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A novel three-grade porous helical silica tube is prepared through an ingenious multi-soft-template
pathway. This study reveals that three-(or multi-)grade self-assembly porous structure can be real-
ized by using the synergistic effect of soft-templates. Our finding can offer an opportunity for
nanofabrication including rational molecular design, spatial control on a nanoscale, and hierarchical
assembly of complex architectures of porous materials.
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1. INTRODUCTION

Great efforts paid on the bottom-up assembly of func-
tional nanosystems from nanoscale building blocks have
resulted in substantial advances.1–4 However, the difficul-
ties in the precise placement and interconnection of indi-
vidual building blocks have impeded further advances and
thereby motivated significant efforts directed toward the
controlled assembly of nanoscale building blocks,5 also
in the field of porous materials. The mesoporous mate-
rials with remarkable shape (micrometer-scale), such as
twist and so on, can be regarded as an intricate hierarchi-
cal architecture, which is assembled with nanometer-scale
building blocks—mesopores. A great deal of studies and
progresses has been made in the molecular self-assembly
hierarchical porous solids possessing ordered pores in the
past decade.6–18 But the occurrence of three (or multi)-
grade ordered self-assembly of each grade porous struc-
tures with mesopores as building blocks is rare.13 Here,
we reported a novel three-grade porous helical silica tube,
arranged with strong orientational order, which is hierar-
chically self-assembled with mesopores as building blocks
through an ingenious multi-soft-template pathway, e.g.,
step 1, the primary template with a helical structure might
be formed by controlling a moderate interaction (dehydra-
tion) among the glucose molecules (generally, an excessive
dehydration of the glucose molecules will form the car-
bon), and step 2, the advanced template with the nematic
phase around the helical framework could be produced
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by the controlling of the interaction between primary
template and P123. Our finding can offer an opportunity
for nanofabrication including rational molecular design,
spatial control on a nanoscale, and hierarchical assembly
of complex architectures of porous materials.

2. EXPERIMENTAL DETAILS

2.1. Preparation of the Glucose Solution After
Hydrothermal Treatment (GSHT)

12.0 g glucose (A. R., from Nanjing Chemical Reagent
Co. Ltd.) was dissolved in 120.0 ml water to form a clear
solution, which was transferred into a Teflon bottle and
heated at 463 K for 4 h. After being cooled and filtering,
the GSHT solution with clear red color was obtained.

2.2. Preparation of the Helical Silica Tube

Three-grade porous helical silica tube was synthesized
by using Pluronic P123 triblock polymer (EO20PO70EO20,
Mav = 5800, from Aldrich) and GSHT as multi-template.
In a typical synthesis, 1.0 g of P123 block copolymer
was dissolved with stirring in a solution of 7.5 g water
and 30.0 g 2 M HCl, then 50.0 ml GSHT was added.
After stirred at 313 K for 1 h, 2.1 g tetraethyl silicate
(TEOS, A. R., from Nanjing Chemical Reagent Co. Ltd.)
was added and stirred for another 24 h. The gel solution
was hydrothermally treated in a Teflon bottle at 463 K
for 24 h and then cooled down to room temperature.
The solid product with deep brown color was recovered
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by centrifugation, washed by three cycles of centrifu-
gation/washing/redispersion in water and in alcohol, and
dried at 353 K for 12 h. The final product with white color
was obtained after heating the as-synthesized sample in
air at 823 K for 6 h with a heating rate of 1 K ·min−1 to
remove the template.

2.3. Characterization

All the samples were characterized by TEM (JEOL
JEM-200CX and JEM-2010 UHR, acceleration voltage
200 kV), SEM (Leo 1530 VP), XRD (Philips X’pert X-ray
diffractometer, Cu K� radiation, � = 0�15418 nm), and
N2 adsorption–desorption isotherms (Micromeritics ASAP
2020).

3. RESULTS AND DISCUSSION

In a typical synthesis conditions, Non-ionic polymer (alky-
lene oxide) block copolymers and the glucose solu-
tion after being hydrothermal treated (GSHT) have been
used as multi-template. By adjusting the HCl/P123 and
P123/GSHT molar ratios, a pH and composition favorable
for the formation of a three-grade helical porous silica tube
can be achieved. The SEM and TEM images of the typical
specimens (Figs. 1(a) and 2(a)) show well-ordered chan-
nels whirling concentrically around an axis to form the
helical hollow cylinder.

The isotherms and the corresponding pore size distribu-
tions of the sample are shown in Figure 3. The isotherms
show that, at least, there are three different diameters of
the pores existing in the sample (Fig. 3(B)). Especially, the
broad pore size distributions reveal that other two types of
macropores besides of mesopores (the diameter is about
10 nm, which is supported by the XRD pattern shown in
Fig. 4) were also formed, and are demonstrated by TEM
and SEM images.
First-Grade Pore (Building Blocks): Helical Mesoporous

Channel. Non-ionic poly (alkylene oxide) block copoly-
mers have been widely used as surfactants for synthesizing
highly ordered silica-surfactant composite mesostructures
as a result of inorganic–organic cooperative assembly.19

Hexagonal silica mesostructure SBA-15, for example, was
synthesized in the presence of triblock poly(enthylene
oxide)-poly(propylene oxide)-poly(enthylene oxide) (PEO-
PPO-PEO) copolymer.20 Block copolymer EO20PO70EO20

(Pluronic P123) has been used in this work, and Figure 4
shows the XRD pattern of a calcined sample, which indi-
cates that only one peak can be observed. Based on
the two-dimensional hexagonal p6mm unit cell, the peak
at 2� = 0�89� can be indexed as (100) reflection, and
the (110), (200) peaks are too weak to be recognized,
which might be due to the high temperature hydrother-
mal treatment (463 K) and, therefore, the order structure
is downgraded.21 The enlarged image shows the first-grade

(a)

(b)

The trace of second-grade pore

The third-grade pore

“shell”

The residual shiver of the “shell” 

Fig. 1. SEM image of the typical helical silica tube. (a) The whole
helical silica tube. Scale bar, 300 nm. (b) The cross-section of the helix-
shaped porous material after an ultrasonic crush. Scale bar, 1 �m.

pores are mesopores with ca. 10 nm pore diameter, which is
basically in agreement with the calculated value from XRD
pattern, and the fast Fourier transform (FFT) image (insets
of Fig. 2(a)) indicates that their arrangements are similar to
SBA-15.
Second-Grade Pore: Screw Thread Tube. Figure 2 shows

the TEM image of the typical helical tube (Fig. 2(a)),
an enlarged image of the rectangular area shown in
Figure 2(b), and the corresponding simulated images
(Figs. 2(c) and (d)). It can be seen that the simulated image
fits the TEM image well. The TEM image reveals a ca.
70 nm diameter hollow tube with an approximately 200 nm
thick “shell” constructed with the first-grade pores, and the
second-grade pore spirals around the major axis. From the
SEM image (Fig. 1(b)) the trace of the second-grade pore
(indicated by broken line) and the third-grade pore could
be illustratively observed in the image. In addition, the
residual shiver of the “shell” ulteriorly further shows the
relationship between the second-grade and the third-grade
porous.

A mixture of organic compounds with orange or red
color can be obtained under such hydrothermal procedure
of glucose solution. The increased viscosity of the GSHT
indicated that some oligosaccharides with a helical folding
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(a)

The second-grade pore:
screw thread tube

(b) (d)

(c)

Fig. 2. TEM images of the typical helical silica tube. (a–b) TEM images with different enlargements. Scale bar, 500 nm in (a) and 100 nm in (b).
Insets: The HRTEM image and the FFT image indicate the hexagonal structure of the first-grade pores. Scale bar, 20 nm. (c–d) Simulated diagram of
a structural model for TEM and SEM images. Inset: the image shows the cross-section (the basic unit) of the second-grade pore.
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Fig. 3. (A) N2 adsorption/desorption isotherms and (B) the corresponding pore size distributions of the sample. (I) the first-grade pore; (II) the
second-grade pore; and (III) the third-grade pore.
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Fig. 4. XRD pattern of the calcined sample.

structure might be formed.22�23 In this work, the glucose
solution after being hydrothermal treated (GSHT) and
P123 have been used as multi-templates. Considering that
the oligosaccharides have abundant –OH groups, it seems
reasonable to suggest that P123 and oligosaccharides were
combined by H-bonding to form the P123/oligosaccharide
micelles with helical structure, and some other P123 could
combine to the surface of the micelles acted as template to
form the first-grade pores from tetraethyl silicate (TEOS).
The interaction of P123 and oligosaccharides would be
intensive for preventing silicon alkoxide from penetrating
the P123/oligosaccharide micelles to form the surfactant-
silicate. In this case, the “shell” and the hollow nanochan-
nel of the material could be generated after calcination in
air at 823 K for 6 hours, as shown in Scheme 1.

According to our experimental results and description,
hexagonally close-packed channels, which composed of

(Oligosaccharide)

Primary template Advanced template

P123

Hydrothermal

n

Hydrothermal treated

Treatedn 

Scheme 1. Schematic illustration of the multi-template formation.

the “shell” of the second-grade pore, have two array
modes: (1) the channels normal to the screw thread tube or
(2) the channels paralleled to the screw thread tube. The
former possibility can be reasonably eliminated based on
the FFT and TEM results (Fig. 5). The [110] direction can
be clearly seen from the FFT images of different positions
varying along the rolling orientation (from (a), (b), (c), to
(d) in Fig. 5) of the helical silica tube. It could be con-
firmed that the paralleled curving lines run the entire body
of the helical tube, i.e., the hexagonal close-packed chan-
nels (the first-grade pores) have paralleled to the screw
thread tube (the second-grade pore).
Third-Grade Pore: Micrometerscale Helical Tube. The

dimensions of the collection of hollow helicoids have been
analyzed by measurements of SEM image (Fig. 1). From
Figure 1(b), the third-grade pore with an inside diameter
about 400 nm can clearly be observed.

It is important to note that the border of the helical tube
presents an ordered indentation as a line of sawtooth. The
TEM images (Fig. 2(a)) clearly depict the presence of the
serrate border; each of “addendum angles” and “angular
angles” presents 120�. The similar phenomenon can also
be observed from the SEM image in Figure 1. As known
to us, the presence of hexagonally close-packed first-grade
porous structure resulted in the channels with a center-to-
center spacing of ca. 10 nm. In the parallel aligned model,
a schematic drawing of the cross-section (the basic unit)
of the second-grade pore could be fabricated (the inset of
Fig. 2(c)), and the border angles of the basic unit present
120�. These images could help us to establish the spatial
relationship between the channel plan and the body shape
of the mesoporous silica morphology. Sequentially, the
three-grade porous structure of the material can be geomet-
rically simulated by helically coiling up parallel cylinders
as shown in Figure 2(c). It provides a probable paradigm
for the basic unit to organize the third-grade pore.

abcd

Fig. 5. TEM image of the typical helical silica tube. Scale bar, 500 nm.
Insets: The [110] direction can be clearly seen from the FFT images of
different positions varying along the rolling orientation (from (a), (b), (c),
to (d)) of the helical silica tube.
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4. CONCLUSIONS

From the TEM and SEM images, as well as the simulated
diagram, a novel helical tube with “hierarchical porous
structure” has been described, in which each grade of the
porous structure is entirely constituted from the ungraded
structure. This study reveals that three-(or multi-)grade
self-assembly porous structure with mesopores as building
blocks can be realized by the using of the synergistic effect
of soft-template. According to the potential advantage of
this material, it might be used in some fields including
the single biomolecular sensor, bioreactor, or the matrix to
produce the device of nano-apparatus.
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