
Soft 
Matter S oft matter, comprising complicated systems, generally 

assembles into mesostructures between microscopic 
and macroscopic scales. Probing a relation between the 
characteristics and the interactions of the mesostructures 
could efficiently determine their functions. Small-angle 
and wide-angle X-ray scattering (TLS 23A1 and TPS 13A) 
and microbeam coherent X-ray scattering (TPS 25A) can 
capture information about self-assembled hierarchical 
structures from angstrom to submicrometer scales. This 
section highlights four articles, in terms of water-induced 
self-assembly, periodic assembly of polymeric ring-banded 
spherulites, lipid micelles, and bioinspired mesoporous 
materials, extracted from publications of NSRRC users in 
2021. These fascinating topics using synchrotron radiation 
technology will bring potential applications in not only 
medical and pharmaceutical research but also chemical 
engineering, etc. (by Wei-Tsung Chuang)
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W ater is known as the solvent of life in nature, 
because it can operate the self-assembly structures 

and functions of biomolecules. One example that shows 
the active role of water is found in the hydrophobic gate of 
trans-membrane proteins. Structural characterizations and 
theoretical calculations showed that water can open and 
close the hydrophobic gate by changing the self-assembly 
structure of the gate. In so doing, water alters also the 
kinetic barriers required for water and ions to pass through 
the gate and regulates the water and ion permeabilities 
of the trans-membrane protein. In contrast, the role of 
water in synthetic matters is passive. Although synthetic 
molecules such as dendritic dipeptide, carbon nanotube, 
pillar arenes, etc. have been synthesized to mimic the tube-
like structure of trans-membrane proteins, the synthetic 
molecules are too rigid to interact dynamically with water. 
In this case, water is simply a liquid that passes through the 
tube-like supramolecular structures of synthetic molecules, 
but lacks the ability to operate the self-assembly structures 
and functions of synthetic molecules.

To make water an active component for synthetic molecules, 
 Chien-Lung Wang (National Yang Ming Chiao Tung 
University) and Wei-Tsung Chuang (NSRRC) developed 

a flexible amphiphilic discotic molecule (ADM) and 
characterized the active role of water in the supramolecular 
chemistry of this molecule (illustrated in Fig. 1(a)).1 Under 
polarized light in an optical microscope, they found that 
water induces the self-assembly of the amorphous ADM 
as shown in Figs. 1(b) and 1(c), and use of small-angle 
X-ray scattering at TLS 23A1 confirmed that this water-
induced self-assembly (WISA) resulted in the formation of 
a hexagonal columnar (Colh) phase of ADM, which contains 
bulk artificial water channels (AWC). Moreover, on letting 
water act as the orientation-directing agent, the directional 
WISA that they developed can further turn these randomly 
oriented bulk AWC into a well oriented AWC array. 
The excellent orientation control of the bulk AWC was 
confirmed with grazing Incidence X-ray diffraction (GI XRD) 
at TLS 01C2, TLS 17A1 and TLS 23A1 as shown in Fig. 1(d). 
 Comparing to the nearly 0 water permeability of the 
dehydrated ADM, the well oriented AWC array prepared 
by the directional WISA is salt-rejected and delivered an 
effective water permeability, 4.34 X 107 H2O⸳ nm⸳ channel-1 

⸳s-1, indicating that water not only induces an ordering, 
but also turns on the function of the ADM. AWC in the 
literature are tube-like molecules, which provide water 
transport at the length of several nanometers (~ the 

The Active Role of Water in Artificial Water 
Channel Arrays
In water-induced self-assembly, water becomes an active component that regulates the supramolecular structures and 
functions of synthetic functional materials. 

Fig. 1: (a) Illustration of the WISA process. POM images of (b) dehydrated amorphous ADM and (c) hydrated ordered phase of ADM. (d) GI XRD 
patterns of an oriented AWC array of ADM produced from the directional WISA. (e) POM image of the well-aligned AWC array. [Reproduced 
from Ref. 1]
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molecular length). The bulk AWC array developed in this 
work provides comparable water permeability at transport 
length of hundreds of µm (Fig. 1(e)), showing that, with 
a great control in the mesoscale structures, the synthetic 
molecule is able to transfer their molecular functions 
hierarchically into useful material properties. 

Water plays important roles in physiological functions 
of living matter. Through dynamically interacting with 
biomolecules, water assists them to switch quickly between 
different physical states under ambient conditions. 
Combining suitable molecular designs and profound 
structural characterizations at the NSRRC, the study turns 
the role of water in the supramolecular chemistry of the 
synthetic molecule from passive to active. The WISA process 
allows water to govern the self-assembly and function 
of the synthetic molecule as it does to biomolecules. 
The quick physical transformation resulting from the 
dynamic interaction with water is highly desirable for 
the development of condensed-phase soft materials and 

might inspire more innovation in the development of self-
assembled functional materials. (Reported by Chien-Lung 
Wang, National Yang Ming Chiao Tung University)

This report features the work of Chien-Lung Wang, Wei-
Tusng Chuang and their collaborators published in ACS 
Nano 15, 14885 (2021).
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Application of Synchrotron Microbeam X-rays to 
Mechanisms of Periodic Assembly of Polymeric 
Ring-Banded Spherulites
Periodic patterns are commonly seen in nature, and spontaneously form on nanometer molecular to macro-cosmic 
scales, as illustrated in Fig. 1.

Fig. 1: (a) Broccoli flower with fractal pattern in a Fibonacci sequence, (b) Liesegan ring pattern on dropping a crystal of silver nitrate onto a thin gel 
layer containing potassium dichromate, and (c) DNA double-helices in genes. [Images all adapted from free sources, Wikipedia].

O ne of the most fascinating phenomena in crystallization is self-assembly in the periodic repetition of the same circular-
ringed patterns. All crystalline spherulites, including ring-banded spherulites (RBS), of polymers or small-molecule 

compounds are packed in an anisotropic fashion. Polymeric spherulites are highly isotropic with lamellar crystals highly 
aggregates of all kinds, and a standard table-top X-ray instrument has wide X-ray beams and inherent limitations and 
can perform analysis results only as a cumulative average of multiple lamellae of varied morphology or orientation, etc. A 
specific location of crystal size and orientation can be precisely measured only via microbeam X-ray analysis. A limitation of 
the surface morphology is that it is unable to predict how to explore the mechanism of 3D lamellar assembly in polymeric 
RBS. Polymeric RBS are constructed with periodic rings with alternate valleys and ridges in 3D space, not just 2D films. Self-
assembled lamellar architectures of RBS can be examined in two ways, via destructive and non-destructive methods. In 
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the non-destructive method, 
microbeam X-ray analysis 
is the most powerful tool 
to determine the micro-
architectures of a lamellar 
distribution in a specific 
location of micrometres. So 
we specifically chose a poly(β-
hydroxy butyrate) (PHB) 
spherulite with band spacing 
> 20 μm (in PHB/poly(ethylene 
oxide) (PEO)) crystallized at Tc 
= 50 oC, band spacing ~25 µm). 
A mechanism of 3D-grating structure assembly of RBS is 
positively proven with synchrotron microbeam small-angle 
X-ray scattering (SAXS) and various microscopic techniques. 
This grating structure in the banded PHB resembles many 
of nature’s iridescent crystals and is further proved by 
photonic reflection results as a critical novel finding. The 
powerful synchrotron microbeam of small-angle X-ray 
scattering is ~15 μm available at TPS 25A of the NSRRC, 
where the microbeam facility was recently made possible 
by a group of experts led by Wei-Tsung Chuang, and his 
collaborator Yi-Wei Tsai (NSRRC)..

The morphological microstructures of a PHB ring-band 
spherulite were examined with microscopic techniques and 
powerful synchrotron microbeam SAXS by a research team 
led by Eamor M. Woo (National Cheng Kung University), 
assisted and supported by Chuang and Tsai of the NSRRC. 
The microbeam analysis was recorded through two sets 
of alternate valleys and ridges. In the periodic ring, the 
statistical-average lamellae orientation across the film 
thickness ata specific location of alternate valley/ridge 
periodicity was investigated withsynchrotron microbeam 
SAXS. Figure 2 shows (a) a banded pattern of PHB across 
which a microbeam moved, and (b) expected SAXS 2D 
patterns as the beam moved in a radial direction on five 
separate spots (A−E). The POM-banded pattern of a typical 
PHB-banded spherulite is exemplified; a yellow arrow is 
marked from its nucleus center to a periphery to guide 
the movement of the microbeam. The interior lamellar 
construction of periodic rings with respect to alternate 
ridge and valley is given in Fig. 2(b). When the microbeam 
was passed through a ridge, the feasible 2D-SAXS signals 
are showcased in Fig. 2(b) for conceptual understanding. 
As the lamellar plates are vertically aligned in a ridge, the 
contrast of electron density between the amorphous and 
crystalline phases of a lamellae plate can be deduced in 
the X-ray pattern. In the valley, lamellar plates are arranged 
in a horizontal direction, so the microbeam X-rays cannot 
reduce the phase contrast of electron density, resulting in 
no signal in a 2D-SAXS pattern. Note that one should not 
be misled by the top surface morphology, as the X-ray beam 
would actually penetrate the interior lamellae in much 
greater path length (ca. ~20 μm) than the thin top surface 

(< 1 μm). This effect is to hint that the resulting X-ray signal 
is built not by the thin top surface layer, but mostly by the 
interior bulk lamellae and their assembly patterns (crystal 
orientation relative to the X-ray beams etc.). The scheme in 
Fig. 2(b) shows that, as the X-ray microbeam is stepwisely 
moved along the radial direction of a PHB banded 
spherulite from its central nucleus to the outer periphery, 
the interior crystal orientation traverses from tangential to 
radial orientations in a repetitive periodic cycle.

The general universality of such periodicity with cross-
hatch grating architectures can be demonstrated, which 
tends to be ubiquitous in periodically banded crystals or 
crystal aggregates. In earlier work on another polymer 
system, Nagarajan and Woo2 analysed 2D- Wide Angle 
X-ray Diffraction (WAXD)/SAXS microbeam data of 
poly(ethylene adipate) (PEA)-banded spherulites to provide 
evidence for a corrugate-grating lamellae assembly, using 
similar synchrotron microbeam SAXS and WAXD analyses, 
with a 1-µm microbeam at the SPring-8 facility, Japan, in 
collaboration with Kohji Tashiro. The analysis of the PEA 
banded spherulite has proved that SAXS/WAXD signals 
indicate that alternate strut-to-rib crystal plates in PEA 
are interfaced with a discontinuity; abruptly changed 
orientations from the ridge to valley bands account for the 
periodic optical birefringence (band spacing = 6.5 µm). 

Using NSRRC microbeam SAXS, an analysis of the interior 
assembly of the PHB-banded spherulite was performed. 
Although the available beam size in this work is a bit large, 
the band spacing in PHB is much larger (15−30 µm) than 
that in PEA. Considering the constraint of the large beam 
size, we specifically chose a PHB spherulite with band 
spacing > 20 µm (in PHB/PEO crystallized at Tc = 50 oC) as 
a model for such analysis. The X-ray beam was directed 
to travel stepwise along the radial direction originating 
from the nucleus of the banded PHB spherulites; signals 
were collected in each intermittent step-move. The 
results are shown in Fig. 3(a) (see next page). The beam 
size covers a fixed area ca. ~177 μm2; the signal is thus 
a statistical average of crystals distributed in this region 
and crystal plates across the entire film thickness. Figure 
3(b) shows 2D signals for each spot marked on Fig. 2(a), 

Fig. 2: (a) POM graph showing alternate colored rings, and (b) expected 2D-SAXS pattern variation with 
respect to a microbeam moving position along the radial direction at five spots: tangential (edge-
on) lamellae 1, radial (flat-on) lamellae 2, back to tangential (edge-on) lamellae in next cycle 3, 
radial (flat-on) lamellae 4, back to tangential (edge-on) lamellae in next cycle 5. [Reproduced from 
Ref. 1]
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Fig. 3: Microbeam SAXS analysis along several radial-direction spots of a PHB spherulite crystallized from 
PHB/PEO (75/25) at Tc = 50 °C (band spacing ≈ 27 µm): (a) POM image, (b) 2D-SAXS patterns, and (c) 
intensity profiles at various positions (1, 2, 3, 4) in PHB/PEO spherulite. [Reproduced from Ref. 1]

Fig. 4: Summary of POM, SEM, microbeam X-ray SAXS results, and a schematic for grating structure for 
periodic banded PHB. [Reproduced from Ref. 1]

Spots 1–4. The SAXS pattern 
indicates that, in Spots 2 and 
4, there are signs with respect 
to electron densitycontrast 
between crystalline and 
amorphousphasesin the vertical 
lamellae in a ridge as shown 
earlier in Fig. 2(c). As signals 
of Spots 1 and 3 are weak, 
these signals can be regarded 
as no signal, indicating that 
the lamellae on Spots 1 and 
3, respectively, are mostly 
normal to the X-ray beam (thus 
horizontal to the substrate).
The periodic morphology and 
optical changes in the ring 
bands are caused not by the 
thickness of individual lamellae 
in ridge versus valley bands but 
result from crystal assembly 
and orientation. The valley 
region is dominated with flat-
on crystals; the ridge region is 
packed mainly with edge-on 
crystals. Similarly, in SAXS, a 
X-ray beam perpendicular to 
the lamellae results in a poor 
contrast of electron density 
between amorphous and crystalline regions; so there is no, 
or only weak, signal observed in Spots 1 and 3. Thicker films 
produce more intense birefringence patterns due to more 
pronounced anisotropic crystals in varied orientations. 
In this work, the film thickness of PHB was kept at ≈20 ± 
2µm, so alternate blue and orange birefringence rings are 
respectively associated with the ridge and valley bands 
seen in POM. In the ridges, the lamellae are oriented 
perpendicularly to the micro-beam X-rays as well as to the 
optical axis in POM. This perpendicular arrangement of the 
lamellae induces signals on Spots 2 and 4. Furthermore, 
SAXS maximum azimuthal angles 145°and 290° confirm 
that the edge-on lamellae in ridges are mostly mono-axially 
oriented in Fig. 2(c).

In summary, Fig. 4 shows that a detailed 3D assembly in the 
periodic ring PHB crystal aggregates is proved by delicate 
microscopic techniques, assisted with synchrotron X-ray 
analysis and supported by direct evidence of morphology 
dissection; the grating architecture of the periodic PHB 
aggregates possesses a novel property of photonic-crystal 
iridescence, which was never reported or discovered before 
for such polymeric crystals.

NSRRC synchrotron microbeam SAXS sources and various 
microscopic techniques were used to analyze the PHB 
crystal aggregates on specific spots of the banded 

spherulites. Through X-ray microbeam 2D-SAXS, this critical 
proof reinforces that the lamellar assembly in the PHB-
banded periodic architectures are such that the optical-blue 
bands are packed mainly by grating normally oriented 
strut-crystals periodically interfaced with horizontally 
oriented rib-crystals. The grating structure with alternate 
strut-rib assembly in the banded PHB resembles many 
natural iridescent crystals, and is further proved with 
striking photonic reflections as a critical novel finding. 
(Reported by Eamor Woo, National Cheng Kung University)

This report features the work of Eamor Woo and his 
collaborators published in Macromol. Rapid Commun. 42, 
2100281 (2021).
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Binding Site Matters

The binding site of inorganic salts on lecithin affects the micellar structure, which in turn alters the rheological 
properties of the micellar solutions.

L ecithin, a mixture of glycerophospholipids, is well 
known to form reverse spherical or ellipsoidal micelles 

in a range of slightly polar organic solvents. Previous studies 
have shown that the lecithin reverse spherical micelles 
become transformed into reverse wormlike micelles on 
incorporating additive molecules, such as water, bile salts, 
inorganic salts and others with highly polar groups, into 
a lecithin solution. Such a transformation is attributed to 
either the expansion of the lecithin head-group area on 
insertion of the additives or on straightening the lecithin 
tails that decrease the tail area through the strong additive-
lecithin attraction force, both of which alter the effective 
molecular geometry to a critical packing parameter (CPP) 
that favors the formation of cylindrical micelles. The long, 
flexible cylindrical (wormlike) micelles thus increase the 
solution viscosity and even impart viscoelastic properties 
or further cause gelation. For small additives, such as 
water and inorganic salts, it is interesting that, instead 
of monotonic increase, the viscosity attains a maximum 
and then decreases until a phase separation occurs, as 
the additive concentration increases (Fig. 1). Although a 
mechanism of growth has been rationally proposed, the 
decreased viscosity is intriguing; the reason has been little 
investigated.

The team led by Shih-Huang 
Tung (National Taiwan University) 
studied the systems of lecithin 
mixed with inorganic salts, 
such as LiCl, CaCl2, and LaCl3, 
in cyclohexane and explored 
the mechanisms for the 
viscosity change with the salt 
concentration. Employing small-
angle neutron-scattering (SANS) 
facility on beamline Bilby at the 
Australian Nuclear Science and 
Technology Organisation (ANSTO), 
they demonstrated that the 
incorporation of various inorganic 
salts into lecithin sols can induce 
both axial and radial growth of 
micelles that causes the viscosity to 
increase.1 The team further used 
the small-angle X-ray scattering 
(SAXS) facility of TLS 23A1 at 
the NSRRC to probe the micellar 

Fig. 1: Molecular structure of lecithin and viscosity of a CaCl2/lecithin 
mixture in cyclohexane as a function of molar ratio. The images 
show the flow behaviours of the samples in various regimes. 
[Reproduced from Ref. 2]

Fig. 2: (a) SAXS data of LaCl3/lecithin in cyclohexane at lecithin concentration 20 mM with varied S0, 
(b) pair distance distribution functions p(r) versus r obtained on inverse Fourier transforms 
(IFT) analysis of SAXS data, and (c) viscosity and FT-IR line shifts Δv of choline, phosphate and 
carbonyl group on lecithin in cyclohexane as functions of S0. [Reproduced from Ref. 2]

structures, aiming to answer why the viscosity decreases 
as the salt exceeds a critical concentration. The SAXS data 
are consistent with the change of viscosity (Figs. 2(a) and 
2(b)).2 At a small molar ratio of salt to lecithin (S0), the 
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shape of micelles is either elliptic or short-cylindrical, which 
can move freely; thus the viscosity is small. As S0 increases, 
the reverse micelles grow into long, flexible cylinders that 
entangle one another to enhance greatly the viscosity and 
even lead to gelation. Above a critical S0, the length of 
micelles decreases and the viscosity decreases accordingly.

Fourier-transform infrared spectroscopy (FT-IR) techniques 
were utilized to investigate the interactions between 
inorganic salts and the functional groups on lecithin 
(Fig. 2(c)). The data show that the inorganic salts initially 
bind to the lecithin headgroup and hold lecithin more 
tightly through strong electrostatic interactions. The 
lecithin molecules are thus more straightened and more 
densely packed, causing a CPP change that transforms the 
nearly spherical micelles into cylindrical ones. Once the 
headgroups are saturatedly bonded with the salts, the 
excess salts move to the ester linkages on lecithin where 
they work as a spacer that separates the tails, which in turn 
disrupts the regular packing of the tails so that the tail area 
expands accordingly. The long cylindrical micelles thus 
break into short ones and the viscosity sharply decreases 
(Fig. 3). The results highlight the importance of the location 
of the inorganic salts on lecithin in the self-assembly of 
lecithin reverse micelles.

In summary, through a systematic study of the 
lecithin reverse worms induced by inorganic salts, the 
rheological properties, the self-assembled structures 
and the interactions between lecithin and salts were 
well correlated. This work manifests the crucial role of 
the binding site of the salts in the micellar structure 
and rheological behaviours of lecithin reverse micelles. 
Although this study focused on the reverse system, the 
findings in this work might be significant also for aqueous 
systems in which the interaction between inorganic salts 
and lipid bilayers is critical in physiological functions. 
(Reported by Shih-Huang Tung, National Taiwan University)

This report features the work of Shih-Huang Tung and his 
collaborators published in J. Mol. Liq. 329, 115543 (2021). 
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Fig. 3: Schematic of reverse micellar structures formed by lecithin with inorganic salts. The binding sites of salts on lecithin affect the effective molecular 
geometry and thus cause altered micellar structures. [Reproduced from Ref. 2]



Soft Matter 037

Fig. 1: (a) Diatom―Thalassiosira pseudonana. (b) Possible scheme of bio-silica synthesis in a diatom cell. (i) A cell surrounding silicic acid media. (ii) STV 
enter the cell by endocytosis. (iii) STV is uptaken into SDV and aquaporines pump water from SDV. (iv,v) Desiccation concentration induces the 
silica polymerization, followed by bio-silica formation after removal of organic composites. [Reproduced from Ref. 1]

U nderstanding molecular engineering holds the key 
to future nanomaterial technologies. Nature has all 

answers: build biominerals from a bottom-up approach 
(piecing atoms or molecules together to produce a more 
complicated construction). Biomineralization involves 
forming a hierarchical and well organized structure 
from the self-assembly of organic template-inorganic 
minerals, followed by mineralizing for organic removal. 
These minerals could be silica in diatoms and phosphate 
in vertebrates. Silica and silicates are generally used in 
medicine (safe as ingredients for oral delivery), transport 
(e.g., sensors and catalysts), telecommunication (e.g., 
optical sensors), manufacturing (e.g., micro-robots), etc. 
Tailoring the morphology and pore structure of silica has 
been well investigated for more than 30 years, but nobody 
has been able to use chemical synthesis to build the 
complicated patterned diatom cell wall (frustule).

Diatoms are unicellular photosynthetic algae with hard 
and porous frustules and some with extended setae for 
buoyancy in sizes 2−200 μm, in Fig. 1(a). The open nano-
scale pore and channel structure of micrometre-sized 
frustule is made almost purely of amorphous silica from 
silicic acid. In the general paradigm as shown in Fig 1(b), 
bio-silica is synthesized within silica deposition vesicles 
(SDV) inside the cell membrane during frustule formation. 
This bio-silicification occurs also outside the cell membrane, 
such as in setae (silica extension of a valve) formation. The 
bio-silicification process inside or outside a cell involves the 
Si-transport system (like STV) and silicification mediated by 
confined compartments (like SDV).

Yi-Qi Yeh (NSRRC), U-Ser Jeng (NSRRC) and Chung-Yuan 
Mou (National Taiwan University) recently proposed the 
concept of a mechanism of formation of bio-silica like 
diatoms, so as to understand the mechanism of formation 
of bio-silica in the confined space of a soft template 
in the concept of biomineralization. Using small-angle 
X-ray/neutron scattering (SAXS/SANS) at TLS 23A1 in 
the NSRRC and freeze-fracture-replication transmission 
electron microscopy (FFR-TEM) methods, it is found the 
answer to the formation of a thin silica sheet templated 
by a ternary surfactant system (SDS-CTAB-P123), nearly 
that of biomineralization in diatoms. The FFR-TEM (Fig. 
2(a)) reveals the critical importance of the coexistence of 
surfactant-P123 self-assembly charged micelles of two 
kinds named as silica transport micelles (STM) and the 
silica deposition nanoplates (SDNP). The SANS data (Fig. 
2(b)) were fitted on the basis of a core-shell ellipsoidal 
model. The trend indicates that significant adsorption 
of catanionic surfactant to P123 micelles could lead to a 
transition of micellar shape from spherical to prolate. The 
SAXS data (Fig. 2(c)) elucidate an intriguing role of the 
catanionic surfactants in modulating the self-assembly 
of the surfactant-P123 micelles. With appropriately 
high adsorption affinity to P123 micelles, SDS can 
facilitate the adsorption of CTAB to the P123 micelles 
via co-condensation of the charged ion pairs, loading to 
optimized prolate micelles for a preferred monolayer self-
assembly.

Chemical Magicians─Mimic Biosilica from Nature

Understanding the mechanism of formation of bio-silica in the confined space of a soft template is the concept of 
biomineralization. 
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Fig. 2: (a) FFR-TEM image of complicated micelles as STM and silica deposition nanoplates of a ternary surfactant organic template of SDS-CTAB-P123 at 
R = [SDS]/[CTAB]=1.5. (b) SANS profiles of the D2O solutions of deuterated-SDS, deuterated-CTAB, and P123, with varied x = [SDS]/[P123], at fixed 
R = 1.5 and [P123] = 0.8 mM. (c) SAXS profiles were measured for sample solutions of P123 and SDS/CTAB of varied surfactant mixing ratios R, 
with fixed CTAB (13.9 mM) and P123 (0.8 mM). [Reproduced from Ref. 2]

Fig. 3: Time-resolved FFR-TEM images presenting the structural evolution of silicate micelles of P123 and catanionic surfactants (with R = 1.5 and x = 26) 
at reaction times (a) t = 0, (b) 5 min, (c), 30 min, and (d) 120 min. The TEM images in the insets of (b) and (d) respectively show in-plane, locally 
ordered lamellar domains. (e) Time-resolved SAXS profiles measured for an optimized sample solution of P123 and catanionic surfactants (with 
R = 1.5 and x = 26), before (t = 0) and after addition of silicate source. The larger-q data at t = 0 are fitted (─) with prolate core-shell micelles. 
The small-q signal at 0.014 Å-1 corresponds to a vertical stacking order (d-spacing 45 nm) of the micellar plates as illustrated in the cartoon. (f) 
A proposed process to form vertically oriented and organized silica nanochannels. The bottom cartoon shows the transition of lamellar to 2D 
hexagonally packed nanochannels after silicate deposition. [Reproduced from Ref. 2]
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The time-resolved FFR-TEM images (Figs. 3(a−d)) revealed 
the coalescence of small prolate silicate micelles into 
the nanoplates. The silica plates developed into large 
sheets, followed by 2D hexagonally packed domains. 
The team traced the self-assembly of the catanionic 
surfactant- coated P123 micelles upon silicate deposition 
by SAXS in situ (Fig 3(e)). After the silicate deposition, the 
emergence of three broad signals indicates a formation of 
lamellar domains derived from a lateral packing along the 
equatorial plane of the prolate micelles. As the silicification 
evolves, the lateral structure deteriorates gradually and 
becomes largely disrupted at 60 min. At 60−190 min, 
the structure transformed into 2D hexagonally packed 
nanochannels and then grew into submicrometre-sized 
domains. 

The mechanism of formation of mesoporous silica-sheet 
material SBA (⊥) is proposed in Fig 3(f). Beginning 
from spherical P123 micelles, the addition of SDS/CTAB 
catanionic surfactants (with SDS in significant excess) leads 
to negatively charged surfactant-P123 core-shell prolate 
micelles and their self-assembled prototype nanoplates. 
This effect is followed by silicate condensation for micellar 
self-assembling into large silicate thin sheets, within 
which the silicate micelles form locally in-plane layered 
packing then transit into elongated micelles of in-plane 
2D hexagonal packing (bottom cartoons). Calcination of 
the silica sheets leads to single-layer, vertically oriented 
and ordered silica nanochannels with through pores. In 
the three-component surfactant system undergoing silica 
condensation, the team demonstrated self-assembly of 
P123/silicate confined in a SDV-like bilayer (SDS/CTAB)-

shelled nanoplates. The end products of the synthesis are 
mesoporous silica nanochannel plates with a perpendicular 
channel orientation analogous to that of diatom frustules.

In summary, a mechanism of formation of silica sheet is 
proposed on the basis of large silica deposition nanoplates 
of SDV-like confinement effects and small silica transport 
micelles that are like silica transport vesicles, revealed from 
SAXS, SANS and FFR-TEM. With these analogous features, 
we have thus defined a synthetic system of porous silica 
that mimics diatom biogenesis in its primitive form. The 
reported intricate porous silica formation not only assists 
future designs of mesoporous silica thin-film materials in 
a bio-inspired approach but also paves a road towards 
understanding the formation of biosilica of diatoms under 
soft confinement. (Reported by Yi-Qi Yeh) 

This report features the work of Yi-Qi Yeh and her 
collaborators published in J. Colloid Interface Sci. 584, 647 
(2021).
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