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Hypothesis: Multistage silicate self-organization into light-weight, high-strength, hierarchically pat-
terned diatom frustules carries hints for innovative silica-based nanomaterials. With sodium silicate in
a biomimetic sol-gel system templated by a tri-surfactant system of hexadecyltrimethylammonium bro-
mide, sodium dodecylsulfate, and poly(oxyethylene-b-oxypropylene-b-oxyethylene) (P123), mesoporous
silica nanochannel plates with perpendicular channel orientation are synthesized. The formation process,
analogous to that of diatom frustules, is postulated to be directed by an oriented self-assembly of the
block copolymer micelles shelled with charged catanionic surfactants upon silication.
Experiments: The postulated formation process for the oriented silica nanochannel plates was investi-
gated using time-resolved small-angle X-ray and neutron scattering (SAXS/SANS) and freeze fracture
replication transmission electron microscopy (FFR-TEM).
artment
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Silica nanochannels with perpendicular
orientation
Findings: With fine-tuned molar ratios of the anionic, cationic, and nonionic surfactants, the catanionic
combination and the nonionic copolymer form charged, prolate ternary micelles in aqueous solutions,
which further develop into prototype monolayered micellar plates. The prolate shape and maximized
surfactant adsorption of the complex micelles, revealed from combined SAXS/SANS analysis, are of crit-
ical importance in the subsequent micellar self-assembly upon silicate deposition. Time-resolved SAXS
and FFR-TEM indicate that the silicate complex micelles coalesce laterally into the prototype micellar
nanoplates, which further fuse with one another into large sheets of monolayered silicate micelles of
in-plane lamellar packing. Upon silica polymerization, the in-plane lamellar packing of the micelles fur-
ther transforms to 2D hexagonal packing of vertically oriented silicate channels. The unveiled structural
features and their evolution not only elucidate the previously unresolved self-assembly process of
through-thickness silica nanochannels but also open a new line of research mimicking free-standing frus-
tules of diatoms.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Specific biofunctions often rely on astonishing ordering and
patterns of associated biostructures [1,2]. Recently, these struc-
ture–function correlations inspired an extensive development of
biomimetic materials [3,4]. In the case of diatoms, whose silica
shells referred as frustules [5–9] are self-organized by their living
organic compartments into high-strength, light-weight, and hier-
archically patterned (nano- to micro-scaled) architectures, which
are of particular interest in search of new silica-based nanomateri-
als for membrane filtration, biosensors, and drug carriers [2,10,11].
Silica wall structures of diatoms are implemented inside
membrane-bound compartments called silica deposition vesicles
(SDV) [5]. Within the SDV, specific soluble proteins form com-
plexes with long chain polyamines that can direct the deposition
of silica sources and subsequent polymerization into mesoscale-
patterned silica walls [5,12]. Such a wall morphogenesis process
with SDV for hierarchical frustules also involves sophisticated sil-
ica templating with the cytoskeleton and actin filaments of
single-cell diatoms [12,13].

Inspired by the biomineralization of diatoms, outstanding
development of general methods of creating rich 3D biomimetic
silica nanostructures on the basis of DNA origami scaffolds was
reported very recently [11]. Via an organic–inorganic self-
assembling, we also demonstrated previously [14] a process for
forming highly oriented and 2D-ordered silica channel-sheet struc-
tures with perpendicular channels of through pores. The corre-
sponding silicate deposition and polymerization were directed by
an organic template system comprising of Pluronic triblock (PEO-
PPO-PEO) (P123) copolymer micelles deposited with a shell of
catanionic surfactant bilayers (of paired cationic and anionic sur-
factants) [15]; which self-assembly behavior was shown to alter
with the mixing ratio of the cationic and anionic surfactants, in
addition to acidity and temperature [16,17]. The resultant free-
standing silica plates of perpendicular nanochannels were referred
to as SBA(\) (SBA stands for Santa Barbara Amorphous) [16,17].
Despite the synthesis of SBA(\) being of long-term interest and
wide applications after its first demonstration [18–22], to date,
there is only speculation without direct evidence on how the pri-
mary silicate-deposited micelles could evolve into featured mono-
layered silica nanochannels of perpendicular orientation. The
major hurdle lies in the inseparable contributions of the quater-
nary (copolymer, cationic and anionic surfactants, and silicate
source) self-assembly process in solution. A mechanistic under-
standing of the highly interesting formation process would open
a new line of research mimicking the free-standing frustule of dia-
toms [10–12,23].

Using small-angle X-ray and neutron scattering (SAXS and
SANS), grazing-incidence SAXS (GISAXS), and freeze-fracture repli-
cation transmission electron microscopy (FFR-TEM), we could
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unveil the critical micellar structures and their self-assembly pro-
cess that govern the formation of SBA(\). Specifically, controlled
condensation of charged catanionic surfactant bilayers on neat
spherical P123 micelles is found to significantly elongate the
micelles into negatively charged prolate ones of an optimized
aspect ratio ca. 3.0. The charge and shape of the complex micelles
together play a pivotal role in directing a lateral self-assembly of
the micelles upon silicate condensation, resulting in large sheet-
like silicate aggregates of in-plane lamellar ordering. Further
ordered structural transition driven by silicate polymerization
within the thin aggregate plates redistributes the deposited silicate
source into 2D-hexagonally packed cylinder nanochannels, of uni-
form channel length and perpendicular orientation to the plate.
Depending on environmental controls, these silica channel plates
can selectively coalescence laterally further for enlarged 2D
ordered sheets or stack vertically for Moiré patterns of 3D orga-
nized structures [17]. In this study, we show that adsorption of
catanionic surfactants can modify the shape and charge of the tem-
plate P123 micelles for acting as silica transport micelles (ca.
15 nm), whose nanoplate aggregates (ca. 150–200 nm) further
serve as seeds of silica deposition platforms, mimicking frustule
formation of diatoms. We note that, despite abundant studies on
binary micelles of P123 adsorbed with anionic- or cationic-
surfactants, SAXS or SANS on ternary micelles of pluronic copoly-
mers, SDS, and cationic surfactants, is seldom reported up to date.
2. Materials and methods

2.1. Sample preparation

Hexadecyltrimethylammonium bromide (C16TAB, 99+%, Acros
Organics), sodium dodecylsulfate (SDS, 99%, Acros Organics), and
poly(oxyethylene-b-oxypropylene-b-oxyethylene) (EO20PO70EO20,
P123) of an average molecular mass 5800 Da (Sigma-Aldrich,
reported polydispersity index ~ 1.1), were used in sample prepara-
tion for ternary mixtures of different molar ratios of R = [SDS]/
[C16TAB] from 1.3 to 2.0 and x = [SDS]/[P123] from 0 to 52. The
sample solution of an optimum yield of SBA(\) comprised
20.6 mM SDS, 13.7 mM C16TAB, and 0.8 mM P123, corresponding
to R = 1.5 and x = 26. Sodium silicate (27 wt% SiO2, 4 wt% NaOH,
and 69 wt% H2O) of 80 mM was further added into the
surfactant-P123 sample solution under stir for a few hours at
318 K, with pH values between 4 and 5 adjusted by sulfuric acid
and sodium hydroxide. Within this pH-range, similar silica chan-
nels of same packing features of SBA(\) could be formed [16].
Deuterated SDS (d-SDS, 98 atom % D, CDN Isotopes) and deuterated
C16TAB (d-C16TAB, 98 atom % D, CDN Isotopes), and D2O (99.8 atom
% D, Acros Organics) were used in preparation of SANS sample
solutions.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. TEM and freeze-fracture replication TEM

Freeze-fracture replication TEM was performed with a Balzers
freeze-fracture apparatus (BAF 400 D). The liquid sample was
dropped in between two electron-microscopic gold sandwich hold-
ers, then plunged altogether into nitrogen slush (a mixture of liq-
uid and solid forms of nitrogen at 63 K for a faster sample
cooling rate, compared to liquid nitrogen alone at 77 K). Subse-
quently, the sample was submerged into a liquid nitrogen reservoir
and transferred into a sample-fracture housing precooled in liquid
nitrogen. The frozen sample was further inserted into a vacuum
chamber maintained at 168 K for split open into fractures. The frac-
ture surfaces were first shadowed (at an angle of 30�) with a 2-nm
layer of platinum–carbon, followed by coating with a 20-nm car-
bon layer (at 90�). The replicas retrieved from the thawed samples
were cleaned in deionized water, then mounted on copper grids for
TEM observation (Hitachi S-7100, 75 keV) at room temperature.
Fig. 1. Neutron and X-ray SLD profiles, qN (top) and qx (bottom), for a simplified
core–shell ellipsoidal model of P123 micelles deposited with aliphatic-chain
deuterated SDS (d-SDS) and C16TAB (d-C16TAB) in D2O for SANS, and with non-
deuterated SDS and C16TAB in H2O for SAXS. ac and bc are the semi-major and semi-
minor axes of the PO-core (colored in blue) of the P123 micelle, whereas a and b are
that of the overall prolate micelle, including the hydrated EO shell (red) intercalated
with the catanionic surfactants. The PO and EO groups are of qN values of 0.343 and
0.638 and qx values of 9.24 and 10.4, in units of 10�6 Å�2 [27]. Note that the core
size is contributed mainly by the PO region of low SLD, with the PO-EO interface
broadened more in SANS due to a similarly low qN value of the EO group. Note that
the EO zone away from the interface is of increasingly higher qN due to hydration
with D2O of relatively high qN = 6.39 � 10�6 Å�2 (at 20 �C). This smearing effect is
less evident in SAXS, owing to the relatively high qx of the EO group, with respective
to the PO group and H2O of qx = 9.47 � 10�6 Å�2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
2.3. Small angle scattering (SAS)

2.3.1. SAS model
The SANS and SAXS intensity profiles of the colloidal solutions

of P123 and the catanionic surfactants were modeled as

IðqÞ ¼ ILPL qð ÞSLðqÞ þ IoPðqÞSðqÞ þ Iinc ð1Þ

where IL and Io are the zero-angle (q = 0) scattering intensities for
coexisting large aggregates and small micelles, of respectively nor-
malized form factors PL(q) and P(q), with P(0) = 1 [24]. In Eq. (1),
SL(q) and S(q) are the corresponding structure factors; Iinc is the con-
stant incoherent scattering background, which is much more pro-
nounced in SANS than that in SAXS [24]. For core–shell micelles
of an ellipsoidal shape

PðqÞ ¼
Z 1

0

Wc �Ws
Vc
Vs

Wc þWs
3j1ðucÞ=uc þ

Ws þWs
Vc
Vs

Wc þWs
3j1ðusÞ=us

" #2

dt ð2Þ

where uc = q[ac2t2 + bc
2(1–t2)]1/2, us = q[a2t2 + b2(1–t2)]1/2, with the

orientation factor t of the ellipsoid; j1(X) = (sin X – X cos X)/X 2 is the
spherical Bessel function of the first order [24] with 3j1(X)/X = 1
at X = 0 (i.e. q = 0). The parameters ac and bc are for the semi-
major and semi-minor axes of the ellipsoidal core, and a and b are
that of the overall core–shell ellipsoid (Fig. 1) [24,25]; Wc =
(qc – qw)Vc and Ws = (qs – qw)Vs are volume-weighted scattering
contrasts of the core qc and the shell qs with respect to the water
solvent qw, with the core volume Vc = (4/3)pacbc2 and shell volume
Vs = (4/3)p(ab2 – acbc

2) [25]. The aspect ratio of a prolate spheroid is
defined by d = a/b, which reduces to 1 for spheres (a = b). The size
polydispersity in the core–shell form factor (Eq. (2)) was taken into
account using the Schulz function [26] as expressed in Eq. S-1 and
S-2, in the Supporting Information (SI).

With SANS, we selectively used deuterated surfactants (mainly
deuterated aliphatic chains) with neutron scattering-length-
densities (SLD) matching closely to that of D2O; such a contrast
selection allowed better clarification of the scattering contribution
of P123 micelles from that of surfactants in the complex
surfactant-P123 micelles in D2O solution [27–29]. By contrast,
SAXS is sensitive to the core–shell structures of the overall P123-
surfactant complex micelles owing to the higher X-ray SLD values
of the EO block of P123 and the headgroups of the catanionic sur-
factants, compared to that of the PO core and aqueous solution
[27], as illustrated in Fig. 1 and Fig. S-1. Interparticle interference
effect on the SANS/SAXS profiles of the charged complex micelles
of P123 and surfactants was taken into account by a structure fac-
tor obtained with the rescaled mean spherical approximation
(MSA) S(q)MSA [30,31], assuming rigid charged spheres interacting
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through a screened Coulomb potential of an effective hard-
sphere diameter r.

The forward scattering intensity Io (at q = 0) of the ternary
micelles depends on the SDS and C16TAB adsorption numbers, Ns

and Nct, and the aggregation number Np of P123:

Io ¼ n½NpDqpVp þ NsDqsVs þ NctDqctVct�2 ð3Þ
with scattering contrasts (difference in the SLD with respect to that
of solvent qw)Dqp = qp – qw ,Dqs = qs – qw, andDqct = qct – qw, and
the partial specific volumes Vp, Vs, and Vct, of P123, SDS, and
C16TAB, respectively [25,26,32]. Here, the number density of the
P123 micelles in solution, n = (Cp – CL – Cp-CMC)/Np is defined by
the total copolymer concentrations Cp in solution and CL in the
large aggregates, and the critical micelle concentration Cp-CMC

[29]. Cp-CMC of P123 in solutions with SDS was reported to be
0.043 mM [33], which is negligibly small compared to that
(0.8 mM) used in this study. In principle, the three parameters
Np, Ns, and Nct of the micelle composition could be deduced
model-independently, using three different values of X-ray Io,X
and/or neutron Io,N (in the absolute scattering intensity scales of
units of cm�1) of Eq. (3) via contrast variations. In our case, anionic
SDS and cationic C16TAB could form ion pairs and self-assemble
into mixed bilayers due to strong charge interactions [15,34–37].
Moreover, the critical aggregation concentrations of SDS and CTAB
in their mixtures were shown to be below 0.5 mM [15,36], which is
substantially smaller than the catanionic surfactant concentrations
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used in our sample solutions (above 10 mM). Therefore, most of
SDS and C16TAB surfactants were expected to co-condense on
P123 micelles. Namely, the adsorption ratio of SDS/C16TAB would
be close to that of the total catanionic surfactants in solution
[15], i.e. Ns/Nct ffi R. With the approximation of Nct = Ns/R, we could
deduce Np and Ns with only two I0 values of Eq. (3) from SANS and
SAXS, as shown below:

Np ¼ ðIo;X=nÞ1=2=ðAX þ vsBXÞ ð4Þ

Ns ¼ vsNp ð5Þ

withvs ¼ ðlAN � AXÞ=ðlBN � BXÞ ð6Þ
Here, AX = VpDqp-X, AN = VpDqp-N, BX = VsDqs-X + (Vct/R)Dqct-X,

BN = VsDqs-N + (Vct/R)Dqct-N, and the square root of the X-ray/
neutron zero-angle scattering intensity ratio l = ±(Io,X/Io,N)1/2. For
the ternary micelles with limited size polydispersity, Np, Ns, and
Nct in Eqs. (4) and (5) would correspond to mean values, when
derived from the corresponding mean Io values. In the above con-
sideration, we have neglected the unlikely occurred cases of
surfactant-segregated SDS/P123 and C16TAB/P123 binary micelles
in the ternary mixture; they are simply energetically not favored
due to the strong charge pair interactions of the catanionic surfac-
tants, as indicated in previous reports [33–37].

The level of heterogeneity (or degree of phase segregation) of
the ternary mixture is quantified by the scattering invariant [24]

Q �
Z 1

0
IðqÞq2dq: ð7Þ

For convenience, a relative scattering invariant can be calcu-
lated with the upper and lower limits of the integration approxi-
mated by the high-q and low-q limits of an interested q-range
that can cover the major changes in structural features of the com-
plex micelles.

2.3.2. SAS measurements
SAXS measurements were performed at the 23A SWAXS beam-

line of the Taiwan Light Source of the National Synchrotron Radia-
tion Research Center in Hsinchu [38]. With a beam of 12.0 keV (X-
ray wavelength k = 1.033 Å filtered with a double-multilayer
monochromator for 1% dispersion in k) and a sample-to-detector
distance of 3048 mm, SAXS data were collected at 318 K sample
temperature using an area detector MARCCD165. The scattering
vector q = 4pk�1sinh, defined by the scattering angle 2h and k,
was calibrated with a silver behenate standard. The SAXS data col-
lected were corrected for transmission (measured directly using
the MARCCD165 with an attenuated direct beam), background,
and pixel sensitivity of the detector; the 2D SAXS patterns were
circularly averaged into 1D intensity distribution function I(q),
and scaled to the absolute intensity via comparing to the scattering
intensity of water [38]. For time-resolved SAXS, sampled solutions
were taken out every 5 min. from a composition-optimized solu-
tion with silicate source added for in situ reaction under stirring
at 318 K. Each loading of the sampled solution to the SAXS cell
was within 2 min, which was followed by 10 s of SAXS data collec-
tion without sample stirring. The SAXS cell was sealed with two
thin Kapton windows (each of 12 lm thickness) for a 2-mm X-
ray path length, and thermostated at a same reaction temperature
of 318 K.

Sample solutions parallel to that used in SAXS, but with SDS and
C16TAB replaced respectively by aliphatic-chain deuterated SDS
and C16TAB, were prepared for SANS measurements. They were
carried out at 318 K sample temperature at the FRM II research
reactor in Garching, Germany, using the small-angle scattering
diffractometer at the KWS-1 beamline [39]. With a neutron wave-
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length of 4.5 Å and three sample-detector distances of 1.7, 7.7, and
19.7 m (with corresponding collimation distances of 2, 8, and
20 m), the data covered a wide q-range of 0.003 – 0.3 Å�1. All trans-
missions were measured simultaneously with SANS data collec-
tions using a monitor embedded inside the beamstop. The SANS
data were corrected in terms of detector efficiency and parallax,
calibrated with the transmission, sample thickness, and detector
pixel solid angle, and placed in the absolute scattering intensity
via the scattering of a 1.5-mm thick Plexiglas sample as a sec-
ondary reference standard. The SANS instrumental q-resolution
(shown in Fig. S-2, SI), was included in the model fitting of the data
using the SasView (version 4.2.2) analysis package (http://www.
sasview.org/).
3. Results and discussion

3.1. Imaging results

We first examined the self-assembly of the ternary system of
SDS, C16TAB, and P123 for the shape changes of P123 micelles
induced by condensation of the catanionic surfactants. Shown in
Fig. 2 are a series of FFR-TEM images of the complex micelles of
P123 condensed with the catanionic surfactants of mixing ratios
R ranging from 1.2 to 2.0 (keeping a constant C16TAB concentration
of 13.9 mM). When R is higher than 1.8 (substantially excess SDS),
the copolymer micelles deposited with significantly negatively
charged catanionic surfactants are largely dispersed without much
aggregation as revealed in Fig. 2a,b. Upon silicate addition, these
micelles aggregated with no directional preference, resulting in
clustered silicate particulates (Fig. 3a,b). When R = 1.5 – 1.67, a
substantial amount of dispersed P123-surfactant micelles
(~15 nm in size) were observed. Also observed in the same images
are relatively large nanoplate aggregates with lateral dimensions of
ca. 150–200 nm and a thickness (~15 nm) of ca. the size of the com-
plex micelle (Fig. 2c,d), suggesting that these nanoplates are largely
monolayers of the complex micelles. Upon silicate deposition, the
small dispersed silicate micelles coalesced to the seeded nano-
plates (nuclei of self-assembly), and developed into large and thin
silicate sheets. These silicate sheets maintained the planar confor-
mation during calcining (as evidenced in Fig. 3c,d) for vertically
oriented silica channels within (as shown below). With R reduced
to 1.3–1.2 for relatively charge-neutralized catanionic surfactants,
the resultant P123-surfactant micelles form dominantly large plate
aggregates (Fig. 2e,f), leaving only sparsely dispersed micelles.
After silicate deposition and calcination, these large sheets, how-
ever, fractured into small pieces as shown in Fig. 3e,f.

These FFR-TEM results reveal the critical importance of coexis-
tence of the two kinds of surfactant-P123 self-assemblies in partic-
ularly Fig. 2d—the charged micelles named as silica transport
micelles (STM) and the nanoplate aggregates of monolayered
micelles named as silica deposition nanoplates (SDNP). The terms
STM and SDNP are inspired by the frustule formation process in
diatoms mentioned previously. The close analog of our system
with biomineralization in diatoms is discussed further below. For
now, we simply use STM and SDNP for those observed in Fig. 2.
3.2. Scattering results

3.2.1. P123 micellar structures modified by catanionic surfactants
Shown in Fig. 4a are the SANS data for the sample solutions of a

wide range of x (=[SDS]/[P123]), ranging from 0 to 52 (keeping
R = 1.5 and constant 0.8 mM P123). All the SANS data can be fitted
on the basis of the core–shell ellipsoidal model detailed previously.
Specifically, the data for the case of neat P123 micelles could be fit-
ted using the spherical core–shell model (i.e. a = b and ac = bc), with

http://www.sasview.org/
http://www.sasview.org/
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(a) R=2.0 (b) R=1.8 (c) R=1.67

(d) R=1.5 (e) R=1.3 (f) R=1.2

SDNP

STM

SDNP

STM

Fig. 2. FFR-TEM images for the complex micelles and plate aggregates of P123 and the catanionic surfactants of SDS and C16TAB, with surfactant mixing ratio R ranging from
2.0 to 1.2. Samples were prepared in solutions of pH = 5.0 at 318 K. Circled in (a) and (d) are the large aggregate plates named silica deposition nanoplates (SDNP) and the
small silica transportation micelles (STM); which two are comparably populated in the case R = 1.5 in (d). All scale bars represent 100 nm.

2µm

(d) R=1.5

2µm1µm2µm

2µm 2µm

(e) R=1.3 (f) R=1.2

(a) R=2.0 (b) R=1.8 (c) R=1.67

Fig. 3. SEM images of the calcined samples corresponding to those shown in Fig. 2.
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a size polydispersity p of ~15% (cf. Table S-1). The fitted parameters
summarized in Table 1 are consistent with those reported previ-
ously [27]. With x = 0.5, the SANS data were fitted with core–shell
spheres, together with a rescaled MSA structure factor S(q)MSA [30]
to account for the effect of interparticle interactions in the low-q
region. With intermediate increase (x < 10) of the surfactant con-
centration in the P123 solution, the SANS data in the q-range above
0.01 Å�1 can still be fitted using the same model of core–shell
spheres together with S(q)MSA (Fig. 4a). However, the upturn of
651
the SANS data in the very low-q region below 0.01 Å�1 is empiri-
cally accounted for (Fig. 4a) using additional scattering contribu-
tions of large core–shell spheroids (hundreds of Å) with a hard-
sphere structure factor S(q)HS, as detailed in Table S-1, SI. With x in-
creased over 10, the corresponding SANS data in the q-region > 0.
01 Å�1 could only be fitted reasonably well using prolate core–
shell spheroids together with S(q)MSA, indicating that significant
adsorption of the catanionic surfactants to the P123 micelles could
lead to micellar shape transition (cf. Table 1). All the fitted



Fig. 4. (a) SANS profiles of the D2O solutions of deuterated-SDS, deuterated-C16TAB, and P123, with varied x = [SDS]/[P123], at fixed R = 1.5 and [P123] = 0.8 mM. The profiles
are scaled up from the absolute intensity by the factors indicated in the brackets. These profiles are fitted (solid curves) respectively using core–shell spheres for the cases
with x < 10 and core–shell prolate spheroids with x > 10, with S(q)MSA incorporated in all cases (expect the case of neat P123). The upturn data in the very low q-region are
described by scattering from additional large aggregates. All the fitted parameters are summarized in Table S-1. Note that the small data error bars are largely within the data
symbols. The core–shell sphere model could not describe well the representative data with x = 26, as shown with the hence fitted (dotted) curve (indicated by an arrow). (b)
Corresponding mean aspect ratio d defined by a

�
/b
�
and Qinv deduced from the fitted parameters, which are concomitantly maximized at x = 26 (the shaded zone). The arrow

near x = 10 marks a sphere-to-ellipsoid shape transition of the micelles.

Table 1
Fitted size parameters of the small core–shell micelles using the SANS profiles in Fig. 4a. The data with x = 13, 26, or 52 are fitted with a model of core–shell prolate spheroids,
with mean semi-major and semi-minor core axes a

�
c and b

�
c and corresponding a

�
and b

�
for the overall prolate shape. Data with x � 6.5 are fitted with core–shell spheres of a

�
c = b

�
c

and a
�
and b

�
. Complete fitting parameters are detailed in Table S-1.

x = [SDS]/[P123] a
�
c (Å) b

�
c (Å) a

�
(Å) b

�
(Å)

Core-Shell Sphere

a
�
c = b

�
c

0 63.2 ± 0.2 89.2 ± 0.5
0.5 58.6 ± 0.1 89.1 ± 0.1
1.3 56.8 ± 0.1 84.1 ± 0.1
2.6 29.1 ± 0.1 62.2 ± 0.1
6.5 44.7 ± 0.1 64.7 ± 0.1

Core-Shell Ellipsoid 13 50.1 ± 0.9 20.5 ± 0.2 88.5 ± 1.2 51.8 ± 0.2
26 64.4 ± 14.4 26.3 ± 3.6 78.7 ± 8.7 40.5 ± 3.6
52 68.4 ± 0.6 28.5 ± 0.1 74.2 ± 1.3 43.0 ± 0.1
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structural parameters of the small micelles and the aggregates are
summarized in Table S-1; the key structure parameters in Table 1
reveal that the sizes of the micelles decrease systematically with
increase of the surfactant concentration.

Previously, Mansour et al. [29] also found with SANS that spher-
ical core–shell P123 micelles could be deformed into ellipsoidal
ones when adsorption of SDS to P123 micelles was>30% volume
fraction of the binary micelles [29]. Here, the ternary micelles of
SDS/C16TAB/P123 elongate for a prolate shape gradually with x in-
creased over 10, as indicated by the increased d values shown in
Fig. 4b. At x = 26 (and R = 1.5), corresponding to a solution compo-
sition of optimized yield of the final SBA(\) product [16], not only
d but also the scattering invariant Qinv (degree of nano-phase seg-
regation) are maximized; which two values start decaying
after x > 26.

We further tuned the SDS/C16TAB ratio (within R = 1.3 – 2.0) in
the solutions of P123 and the catanionic surfactants (keeping a
constant C16TAB concentration). The corresponding SANS profiles
(Fig. 5a) reveal successive size changes of the complex micelles.
Specifically, the shoulder position of the intensity profile around
q = 0.03 Å�1 for the case with R = 1.3 shifts gradually to higher q
as R increases, corresponding to systematically reduced micellar
sizes. In the very low-q region (<0.01 Å�1), the upturn intensity is
described by additional scattering contribution from large
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aggregates, as revealed in the FFR-TEM results (Fig. 2). The low-q
scattering intensity is reduced as R increases, suggesting less
aggregates of the surfactant-P123 micelles up on increase of SDS.
We could fit decently all the SANS data (Fig. 5a) using combined
small core–shell prolate spheroids (for the ternary micelles) with
S(q)MSA and large core–shell spheroids with S(q)HS [27,31], as that
done previously. The fitted parameters are representatively sum-
marized in Table 2 and detailed in Table S-2, SI.

We also conducted parallel SAXS measurements. For consis-
tency, we kept the PO-core density and the parameters used in S
(q)MSA of the prolate micelles the same in the parallel SANS and
SAXS data fitting processes (cf. Table S-2 and -3, SI). As shown in
Fig. 5b, most of the SAXS data are fitted decently using the same
model of coexisting core–shell prolate spheroids with S(q)MSA

and large core–shell spheroids with S(q)HS, as that done in the
SANS data fitting. The low-q SAXS data for the cases of R = 1.8
and 2.0 of higher surfactant concentrations, however, could only
be qualitatively fitted, due likely to increasingly more surfactant
contents of additional scattering contributions that could not be
described by the current model. The size parameters fitted for
the small prolate micelles are summarized in Table 2. We note that
the fitted core sizes of the prolate core–shell micelles from the
SANS data tend to be larger than that obtained from the SAXS data
fitting. This inconsistency is attributed to the simplified core–shell



Fig. 5. (a) SANS profiles measured for the D2O solutions of P123 and deuterated SDS/C16TAB of different surfactant mixing ratios R, with fixed 13.9 mM C16TAB and 10.8 mM
P123. Data are fitted (solid curves) using combined large core–shell spheroids with S(q)HS and small core–shell prolate spheroids with S(q)MSA. The dotted curves are
simulated profiles using solely the fitted form factors of the core–shell prolate spheroid, with the S(q)MSA contribution excluded. The feature humps (selectively indicated by
the thick arrows) near q = 0.01 Å�1 of the SANS and SXAS profiles are largely contributed by the form factors of large core–shell spheroids. (b) Corresponding SAXS profiles and
the data fitting (solid curves). Dashed curves are solely the fitted form factors of the prolate core–shell spheroids. For the case R = 1.3, the sharp peak centered at q = 0.169 Å�1

corresponds to a bilayer stacking of the catanionic surfactants. Also shown are the SAXS data of neat P123 micelles, fitted with core–shell spheres (dotted curve).

Table 2
Fitted size parameters of the prolate micelles using the SANS and SAXS data shown in Fig. 5. The mean semi-major and semi-minor axes of the core–shell prolate spheroid model
are a

�
c and b

�
c for the core and a

�
and b

�
for the whole prolate shape. The mean aspect ratio d is defined by a

�
/b
�
. Those for neat P123 micelles (null R) are also shown for comparison. Io-

x and Io-N are respectively the zero-angle scattering intensities of SAXS and SANS calculated respectively using the fitted mean form factors of the ternary micelles. The number of
hydration water molecules per EO unit of P123 in the prolate micelles, Nw-EO, is roughly estimated on the basis of the deduced shell volume of the micelles (from the fitted core–
shell dimensions) and the volumes (at 318 K) of water molecule of 30.6 Å3, EO group of 63.9 Å3 [27], PO group of 96.0 Å3 [27], d-SDS of 427 Å3 [40], and d-C16TAB of 606 Å3 [41],
together with the extracted aggregation number of P123 and adsorption numbers of SDS and C16TAB shown in Fig. 6a,b.

SANS

R a
�
c (Å) b

�
c (Å) a

�
(Å) b

�
(Å) Io-N(cm�1)

Null 63.2 ± 2.0 63.2 ± 2.0 89.2 ± 2.0 89.2 ± 2.0 9.50 ± 0.95
1.3 65.1 ± 1.6 31.9 ± 1.4 79.2 ± 1.0 46.0 ± 1.6 6.87 ± 0.91
1.5 64.4 ± 14.4 26.3 ± 3.6 78.7 ± 8.7 40.5 ± 3.6 4.30 ± 0.55
1.67 54.7 ± 0.1 22.0 ± 0.1 72.5 ± 0.1 39.8 ± 0.1 2.00 ± 0.32
1.8 57.4 ± 15.2 25.3 ± 1.8 62.7 ± 5.4 30.5 ± 1.0 1.59 ± 0.32
2.0 47.6 ± 0.1 21.4 ± 0.1 55.5 ± 0.1 29.4 ± 0.1 0.754 ± 0.12

SAXS

R a
�
c (Å) b

�
c (Å) a

�
(Å) b

�
(Å) Io-X(cm�1) d Nw-EO

Null 60.4 ± 0.1 60.4 ± 0.1 96.9 ± 0.2 96.9 ± 0.2 0.202 ± 0.019 1.0 15
1.3 41.9 ± 0.3 25.2 ± 0.1 82.0 ± 0.3 30.7 ± 0.1 0.0250 ± 0.0033 2.68 ± 0.02 22
1.5 50.8 ± 0.1 18.4 ± 0.1 76.0 ± 0.1 24.3 ± 0.1 0.167 ± 0.023 3.13 ± 0.01 8
1.67 45.9 ± 0.8 17.2 ± 0.1 70.8 ± 0.8 22.7 ± 0.1 0.096 ± 0.015 3.12 ± 0.01 9
1.8 36.8 ± 0.1 17.1 ± 0.1 61.7 ± 0.1 23.1 ± 0.1 0.139 ± 0.022 2.67 ± 0.02 *
2.0 26.7 ± 0.4 15.4 ± 0.4 60.3 ± 0.1 23.1 ± 0.2 0.091 ± 0.014 2.61 ± 0.01 23

*Insensitive.
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model used, which does not account for the interfacial transition
(layer) between the PO-core and the hydrated PEO shell. Affected
by a gradient hydration of PEO shell (namely, less hydration
toward the core–shell interface), the scattering contrast of the
interfacial layer would contribute differently in SAXS and SANS.
Specifically, the neutron SLD values of the PO and EO groups of
P123 are both much smaller than that of D2O. Therefore, the
PPO-core size of low neutron SLD smears easily with the PPO-
PEO interfacial zone, of also low neutron SLD due to lower D2O
hydration at the interface (cf. Fig. 1); this leads to the larger SANS
core sizes. By contrast, X-ray SLD of the PEO is significantly higher
than that of the PPO and water, Therefore, the PPO core size could
be better differentiated by the sharper SLD transition at the core–
shell interface in SAXS. Overall, the SANS and SAXS data fitting
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results provide consistent trends of changes in the micellar shape
and overall size.

We also notice a sharp SAXS peak emerged at q = 0.169 Å�1

(Fig. 5b) in the case of R = 1.3; the corresponding periodic spacing
3.7 nm extracted from the peak position is consistent with the
bilayer spacing observed previously for multilamellar vesicles of
SDS and C16TAB [37]. The result reveals formation of stacked catan-
ionic surfactant bilayers when R is reduced to 1.3 towards charge
neutralization (i.e. R = 1.0). This bilayer stacking, however, is invis-
ible in the corresponding SANS data, due to low scattering contrast
between the deuterated surfactants and D2O. Similarly, the feature
humps in the very low-q regions of the SANS and SXAS profiles
(Fig. 5) could be described using form factors of similarly large
core–shell spheroids; however, thicker shells are needed for decent
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SAXS low-q data fitting (cf. Table S-3, SI), presumably due to
enriched surfactant contents (invisible to SANS) in the outer shell
zones of the large core–shell spheroids.

Using solely the fitted form factors of the ternary micelles (i.e.
excluding the contributions of the structure factor and large aggre-
gates), we calculated the zero-angle intensities of Io-N and Io-N of
the core–shell prolate micelles (shown in Table 2) to determine
the SDS-P123 binding ratio vs (=Ns/Np) using Eq. (6). We, however,
could not determine the corresponding Np and Ns values of the
complex micelles from Eq. (4) and (5), as the number density of
the complex micelles could not be deduced alone from the total
P123 concentration in the solution. This is because of an unknown
population of the coexisting large aggregates. Alternatively, we
estimated the Np values using the micellar PPO-core sizes deduced
from the SAXS-fitted core parameters and a reported volume of the
PO group (96 Å3) of P123 [26]. With the hence resolved Np and vs

values, Ns and Nct could be deduced accordingly, as shown in Fig. 6.
We note that the uncertainties of these deduced compositional
parameters are not small due to the few approximations used,
including Nct = Ns/R based on charge pair co-condensation, Np from
volume conservation, and mean Io-N and Io-N values back-calculated
from the mean form factors fitted.

The evolution trends of the micellar structure and composition
in Fig. 6 reveal critical self-assembly features of the ternary
micelles. Specifically, we found that increasing R (via increase of
the SDS concentration) could disperse increasingly better P123
micelles for systematically decreased aggregation numbers from
Np = 16 at R = 1.3 to Np = 4 at R = 2.0 (Fig. 6b); correspondingly,
SDS-adsorption affinity increases by more than four folds, from
vs = 17.6 to 70.5 (Fig. 6a). The enhanced adsorption affinity of
the catanionic surfactants with P123 micelles is consistent with
that reported previously for binary micelles of SDS/P123 [29].
Facilitated by the charge pair co-condensation, C16TAB-
adsorption affinity is enhanced with vs by ca. three folds, from
vct = Nct/Np = 13.6 to 35.2. Interestingly, the aspect ratio (d � 3.1)
and the total number of adsorbed catanionic surfactants per
P123 micelle (with Ns = 450 ± 70 and Nct = 300 ± 45, at Np = 11 ±
1) are nearly concomitantly maximized (Fig. 6b) at R = 1.5
and x = 26, with intermediate values of vs and vct. We notice that
despite the continuously enhanced adsorption vs with increase of
R, the adsorption numbers Ns and especially Nct start decreasing
when R increases over 1.5. These features elucidate an intriguing
role of the catanionic surfactants in modulating the self-assembly
of the surfactant-P123 ternary micelles. With a high adsorption
affinity to P123 micelles [33], SDS can facilitate the adsorption of
Fig. 6. (a) R-dependent aspect ratio d and binding ratios vs = Ns/Np and vct = Nct/Np of
adsorption numbers Ns and Nct, and P123 aggregation number Np. Note that d, Ns, and N
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C16TAB to the P123 micelles via co-condensation of the charged
ion pairs, leading to optimized prolate micelles for a preferred
monolayer self-assembly. However, overly enriched SDS (at high
R values) leads to highly charged ternary micelles of high vs values
(Fig. 6a), which would not favor the subsequent deposition of the
also negatively charged silicate source. Consistently, our thermo-
gravimetric analysis (Fig. S-4, SI) indicates that increase of the R
value (surfactants) leads to decreased silicate deposition on the
P123-surfactant micelles. Altogether, the complementary SANS
and SAXS results indicate that shape and composition of the com-
plex micelles of P123-surfactants could be tailored via compound
tuning of the ternary mixing ratios of R and x. Below, we show
how these structural features of the complex micelles could lead
to a best yield of SBA(\) synthesis, using time-resolved SAXS and
FFR-TEM.

3.2.2. Tracking self-assembly of the silicate micelles
We further traced the self-assembly process of the catanionic-

surfactant-coated P123 micelles upon silicate deposition in the
optimized sample solution with R = 1.5 and x = 26, using in situ
SAXS. As shown in Fig. 7a, the SAXS profile measured before adding
silicate source can be decently described (Fig. 7a) by a core–shell
prolate model, with 2a = 15.5 nm and 2b = 5.3 nm (cf. Fig. S-5,
SI). At t = 7 min with the silicate source added, emergence of three
periodic broad peaks indicates formation of lamellar domains
(Fig. 7a). From the first peak located at q = 0.064 Å�1, a lamellar
spacing of 9.8 nm is extracted. Such size is smaller than the major
axis (15.5 nm) but larger than the minor axis (5.3 nm) of the initial
prolate micelles upon silicate addition. Most likely, the lamellar
spacing results from a lateral packing along the equatorial plane
of the prolate micelles. As the silication process evolves, the lamel-
lar peaks shift toward lower-q region with time, revealing a contin-
uous expansion of the lamellar spacing from 9.8 to 12.5 nm
(Fig. 7b). These peaks, however, deteriorate gradually and disrupt
largely at t ~ 60 min. (Fig. 7a). After another 50 min. of incubation
to t = 111 min, a small but relatively sharp peak at q = 0.050 Å�1

emerges and enhances in intensity gradually to a prominent pri-
mary peak at 0.048 Å�1, which further develops into a 2D hexago-
nal packing (t = 190 min) with weaker higher-order peaks (cf.
Fig. S-6, SI). Moreover, the peak position and width of the primary
peak maintain largely constant during its intensity growth, sug-
gesting a nucleation-dominated formation [35] of hexagonally
packed domains of a lattice of 12.6 nm and domain sizes
of ~350 ± 30 nm (estimated from the peak position and width)
[42]. We note that the transition of lamellar to 2D hexagonal
the ternary micelles of P123, SDS, and C16TAB. (b) Corresponding SDS and C16TAB
ct are maximized near R = 1.5.



Fig. 7. (a) 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 higher-q data at t = 0 are fitted (dotted curve) with prolate core–shell micelles. The short arrows mark the three lamellar peaks of the profile at
t = 7 min. The low-q peak at 0.014 Å�1 corresponds to a vertical stacking order (45 nm d-spacing) of the micellar plates as illustrated by the cartoon. The dotted circle covering
t = 60–110 min. marks the transition zone from the lamellar to 2D hexagonal packing. (b) Increase of the in-plane lamellar d-spacing of the micellar plates during the silicate
condensation stage along the reaction time t. The shaded zone marks an incubation period prior to the transition to 2D hexagonal packing in the subsequent silicate
polymerization stage.
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packing could not be observed in those reported SBA syntheses
without adding the catanionic surfactants [42–45]. The silica
source of sodium silicate used in this study (leading to slower
hydrolysis reaction and silicate polymerization in the solution of
pH value ~5, compared to tetraethyl or tetramethyl orthosilicate
used in previous studies [42–45]), could also contribute to the for-
mation of the intermediate lamellar structure observed. A previous
report [42] showed that slower kinetics could lead to formation of
intermediate lamellar structure prior to 2D hexagonally ordered
silica structure of MCM41 [42]. Fig. 7b further reveals a smooth
transition of the final lamellar spacing 12.5 nm to the initial Bragg
d-spacing = 12.6 nm of the 2D hexagonal packing, implying that
the reorganization of the micelle packing is driven by silica poly-
merization for tighter packing of the silicate rod micelles, with only
marginal size growth.

In the low-q region of the in situ SAXS data (Fig. 7a), a broad
hump emerges at q = 0.014 Å�1 and evolves to q = 0.01 Å�1 over
the 190 min reaction time (Fig. 7a). The corresponding Bragg d-
spacing increases from 45 nm to 65 nm, prior to the transition of
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lamellar-to-hexagonal packing of the micelles. Interestingly, this
saturated d-spacing (65 nm) is close to the channel length (thick-
ness) of the final silicate micellar plate (~70 nm as revealed by
the TEM image shown below), suggesting that orientation align-
ment of the aggregate plates along the channel direction would
result in the Moiré patterns observed previously [17].

Shown in Fig. 8 are the time-resolved FFR-TEM images, parallel
to the in situ SAXS. Fig. 8a and b, with and without the relatively
small silicate P123-surfactant micelles (~15 nm in size), collec-
tively show the before and after coalescence of the small silicate
micelles into the seeded nanoplates within 5 min. The hence
enlarged micellar plates exhibit in-plane locally layered domains
of the silicate micelles (inset of Fig. 8b). The captured self-
assembly behavior strongly supports the proposed silicate trans-
port and silicate deposition respectively with the small
surfactant-P123 micelles and their self-assembled nanoplates. Fur-
ther coalescence growth of the silicate plates was observed after
30 min. of reaction (Fig. 8c). At 120 min, the silicate plates already
developed into large sheets, with preliminary 2D hexagonally



Fig. 8. Time-resolved FFR-TEM images presenting the structural evolution of the 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 (bright, rod-
like stripes) and 2D hexagonal packing (representatively circled in the inset). The faded domain boundaries are outlined by dotted curves in (d).
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packed domains (inset of Fig. 8d). These FFR-TEM snapshots cap-
ture the micellar fusion, intermediate structures, and phase transi-
tion, which behaviors coincide with those observed in in-situ SAXS.

3.2.3. Orientation alignment of silica channel plates in spin-coated
films

Fig. 9a and b show the top and side views of high-resolution
TEM images of a silica channel sheet SBA(\) prepared under opti-
mized conditions with the molar ratios R = 1.5 and x = 26. These
images exhibit 2D hexagonally packed silica channels with open
pores, characterized by an average pore size of 9 nm and a channel
wall thickness ca. 2 nm [46,47]. The channel length of the through-
pore, single-layered, silica sheets is ~70 nm as revealed by the side-
view TEM image in the inset of Fig. 9b. Shown in Fig. 9c is a grazing
incidence small-angle X-ray scattering (GISAXS) pattern taken for
the silicate sheets, spin-coated on silicon substrate from an opti-
mized sample solution. The GISAXS pattern exhibits oriented scat-
tering strips along the vertical direction (qz), corresponding to a
monolayer structure [46]; the corresponding in-plane peak posi-
tions (qr) could be indexed as 2D hexagonal packing for the
single-layered silica channels. The characteristic Bragg d-spacing
extracted from the (10) reflection peak position is 11.0 nm. The
single-layer feature of the spin-coated channel sheets is further
characterized with an SEM image in the inset of Fig. 9d with a film
thickness ~70 nm, which matches with the channel length shown
in the TEM image (inset of Fig. 9b). All these structural features
of SBA(\) closely associate with those observed in solution,
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revealing a successful silicate templating via the control of self-
assembly behavior of the complex micelles of P123 deposited with
charged catanionic surfactants.

3.3. Proposed model and implication

On the basis of the observed structural features of the complex
micelles of P123 and the catanionic surfactants, a formation pro-
cess of SBA(\) may now be proposed in Scheme 1. Neat P123
micelles are first condensed with catanionic surfactants of SDS
and C16TAB for comparable abundance of small prolate micelles
and their self-assembled prototype nanoplates of monolayered
micelles, under a controlled environment (x, R, pH value, and reac-
tion temperature). Further silicate condensation on the surfactant-
P123 micelles activates the self-assembly of the silicate micelles
into monolayered micellar plates of local lamellar packing. Subse-
quent silica polymerization within the micellar plates initiates an
in-plane phase transition of the lamellae to 2D hexagonal packing
of the silicate micelles. Via spin-coating, these thin sheets of 2D-
ordered silicate rod micelles are aligned further on a solid sub-
strate, then calcined into vertically oriented silica channels with
through-pores. The observed open-channel feature implies that
rod micelles in the plate aggregate sheets might be largely capped
with negatively charged surfactant bilayers, which disfavor silicate
deposition; consequently, these surfactant endcaps could be
removed relatively easily in calcination for the open-pore silica
channel sheet. We also found that the lateral coalescence of the



Fig. 9. (a) A TEM top-view image of the silica channel sheet of SBA(\) with hexagonally packed open pores (dark zones). (b) A global view of the silica channel sheet in the
background, topped with a side-view TEM image showing the features of vertically oriented nanochannels with through-pores (white stripes) and a high channel aspect ratio
of ca. 7. (c) Corresponding GISAXS pattern with vertically oriented scattering strips (indicated by arrows), with the in-plane ordered peak positons along qr indexed with 2D
hexagonal packing. (d) Corresponding in-plane GISAXS profile extracted from the 2D pattern along the rectangular area marked in (c); the inset is an SEM image of the spin-
coated film.
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Scheme 1. A proposed process for formation of vertically oriented and organized silica nanochannels. Starting from spherical P123 micelles on the left-hand-side, addition of
SDS/C16TAB catanionic surfactants (with significant excess of SDS) leads to negatively charged (– sign) surfactant-P123 core–shell prolate micelles and their self-assembled
prototype nanoplates. This is followed by silicate condensation (small blue dots) 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-
layered, vertically oriented and ordered silica nanochannels with through pores (cartoon to the right).
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silicate micellar plates could be further enhanced by elevation of
reaction temperatures, resulting in increasingly thinner plates with
shorter channel lengths (cf. the SEM images in Fig. S-7, SI); this
result also supports that silica condensation and polymerization
of the silicate prolate micelles proceed mainly along the lateral
direction for favored sheet-like structures.

In diatom frustule morphogenesis, the cell wall silicification
process proceeds with templating polyamines and charged pro-
teins that are rich in polar serine and charged lysine residues.
The rod-like polyamines serve as silica transportation micelles
inside the SDV lumen of diatoms; the charge proteins anchor onto
the lipid bilayers of SDV membrane, somehow, regulating the sub-
sequent self-assembly for 2D-membrane-dominated silica pattern-
ing [5,12,48,49] into organized silica channel pores beneath the
SDV membrane. In our proposed synthesis process of membrane-
wall-like silica channels of SBA(\), the prolate P123 micelles
coated with charged catanionic-surfactant bilayers and their self-
assembled prototype nanoplates, to some extent, play analogous
roles of the silicate transportation micelles and the silica deposi-
tion vesicles in the frustule formation of diatoms.
4. Conclusions

The long speculated formation process of thin silica sheets with
perpendicular nanochannels of through pores are elucidated by the
structure, composition, and self-assembly behavior of the complex
micelles comprising P123 and the catanionic surfactants of SDS
and C16TAB. With a combined analysis of SAXS and SANS, the tern-
ary prolate core–shell micelles optimized for synthesis of SBA(\)
are found to have maximized aspect ratio of ca. 3 and maximized
adsorption numbers of 450 and 300 for SDS and C16TAB, and a
P123 aggregation number of 11. Charging and shaping play two
key parameters in the self-assembly process of the ternary micelles
in forming comparable populations of charged prolate core–shell
micelles and their prototype nanoplate aggregates, prior to silica
deposition. These features, not recognized in previous studies
[16,17], are of critical importance in balancing the subsequent sil-
icate transportation and silicate deposition process. Time-resolved
observations of SAXS and FFR-TEM have coherently evidenced a
lateral fusion of the silicate micelles into the seeded nanoplates,
and captured a pivotal phase transition of in-plane lamellarly
packed silicate micelles into in-plane 2D hexagonal packing. These
intermediate structures elucidate the previously unresolved sili-
cate redistribution process [14,16–17,41–45]. The directional
self-assembly modulated by charging and shaping of ternary
micelles of catanionic surfactants and copolymers might be
extended to multi-stage self-assembly with tunable orientation
preference for hierarchical patterning of silica architectures
beyond that demonstrated previously [12,13].

Biogenesis of diatom biosilica is a bottom-up process that
occurs in large intracellular compartments of silica deposition vesi-
cles of diatoms [50]. Cell biologists and materials scientists alike
have been intrigued by the capability of SDVs on producing intri-
cately patterned biosilica structures. Investigating the silica mor-
phogenesis mechanisms has so far been severely limited by the
lack of a chemical synthetic system that simulates the SDV behav-
ior in diatoms. In our three-component surfactant system undergo-
ing silica condensation, we have demonstrated a self-assembly of
P123/silicate confined in SDV-like bilayer (SDS/CTAB)-shelled
nanoplates. The end products of the synthesis are mesoporous sil-
ica nanochannel plates with perpendicular channel orientation
analogous to that of diatom frustules; a corresponding formation
mechanism is proposed on the basis of the large silica deposition
nanoplates of SDV-like confinement effects and small silica trans-
port micelles that are like silica transport vesicles [51], revealed
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from SAXS, SANS, and FFR-TEM. With these analogous features,
thus, we have defined a synthetic system of porous silica that mim-
ics the diatom biogenesis in its primitive form. The reported intri-
cate porous silica formation process not only helps in future
designs of mesoporous silica thin film materials in a bio-inspired
approach but also paves a road towards understanding the biosilica
formation of diatoms under soft confinement [52].
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