast to the preferred gauche and trans
conformation around the C-C bond and C-O bond, respec-
tively, at room temperature, coming along with a large
dipole moment.[4748] This results in a redistribution of the
ethylene oxide segments from the silica framework to the
region adjacent to the micelle core, expanding the major-
ity of micropores into the mesotunnels and increasing the
mesopore size.l?’! Accordingly, thermal aging of COK-12
without the utilization of additional swelling agents was
previously found to linearly increase the pore size with
increasing aging temperature up to 8.1 and 9.4 nm at 90°C,
as determined by NLDFT and BJH, respectively, without
changing the hexagonally ordered, cylindrical mesopore
structure.[®!°] The additional presence of a swelling agent
enhances the described phenomenon, yielding extraordi-
narily large mesopores, with a broad distribution and ink-
bottle morphology. The broader mesopore size distribution
might furthermore be related to the enhanced solubility
of p-xylene in water at elevated temperatures,'*°! likely
causing it to advance into the hydrophilic PEO moieties.
The increase in pore diameter and change in pore
morphology of COK-12 with increasing p-xylene

85UB017 SUOLLLIOD BAIFER1D 3|qedlidde 8Ly Ag pausenob ake sSppiie VO ‘s o SaInJ 10} Afeiq 1 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SSY W00 A3 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe SWie L 8U) 385 *[£202/TO/ET] Uo AfiqiTauliuo A8|im ‘ullieg weq - Sed Aq £22002202 0UeU/Z00T OT/I0p/W00" A3 1M Afelq 1 pul|uo//Sdny woiy papeo|umoq ‘0 ‘TTOr8892



HENNING ET AL.

[ }25nm

FIGURE 2 TEM images of COK-12-X# synthesized with 0-4 mL swelling agent p-xylene per gram of P123 (X0-X4) showing the
transformation of the hexagonal ordering of the mesopores into a mesocellular foam. The +A represents an additional aging step at 90°C,

inducing further mesopore growth. Scale bars are 25 nm.

concentration, as previously observed by the nitrogen
sorption measurements, is revealed by TEM depicted in
Figure 2. While the hexagonally ordered mesostructure is
maintained for the samples synthesized with low volumes
of p-xylene (X = 0-0.5), it is much more distorted at higher
volumes (X > 0.75), and superseded by the MCF structure.
The transition is reflected by vaguely perceivable curved
cylindrical pores, something that is reported to be an
intermediate structure in the transfer from hexagonal
cylindrical pores to MCF.[23] While the mesopores appear
mostly uniform in size with clean edges up to COK-12-X4,
the pore sizes become much less uniform for COK-12-
X0.5+A. Furthermore, the pore walls of COK-12-X0.5+A
are only faintly visible and seem frayed at the particle
edges. Overall, the majority of the mesopores in Figure 2,
in particular for COK-12-X2 and higher, appear to be
ca. 20 nm in diameter in accordance with the pore size
distribution of the nitrogen sorption data.

The SAXS patterns and corresponding fits of the COK-12
powders are shown in Figure 3, allowing for the evaluation
of the influence of the swelling agent on the hexagonal lat-
tice and pore structures. For the COK-12 samples obtained
using low volumes of p-xylene (X = 0-0.5), at least three
well-resolved reflections can be observed clearly at dis-
tances corresponding to q;:q,:q; = 1:\/ 3:\/4, indexed as
(10), (11), and (20), satistying the conditions for the 2D
hexagonal symmetry P6m observed in the TEM images
in Figure 2. In comparison to the pristine COK-12-X0
with a lattice parameter of 10.6 nm, the reflections of the

—X0.5+A W Fit
—X4 Fit
—X2 | Fit
—XI1 Fit
—XO0.75 Fit
—XO0.5 M Fit
—X0.25 B Fit

—XO0 Fit

Scattering cross-section (m™' sr'!)

10° T T
0.01 0.1 1 10
Scattering vector q (nm)
FIGURE 3 SAXS patterns and corresponding fits for

COK-12-X# synthesized with 0-4 mL swelling agent p-xylene per
gram of P123 (X0-X4), vertically shifted for clarity. The +A
represents an additional thermal aging step at 90°C.

SAXS patterns are shifted toward a lower scattering vec-
tor for COK-12-X0.25 and COK-12-X0.5, indicating a slight
increase in d-spacing and accordingly, an increase in the
lattice parameter to 11.0 nm for low concentrations, as visu-
alized in Figure 4. It is also notable that the hexagonal
lattices are relatively unaffected, as seen from the low dis-
tortion values <1% in Table 1. However, for the COK-12
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FIGURE 4 Lattice parameter and cell and window sizes of the

mesopores for COK-12-X# synthesized with 0-4 mL swelling agent
p-xylene per gram of P123 (X0-X4) as determined by nitrogen
sorption (grey) and SAXS fitting (orange). The stars represent the
respective values for COK-12-X0.5+A, synthesized with an
additional thermal aging step at 90°C. The full size distributions can
be found in Figures 1 and Sé.

samples obtained with higher volumes of p-xylene (X >
0.75), the reflections corresponding to the hexagonal lat-
tice attenuate considerably, while further shifting toward
lower scattering vectors and thus, larger lattice parame-
ters up to a maximum lattice parameter of 14.5 nm for
COK-12-X4, compare Figure 4 and Table 1. Superseded
by a hard sphere contribution, not conforming to any
other plane or space group such as the cubic symmetry,
the hexagonal lattice is significantly distorted as a result
of the previously described buckling upon the addition
of p-xylene, resulting in distortions up to 9.7%. Finally,
the implementation of an additional aging step at 90°C
for the COK-12-X0.5+A sample results in the necessity
for a second hexagonal contribution in the SAXS model
to obtain a reasonable fit, see Figure S3. In comparison
to the sample COK-12-X0.5, which was swollen at room
temperature, the distortions of the hexagonal lattices are
higher for the thermally aged sample with the same p-
xylene concentration COK-12-X0.5+A. The overlap of the
mesopores with two distorted hexagonal lattices results in
the appearance of an irregular and disrupted mesopore
structure, as previously observed from the TEM images in
Figure 2.

In addition to the size and distortion of the lattice param-
eter, the SAXS model allows to obtain data on the micro-,
meso-, and macropores of the COK-12-X# powders, listed
in Table 1, together with the mesopore data obtained from
the nitrogen sorption analysis. Firstly, an increase in the

micropore size from originally about 1 nm for COK-12-
X0 to 1.74 nm for COK-12-X4 can be observed from the
SAXS data with increasing p-xylene content. Hence, the
corresponding volume-weighted microsize distributions
broaden and the relative micropore volumes decrease with
increasing amount of p-xylene, in particular for COK-12-
X2 and COK-12-X4, as shown in Figure S6. This finding
is in accordance with the results obtained on the micro-
pore development using the nitrogen sorption analyses,
yet with a higher resolution and shorter measurement
time. While the nitrogen sorption measurements, includ-
ing the low-pressure data points for the determination of
the micropore data, require about 28-57 hours per sample
for the presented datasets, all samples could be loaded into
a SAXS multi-sample holder at once, corresponding to a
measurement time per sample of ca. 8.5 hours, including
measurement overlaps, allowing to additionally monitor
the sample stability in vacuum, which might be of greater
interest for non-silica samples.

Secondly, the mesopore window sizes obtained by the
SAXS fitting range from 5.4 to 7.4 nm and are in accor-
dance with the data obtained from the nitrogen sorption
measurements for the room temperature p-xylene series,
as depicted in Figure 3, indicating that a fitting error of
up to 8% as obtained from the application of the cylindri-
cal NLDFT model might still provide acceptable results
for the MCF structures at hand. The slight deviation at
low p-xylene concentrations is likely to be attributed to
the lower sensitivity of the NLDFT method in comparison
to SAXS, as previously reported.['2! For COK-12-X0.5+A,
the deviation of the SAXS window sizes toward the ones
obtained by NLDFT is substantial with differences up to
5.7 nm, which might likely be attributed to the disruption
of the remaining hexagonal pore structure, hampering the
fitting process of NLDFT, employing highly ordered struc-
tures, and possibly also to a small fraction of inaccessible
pores. Besides the change in the mesopore window sizes,
a decrease in the intensity of the volume-weighted distri-
bution of the mesopore windows can be observed from
the SAXS data with increasing p-xylene content and tem-
perature, see Figure S6, along with a broadening of the
distribution, similar to the observed micropore develop-
ment. The broader distribution presumably correlates to
the bimodal distribution observed in the nitrogen sorption
data displayed in Figure 1, yet could not be deconvoluted
due to the underlying Log-normal model used in the SAXS
fitting, as well as increasing irregularity with increasing
p-xylene content and elevated temperature. At the same
time, as a result of the buckling-induced volume shift from
the hexagonal to the spherical contribution, a significant
increase in the mesopore cell size and volume can be
observed in Table 1 and Figure S6, representing the volume
shift into the spherical mesopores.
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FIGURE 5

Finally, the SAXS model allows for the evaluation of
the macropores of the selected samples. As no structural
macroporosity is expected within the powder, unlike those
previously observed for COK-12 monoliths,!'? the macrop-
ores can be considered to be inter-particle voids. As can be
seen from Table 1 and Figure S6, the macropore size grad-
ually increases with increasing p-xylene content, which
indicates larger voids and accordingly, an increase in the
particle size.

SEM micrographs in Figure 5 reveal apparently loosely
assembled agglomerates of particles for the pristine COK-
12-X0. Upon the addition of p-xylene, an increase in the
overall particle size can be observed. It is thought that
particle aggregation can occur upon the addition of pore
expanders, founded on the decreased repulsion between
the silica particles due to the higher hydrophobic char-
acter of the synthesis medium, in accordance with the
presented data.!’°] Contrarily, it has been reported that the
presence of pore expanders facilitates nucleation and can
hinder particle growth, yielding smaller particles.[*!! The
application of an additional thermal aging step at 90°C
for COK-12-X0.5+A yields significantly larger particles in
comparison to the merely chemically swelled sample COK-
12-X0.5 with overlying smaller particles. The increase in
the main particle size can be attributed to increased dehy-
dration of the P123 at higher temperatures, which favors
separation from the aqueous solvent environment, lead-
ing to higher aggregation numbers.!*) Furthermore, the
prolonged aging provides more time for the dissolution
of smaller particles and their reprecipitation onto larger
particles for COK-12-X0.5+A.[5]

A listing of the maximum structural parameters
obtained in this work for COK-12-X# is shown in Table 2,
in comparison to other MCFs based on P123, synthesized
with various swelling agents, along with their main

SEM images of COK-12-X# synthesized with 0-4 mL swelling agent p-xylene per gram of P123 (X0-X4) showing particle
growth by aggregation. The A represents an additional thermal aging step at 90°C.

synthesis parameters. While the comparison of the lattice
parameter is strongly limited due to a lack of data, all
studies report nitrogen sorption data results for their
structures. However, it is worth mentioning that the
comparison of the data has to be performed with care.
This is due to the fact that there exist difficulties in the
unambiguous determination of the BET SSAI>*! as well as
the non-uniform application of different models to obtain
pore sizes and pore volumes, such as the Broekhoff-de
Boer (Bdb) model and related methods, Barrett-Joyner-
Halenda (BJH) model, and the most recent non-local
density function theory (NLDFT) method. While the
NLDFT and BdB-related methods are known to be reliable
for the structures at hand,[**>°] the BJH method is known
to underestimate mesopore sizes.!°*’! From Table 2 it can
be seen that the vast majority of MCFs were synthesized
based on the recipe of SBA-15 with various concentrations
of TMB as a swelling agent and at temperatures above
100°C, yielding a broad range of maximum mesopore cell
diameters with significantly smaller mesopore window
sizes and partially considerably degraded SSAs. With
the objective to enhance the mesopore window sizes,
NH4F was additionally incorporated in a variety of stud-
ies, enlarging the pores and diminishing the difference
between mesopore cell and window size, which is suitable
for enhanced mass transport. Thereby, arrays of spheres
were also found to develop into strut-like networks.'*]
Other than TMB, hexane, and xylene were deployed for
the synthesis of MCFs. It was reported and can be seen
from Table 2 that the pore enlargement is less pronounced
for hexane than for TMB at the same molarity, most
likely due to reduced solubility in the P123 micelle core,
whereas alkanes with shorter chain length exhibited a
higher solubilization capacity than alkanes with longer
lengths.[2030-58] In comparison, p-xylene can be expected
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TABLE 2
Swelling

OMS Swelling agent/P123  Additional Synthesis
type agent [g/g] catalyst temp [°C]
SBA-15 TMB 15 no 120
SBA-15 TMB 0.5 no 120
SBA-15 TMB 2 no 100
SBA-15 TMB 2 no 140
SBA-15 TMB 1.75 no 120
SBA-15 TMB 1.25 NH,F 140
SBA-15 TMB 1.25 NH,F 140
SBA-15 TMB 2.5 NH,F 100
SBA-15 TMB 1.5 NH,F 120
SBA-15  hexane 1.75 no 95

SBA-15  xylene 0.75 NH,0OH 80
COK-12 TMB 0.2 no RT
COK-12 n-hexane 4.6 (5.4) no RT
COK-12 p-=xylene  1.7(20) no RT
COK-12  p-xylene 0.4 (0.5 no 90

Abbreviation: N/A, not available.

2Mesopore cell diameter

YMesopore window diameter

“Specific surface area (SSA) estimated by BET method
dPore volume

€Lattice parameter/unit cell parameter

fml swelling agent/g P123

Overview on MCFs derived from different P123-based OMS types and their maximum structural parameters

D.* D" Sger® A\ a®

[nm] [am] [m?g!] [cm3g!] [nm] Refs.

36" 1t 655 1.7 N/A [14]

31P 8.8" N/A N/A 24.5 [19]

17.3! 11.6! 485 2.10 N/A 1231

2231 12.6! 254 1.25 13.0 21}

38.3" 7.9 372 1.82 N/A (21]

49.5" 26.5" N/A N/A N/A 221

415 227 331 2.38 N/A [27]

420" 191" 595 2.3 N/A P21

36' 18! 625 2.4 N/A [14]

16.4! 7.6' 529 0.72 N/A [

18.6 15.3 291 1.34 N/A [22]

9.7¢ N/A N/A N/A N/A 171

8.4 5.3 461 0.63 1.5 [8.15]

19.9 5.5 434 0.72 13.9 This work
229 1.3 640 1.55 15.2 This work

gmicelle core radius of core-shell composite with 15% of the nominal silica source, determined from SAXS fitting of uncalcined material
hDetermined from BdB (Broekhoff-de Boer) or BAB-FHH (Broekhoff-de Boer, Frenkel-Halsey-Hill) method
iDetermined from BJH (Barrett-Joyner-Halenda) method, known to underestimate the mesopore size! %!

iDetermined from NLDFT (non-local density function theory) method.

to be well incorporated in the hydrophobic P123 micelle
core due to its practical insolubility with water.[**] The
lower efficiency of hexane as a swelling agent can also
be seen from the results of utilizing hexane and p-xylene
as a swelling agent for COK-12 in Table 2. Compared to
hexane, p-xylene has a stronger effect on the mesopore
size increase, even with lower amounts of swelling agent,
making it more efficient. In comparison to SBA-15-based
MCFs swollen with TMB, the structural parameters of
the COK-12-based MCFs swollen with p-xylene reach
the same range, yet remain at its lower end. This can be
attributed to both the higher synthesis temperature of
the SBA-15 based MCFs as well as the additional methyl
group of TMB over xylene, whose additional carbon atoms
enhance the swelling performance.*?! The additional
thermal aging step at 90°C for COK-12-X0.5+A results in
an assimilation of the mesopore cell and window size,
similar to the utilization of NH,4F, but without the ther-
mal decomposition of NH4F into highly toxic hydrogen
fluoride, making the thermal aging step a promising and
more environmentally friendly alternative. Additionally,
the aging at elevated temperature significantly increases

the mesopore size, SSA, and pore volume for COK-12-
X0.5+A, even in comparison to the maximum structural
parameters obtainable with the room-temperature series
utilizing four to eight times higher amounts of p-xylene
per gram of P123.

4 | CONCLUSION

COK-12 based MCFs were synthesized using p-xylene as a
less hazardous and more cost-effective swelling agent that
allows for an additional thermal aging step at 90°C to fur-
ther enlarge the mesostructure without needing additional
chemicals.

At room temperature, p-xylene was found to be an effi-
cient pore swelling agent for COK-12, eliciting a buckling of
the hexagonally ordered, cylindrical mesopores and even-
tually their transfer into a MCF structure with ink-bottle
pores. A plateau and at the same time new maximum of the
mesopores for COK-12 type materials was reached with cell
and window diameters 0f 19.9 nm and 5.5 nm, respectively,
accompanied by a broadening of the pore size distribution.
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The fitting results from the custom SAXS model, expand-
ing the hexagonal lattice with a spherical contribution to
account for the ink-bottle pores, were found to be in great
accordance with the NLDFT model applied on the nitro-
gen sorption data, allowing to obtain a multi-scale analysis
from one time-efficient measurement technique and mon-
itor the distortion of the hexagonal lattice, presenting a
powerful alternative over other, more intricate methods
such as positron annihilation.

The combination of only small amounts of the chem-
ical swelling agent p-xylene, with an additional thermal
swelling at elevated temperature, slightly increased the
cell diameters and also selectively enlarged the win-
dow diameters to more than 200% in comparison to the
p-xylene plateau at room temperature, as obtained by
NLDFT measurements, with a broadened pore size dis-
tribution. The strong distortion of the native hexagonal
lattice was observed by SAXS. Although the SAXS fitting
result for the window size of the dually swollen sample
was less consistent with the NLDFT results, despite the
addition of a second hexagonal contribution to the model,
the observed, specific enlargement of the window diam-
eter upon chemically and thermally combined swelling
enabled a promising alternative toward the toxic catalyst
NH,4F, commonly used to selectively enlarge the window
diameter, and therewith a more environmentally friendly
alternative.

Prospectively, the aging time might be shortened with
the objective to reduce the extent of broadening of the pore
size distribution as well as to save energy and time. If even
larger pores are required, the determination of the pore
size plateau for the combined swelling method in the pres-
ence of higher p-xylene concentrations might also be of
interest. Finally, the convenient upscalability of the syn-
thesis procedure provides potential for a future large scale
production and thus, a widespread deployment in various
fields.

Overall, the COK-12 based MCFs, with enlarged meso-
pore cell and window sizes, are expected to further
broaden the scope of applications for COK-12 type materi-
als over the prevalent SBA-15 type materials, for example,
toward higher loading with active sites and enhanced mass
transfer capabilities for enhanced adsorptive or catalytic
performance as well as drug delivery.
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