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Introduction

Novel porous materials have attracted extensive attention
over past decades as a result of their scientific importance
and applications in many technological fields.[1–5] With

recent progressive developments, helical mesoporous mate-
rials with both traditional crystallographic symmetry ele-
ments and unconventional helical symmetry have become a
globally focused topic because of their potential applications
in chiral synthesis, chiral separation, chiral catalysis, and
chiral recognition.[6–8] Che et al.[9] were the first to report the
synthesis of chiral mesoporous materials by using chiral sur-
factants as templates. Since then, numerous helical meso-
structures have been successfully prepared in the presence
of either chiral or achiral surfactants, such as the straight
helical structure with only an internal helix (twist),[10–13] a hi-
erarchal helical (HH) structure with both internal and exter-
nal (spiral) helices,[13–15] a double helix (two single helices
winding together),[16] a triplet helix (one helix winds around
a double helix),[16] and so forth.

The HH mesostructure is one of the most intriguing but
complicated architectures that is constructed by further spi-
raling the twisted hexagonal straight rod into a second-level
helical morphology with both internal and external helices.
It is noted that in the case of complicated helical mesostruc-
tures, the mesostructure itself is generally limited to hexago-
nal symmetry, whereas the internal and external helical sym-
metries are independent, thus may have a large variety of
tunable parameters. It is expected that the integration of the
rich helical structural elements together with the hexagonal
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mesostructure may result in a number of novel and fascinat-
ing architectures, including different HH mesostructures and
even more complicated helical mesostructures. Comprehen-
sive analysis of these helical mesostructures is of vital impor-
tance in understanding their formation mechanism and
future applications.

Up to now, various complicated helical mesostructures
have been reported;[9–17] however, the detailed structural in-
formation and the origin of their unique morphologies have
not been demonstrated.[9,10,13, 15] Importantly, the relationship
between the well-studied straight internal helical structure
and the complicated HH mesostructures has not been re-
ported until now. On one hand, there have been few meth-
ods to simply synthesize a series of helical mesostructures
with different helical parameters. On the other hand, it is
rather difficult to characterize the detailed structure of each
complicated helix by using bulk techniques such as N2 physi-
sorption, XRD, or conventional TEM, then to explore the
structural transformation among different complicated heli-
cal mesostructures.

Herein, a variety of helical mesostructured materials have
been successfully synthesized by using an achiral surfactant
(octadecyltrimethylammonium bromide (C18TAB)) as a
template and perfluorooctanoic acid (PFOA) as an additive
through a base-catalyzed silica sol–gel process. With increas-
ing weight ratios f of PFOA/C18TAB from 0 to 0.1, an evo-
lution from a straight internal helical to HH mesostructure
with both internal and external helices or screwlike[16,17] and
concentric circular (CC)[18–23] mesostructures is observed.
The recently developed 3D TEM technique, that is, electron
tomography (ET),[23–27] was carried out to successfully deter-
mine the complex screwlike helical architectures. More im-
portantly, we demonstrate a topological helix–coil transition
model to successfully explain the structural evolution of dif-
ferent helical mesostructures. Although the helix–coil transi-
tion model has been applied in polypeptides to measure the
molecule in an a-helix conformation versus a turn or
random coil,[28–31] it is applied herein to a much more com-
plicated mesostructure with not only two helical operations
but also a 2D hexagonal packing symmetry. The boundary
condition of the helix–coil transition is also clarified to ex-
plain in detail the formation of complex helical structures,
such as the screwlike mesostructure. It is proposed that the
final complex structural characteristics are determined by
the balance between the decrease in the surface free energy
and the maintenance of the hexagonal packing in each indi-
vidual rod. Our studies provide new opportunities in the
characterization of complex porous architectures, thus shed-
ding light on the synthesis, understanding, and application
of novel porous materials.

Results

General characterization of the helix mesostructure : Sam-
ples S0–S3 were characterized by XRD and N2 physisorp-
tion (see Figures S1 and S2, respectively, in the Supporting

Information). The physicochemical parameters of S0–S3 are
listed in Table 1 for comparison. The small-angle XRD pat-
terns display three diffraction peaks in the range 2q=2–58

for the calcined samples S0–S2 (Figure S1 in the Supporting
Information), which can be indexed as the 10, 11, and 20 re-
flections based on a 2D hexagonal symmetry (p6m).[32]

When the f value of PFOA/C18TAB is increased, the width
of the diffraction peaks are broadened, thus leading to less-
resolved diffraction peaks. For S3, the ordering of the meso-
structure disappears as observed by the broad diffraction
peak with low intensity. Samples S0–S3 exhibit type-IV iso-
therms with type H1 hysteresis loops in N2 adsorption/de-
sorption isotherms (Figure S2a in the Supporting Informa-
tion). The steep capillary condensation step occurs at the
same position (P/P0 = 0.30–0.45) and the mean pore size is
2.9 nm in all four samples (Figure S2b in the Supporting In-
formation). Again, the width of the mesopore-size distribu-
tion curve is broadened with an increasing f value of
PFOA/C18TAB. It is noted that a second capillary condensa-
tion step occurs at P/P0>0.9 in the adsorption isotherm of
S3, which is indicative of textural interparticle porosity.

SEM images show that S0 (synthesized in the absence of
PFOA) has a near spherical morphology (approximately
100 nm in diameter; Figure S3 a in the Supporting Informa-
tion). For S1, SEM imaging reveals an approximately 100 %
rodlike morphology with a length of approximately 300 nm
and diameters between 60 and 100 nm (Figure S3 b in the
Supporting Information). For S2, rodlike and some spheri-
cal-like morphologies could be obtained (Figure S3c in the
Supporting Information). The rodlike morphology almost
vanishes in S3, and only aggregated nanosized particles are
observed (Figure S3d in the Supporting Information).

TEM observations reveal that most of the S0 particles are
indeed not spheres as observed by SEM (Figure S3a in the
Supporting Information), but have a short cylindrical-like
morphology (Figure 1 a). Relative to S1, which has a rodlike
morphology (Figure 1 c,d), the difference with S0 is that the
aspect ratio (the length of the rod versus its diameter) of
the S1 rods is much larger than that of the S0 rods. From
the side view of the S0 rods (Figure 1 a), a clear fringe (indi-
cated by black arrows) that corresponds to the (10) plane of
a helical hexagonal mesostructure is observed for most of
the rods.[13] The twisting pitch Pt cannot be calculated be-
cause the helical S0 rods are too short to observe two adja-

Table 1. Physicochemical properties of mesoporous materials S0–S3 pre-
pared at different weight ratios f of PFOA/C18TAB.

Sample f d
[nm][a]

p
[nm][b]

SACHTUNGTRENNUNG[m2 g�1][c]
VACHTUNGTRENNUNG[cm3 g�1][d]

S0 0:1 4.0 2.9 748 0.71
S1 0.025:1 4.0 2.9 767 0.99
S2 0.05:1 4.0 2.9 650 0.99
S3 0.10:1 3.8 2.7 593 1.54

[a] Calculation of the d spacing from the first XRD peak. [b] Pore size
was calculated from the adsorption branch by using the Barrett-Joyner-
Halenda (BJH) method. [c] BET surface area. [d] Pore volume.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 1629 – 16371630

www.chemeurj.org


cent (10) fringes. Nevertheless, it can be estimated that the
Pt value is definitely larger than 600 nm in S0. From the top
view of an S0 particle (Figure 1 b), a hexagonal shape with a
honeycomb arrangement of bright dots (pore channels) is
observed, thus indicating that the hexagonally ordered 1D
channels are parallel to the long axis of the rod.

High-yield helical mesostructured rods 60–80 nm in width
and 250–300 nm in length can be obtained in S1 (Figure 1 c).
From a high-magnification image (Figure 1 d), the recurrent
fringes (indicated by dark arrows) are clearly visible along
the length of the helical rods and correspond to the (10)
planes. The cross-sectional TEM image of S1, prepared with
the ultramicrotome, also shows the dotlike pores in a hexag-
onal array at the centre (inset of Figure 1 d). The twisting
pitch, which is six times the distance between two adjacent
(10) fringes, is calculated to be approximately 450 nm (Fig-
ure 1 d). TEM observations have shown that both S0 and S1
are conventional internal helical structures as reported pre-
viously.[9–15]

Cross-section of the J-type pattern in the helix mesostruc-
ture : It is interesting to note an unusual J-type pattern com-
posed of six fringes can be observed in Figure 1 b. Each
fringe starts from the centre and extends to the midpoint of
the six edges of the hexagon. The origin of this unusual pat-
tern can be illustrated by the schematic model shown in Fig-
ure 1 e. When viewed from the long axes of the rods (the
[001] direction), ordered hexagonal packing dots should be
observed before twisting, each black dot represents one
straight pore channel in a calcined sample or a threadlike
micelle in an as-synthesized sample. However, when the rod
is slightly twisted, the projection of the helical (originally
straight) pore channels will generate a trace of displacement
along the view direction. The length of such a displacement
is dependent on the helical parameters and the thickness of
the TEM specimen, which should be constant for a given
specimen composed of pore channels of equal length. The
direction of the displacement, on the other hand, is influ-
enced by the hexagonal geometry. To make this point clear,
two representative regions x and y are magnified in Figure
1 e (left), which are located near the midpoint and vertex of
one side of the hexagon, respectively. The black arrows indi-
cate the directions of displacements (i.e., the tangent direc-
tion of twisting), which is along the <10> and <11> plane
in regions x and y, respectively (Figure 1 e).

The above analysis can also be applied equally to the
silica wall (instead of the pore channels) because either the
pore channels or the silica walls can be regarded as elements
that have hexagonal symmetry. Principally, the TEM image
reveals the mass-thickness depth information, thus the dis-
placement of pore channels induced by the helical confor-
mation, however, cannot be observed. What can be ob-
served in the TEM images is indeed the projection of the
helical silica walls. Therefore, when the displacement occurs
only in the (10) plane any adjacent two (10) planes can still
be observed in region x of Figure 1 e. Nevertheless, the pore
channel right in the middle of the rod is straight in the heli-
cal mesostructured rods, and the curvature of a helical pore
channel increases as the distance between the channel and
the centre of the rod enlarges. As a result, the length of the
displacement for one helical pore channel along the long
axes of the rods also increases with increasing distance from
the centre of the rod. Thus, relative to the structure before
twisting, the only difference is the occurrence of continuous
line patterns of the silica walls, whereas the hexagonally ar-
rayed dotlike pore channels cannot be observed after twist-
ing. This phenomenon is more enhanced for the (10) planes
away from the centre of the rod, but not distinctive near the
centre in which the hexagonally arrayed bright dots (pore
channels) can still be observed.

When the displacement occurs in region y of Figure 1 e,
such displacements will “insert” into two adjacent (11)
planes in which the pores should be located. Thus, the
black-and-white contrast between the wall and pore be-
comes blurred in this region. The 3D simulated model after
twisting is shown in Figure 1 e (right), which is in good
agreement with our experimental observation of the J-type

Figure 1. TEM images of a,b) S0 and c,d) S1. a) Side and b) top views of
internal helical short rods. The black arrows in (a) and (d) indicate the
fringes of the helices. The inset of (d) is the cross section of S1 prepared
with the ultramicrotome (thin section: ~50 nm) and the scale bar is
50 nm. e) Simulated model to illustrate the J-type pattern observed in
Figure 1b. Gray circles (1) in (e) indicate the original pore positions
before twisting and white circles (2) indicate the subsequent pore posi-
tions after twisting. The black arrows in (e) indicate the direction of the
displacement along the <10> and <11> planes in regions x and y, re-
spectively.
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pattern (Figure 1 b). It should be noted that a similar phe-
nomenon can be also observed in the cross-sectional image
of S1 (inset of Figure 1 d), thus confirming that the J-type
pattern is an intrinsic structural reflection of internal helical
mesostructures.

Complicated helical mesostructure from a one-pot synthesis :
When the f value of PFOA/C18TAB is increased to 0.05:1,
various complicated helical structures are obtained simulta-
neously. Their representative TEM images are shown in
Figure 2, including HH structures (Figure 2 a–c), the screw-
like structure (Figure 2 d), the CC structure (Figure 2 e), and

the coiled structure (Figure 2 f). Similar HH mesostructured
rods shown in Figure 2 a–c have variable helical structural
parameters (Table 2). The HH rods shown in Figure 2 a, b
have relatively larger external pitch sizes (ca. 279 and
165 nm) and diameters (ca. 83 and 74 nm, respectively),
whereas the HH rod in Figure 2 c has a smaller external
pitch size of approximately
76 nm and a diameter of ap-
proximately 49 nm. It is consis-
tent with the well-documented
facts that the pitch of the inter-
nal helical mesostructures de-
creases when the rod diameter
is decreased.[10,33–35]

An interesting and apparent-
ly more complicated screwlike
mesostructure with wavelike
edges can also be observed in
the one-pot synthesis at PFOA/
C18TAB f= 0.05 (Figure 2 d).
The screwlike structures can be
easily found under TEM obser-
vations (Figure S4 in the Sup-
porting Information). To under-
stand the detailed complicated

pore architecture, ET was performed on a typical screwlike
rod given in Figure 3 a. The tomographic slices selected from

the top, middle, and bottom in
the x–y plane along the z axis
are displayed in Figure 3 b–d,
respectively. From the top and
bottom slices, it is interesting to
note that the external helical di-
rection (indicated by black
lines) is almost parallel to the
pore channels, thus indicating
that the screwlike structure has
a close external helix without
an internal helix, which defi-
nitely has a different organiza-
tion relative to the HH rods.
(For comparison, the ET slice
images of screwlike and HH
rods are shown in Figure S5 in
the Supporting Information.) In
addition, it can be directly seen
from the tomographic 3D re-

construction shown in Figure 3 e that this screwlike rod has
a close external helix with an external pitch size Ps of
85 nm, as determined by measuring the distance between
two convex points (see Figure S6 in the Supporting Informa-
tion for the detailed measurement).

Figure 2. TEM images of the typical helical morphologies found in S2. a–c) HH structures with internal and
external helical mesostructures, d) screwlike mesostructures, e) CC structure, and f) coiled structure. The white
arrow in (f) indicates the internal helical fringe. The scale bar is 50 nm.

Table 2. Helical parameters of the HH rods shown in Figure 2 a–c.

Sample Ps

[nm][a]
R
[nm][b]

r
[nm][c]

k[d] 1/k
[nm][e]

Figure 2a 279.0 21.4 41.4 0.0088 113.5
Figure 2b 164.7 9.6 36.8 0.0123 81.2
Figure 2c 76.0 8.1 24.5 0.0382 26.2

[a] External helical pitch of the HH rods. [b] Radius of the external helix.
[c] Radius of the helical rod. [d] Bending curvature. [e] Radius of the ex-
ternal helical curvature.

Figure 3. The TEM image of a) a typical screwlike rod and b–d) ET slices along the z axis at the top, middle,
and bottom positions. Black lines indicate the direction of the external helix which is parallel to pore channels.
e) Three-dimensional reconstruction of the screwlike rod. The scale bar is 50 nm.
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Some helical mesostructures with coiled shapes can also
be obtained at PFOA/C18TAB f=0.05 (Figure 2 e), which
shows only one visible (10) fringe as indicated by the white
arrow. This coiled structure can be topologically trans-
formed from an internal helical structure (twisted rod),
which is quite similar with the prevalent helix–coil transition
model in polypeptides,[28–31] but much more complicated due
to the hexagonal mesostructural symmetry and two helical
operations (internal and external). This issue will be dis-
cussed later.

When the f value of PFOA/C18TAB is further increased
to 0.1:1, the typical TEM image of S3 shows disordered mes-
ostructures interwoven with some multilamellar vesicles
(Figure S6 in the Supporting Information). The phase trans-
formation from the ordered hexagonal mesostructure to
multilamellar vesicles as the f value of PFOA/C18TAB in-
creases has been observed before in a PFOA/cetyltrimethyl-
ammonium bromide (C16TAB) templating system,[36] also in
agreement with the XRD pattern of S3 (Figure S1 in the
Supporting Information), which shows only a broad diffrac-
tion peak with low intensity.

Discussion

Topological helix–coil transition of internal and external
helices : In the base-catalyzed PFOA/C18TAB system, the
origin of the internal helical conformation can be attributed
to the decrease in surface free energy during the transforma-
tion process from a nonhelical rod (composed of hexagonal-
ly arrayed straight threadlike composite micelles of equal
length) to a twisted helical mesostructure.[10] The agent
PFOA, with a very low surface tension, plays an important
role in the interfacial interaction to induce the formation of
helical mesostructures with decreased pitch sizes. In an in-
ternal helical hexagonal mesostructure, the curvature of
each threadlike micelle (note: the removal of micelles cre-
ates the pore channels) is dependent on its location and in-
creases with increasing distance from the center of the
rod.[10, 13] Theoretically, the assembly of threadlike micelles
with different curvatures cannot form an ideal hexagonal or-
ganization and may break the hexagonal symmetry to a cer-
tain degree. When the pitch size of an internal helical struc-
ture is decreased, the curvature of the threadlike micelle at
a given location increases, which leads to further derivation
from a perfect hexagonal symmetry. Relative to S0 and S1,
S2 synthesized at a higher f value of PFOA/C18TAB has a
smaller diameter, and thus its internal helical structure
should have an even smaller pitch size,[10,33–35] thus leading
to a much tighter internal helical configuration and less-or-
dered hexagonal mesostructure. By assuming that the hexag-
onal symmetry is a stable mesostructure at a given synthetic
regime in our synthesis, an optimum structure with both
minimized derivation from perfect hexagonal packing (con-
sidering the mesostructure assembly) and maximized de-
crease in the surface free energy (considering the helical
morphology) should be compromised. Thus, the transforma-

tion between the internal and external helices is important
to understand the formation of different complicated helical
mesostructures with a range of helical parameters.

In topology, the structure of a twisted rod with one pitch
can be equivalently transformed into a coiled rod with bend-
ing of 3608 without twisting (Figure 4 and Movie 1 in the

Supporting Information). For a pure external helical meso-
structure without twisting, all the pore channels are parallel
to each other and no curvature difference between compo-
site micelles at different locations exists, which allows for
perfect hexagonal packing. Therefore, the transformation
from an internal helical configuration to an external helical
structure favors a closely packed and ordered hexagonal
mesostructure. However, for a pure external helical meso-
structure, its surface area is the same relative to a straight
rod with the same hexagonal mesostructure, thus the de-
crease in the surface free energy as the driving force to form
the internal helical structure is lost. In addition, relative to a
straight hexagonal mesostructured rod, the pure external
helical mesostructure without twisting has the same meso-
structure but an increase in bending energy. As a conse-
quence, it is expected for an internal helical mesostructure
with a very small pitch size that the release of the twisting,
to a certain extent, is advantageous to form a compromised
HH structure.

To support our proposed mechanism on the transforma-
tion of the internal/external helical configuration in different
complicated helical mesostructures, the following calculation
was performed to quantitatively describe the helix–coil tran-
sition model in HH structures. For simplification, we started
with a pure internal helical mesostructured rod (Figure 4 a)
with one pitch (Pt) and a length of l (l=Pt), which can be
equivalently transformed to a coiled mesostructure without
any twisting (Figure 4 b). The helix–coil transition process is
simulated in Movie 1 in the Supporting Information. The

Figure 4. Schematic model that illustrates the helix–coil transition from a
twisted internal helical rod with one pitch (a) to a coiled rod with bend-
ing of 3608 without twisting (b). The helix–coil transition process is simu-
lated in Movie 1 (see the Supporting Information). The hierarchical inter-
nal and external helical structures with different spiral radius R and Ps

values (c and d) are regarded as the intermediate transition states during
this process.
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HH structures with different R and Ps values (see Fig-
ure 4 c,d) are, therefore, regarded as the intermediate transi-
tion states during this process. It should be noted that the
external and internal helices possess the same orientation
during the transition process. By assuming that the length of
the threadlike micelles is constant, the relationship of the
geometrical parameters during the transition process can be
described as

l ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ C2
p

ð1Þ

Equation (1) can also be used to describe the internal hel-
ical mesostructure (Figure 4 a, where R=0; R is the radius
of external helix) and the coiled mesostructure without
twisting (Figure 4 b, where Ps = 0, or C=Ps/2=0; thus, l=

2R). The twisting curvature l and bending curvature k are
introduced to represent the extent of the internal and exter-
nal helices separately within a HH structure, which are de-
fined by Equations (2) and (3).

l ¼ C
R2 þ C2

ð2Þ

k ¼ R
R2 þ C2

ð3Þ

The internal helical angle a and external helical angle g

can be calculated by Equations (4) and (5).

a ¼ ll ¼ 2pC
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ C2
p ð4Þ

g ¼ kl ¼ 2pR
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ C2
p ð5Þ

For the internal helical mesostructure (Figure 4 a), a=2 p

and g=0. For the coiled mesostructure without twisting
(Figure 4 b), a= 0 and g=2 p. In the cases of the HH struc-
tures with internal and external helices (Figure 3 c,d), the a

and g values can be calculated by using geometric parame-
ters based on Equations (4) and (5). Moreover, the relation-
ship between the a and g values can be obtained from
Equations (4) and (5) as a2 +g2 =4 p2, which is a constant.
Therefore, a decreases as g increases, thus indicating that
the internal helix can be released with the occurrence of an
external helix. It is noted that in the case of an originally
straight internal helical rod with a pitch size that is not
equal to 2 p (e.g., the helical rods shown in Figure 2 a–c), the
a and g values can also be calculated (for details see the
text in the Supporting Information). For a normalized com-
parison of helical rods with different pitch sizes, the value of
g/l, that is, k, can be used to measure the amount of internal
helix released. For the experimentally observed helical rods
shown in Figure 2 a–c, the value of k is calculated and given
in Table 2 with geometric parameters, such as the radius of
the rods r, R, and Ps.

It can be seen that the value of k increases as the value of
r decreases (Table 2). As discussed before, an internal heli-

cal rod with a smaller r value should have tighter internal
twisting,[10,33–35] which is not advantageous to form an or-
dered hexagonal mesostructure. Because the internal heli-
cal-to-coiled structure transition can release the internal
twisting to maintain a close-packing hexagonal structure, it
is expected that an internal helical mesostructured rod with
a smaller r value should release more internal twisting (i.e.,
larger k value) through the formation of the external helix.
The experimentally observed relationship between k and r is
consistent with our proposed helix–coil transition model.
Moreover, the direct observation of the coiled helical rod
(see Figure 2 e) with only one (10) fringe implies that the in-
ternal-to-external helix transformation occurs to a large
extent, which also supports our proposed helix–coil transi-
tion model. In addition, this model can also be used to ex-
plain the experimental observation as to why both the inter-
nal and external helices must possess the same orienta-
tion.[13]

The boundary condition of the helix–coil transition : Al-
though the helix–coil transition can release the internal
helix, such a transition has a topological restriction, which
comes from the topological relationship between the radius
of the bending curvature (1/k) and r. The function 1/k is de-
pendent on both the Ps and R variables according to Equa-
tion (3), which can be alternatively expressed by Equation
(6).

1
k
¼ R2 þ C2

R
ð6Þ

For a given rod, R2 + C2 is a constant [Equation (1)] and
both R and C values can be determined; thus, the value of
1/k is theoretically proportional to the value of 1/R, which
can be represented by the curve shown in Figure 5 a. To il-
lustrate the boundary condition of the helix–coil transition,
Figure 5 b–d illustrates three model spiral rods with the
same r value but decreased 1/k value as R increases or Ps

decreases. It can be clearly seen that to avoid the formation
of a collapsed spiral morphology, the criterion of 1/k� r
must be satisfied (Figure 5 b, c). A collapsed spiral rod forms

Figure 5. a) Plot of 1/k as a function of R (1/k= (R2 +C2)/R, where R is
the radius of the external helix and C=Ps/2p). Schematic models of
three different spiral rods in which the helical rods have the same radius
r but different radius of external helical curvature (1/k): b) 1/k> r, c) 1/
k= r, and d) 1/k< r.
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when 1/k< r (Figure 5 d), thus resulting in overlapping and
disturbance of two originally hexagonally arrayed domains.

The above discussion is applied to explain the observed
different helical mesostructures shown in Figure 2 a–d, and
their theoretical functions of 1/k and R can be determined
(see Figure 6 a–d for the respective results). For the HH

rods with relatively larger values of r (i.e., 41.4 and 36.8 nm,
insets in Figure 6 a, b, respectively), the corresponding values
of 1/k (i.e., 113.5 and 81.2 nm, respectively) are thus larger.
As a consequence, 1/k> r is satisfied in both cases (Fig-
ure 6 a, b), which are far from the topological boundary con-
dition, and in turn the formation of an external spiral mor-
phology has no restriction. When the r value is decreased to
24.5 nm (inset in Figure 6 c), the 1/k value is decreased to
26.2 nm, which is approaching, but still above, the borderline
(Figure 6 c). However, for the screwlike complicated helical
structure with a quite different morphology (inset of Fig-
ure 6 d), the r value is difficult to be measured accurately,
but is definitely larger than 32.3 nm (for the detailed mea-
surement see Figure S7 in the Supporting Information), and
the 1/k value is calculated to be approximately 23.5 nm, thus
indicating that the screwlike helical structure exists under
the borderline topological restriction. It is expected that at
least partial merging of the rod and reorganization of meso-
structures occurs in the screwlike rod due to the topological
restriction. However, the new type of screwlike rod has the
same tendency of r to 1/k as in the HH rods (Table 2), that
is, the 1/k value decreases as the r value decreases (see

Table S1 in the Supporting Information). The screwlike meso-
structure with an external helical morphology is suggested
to form with considerable stability due to the decrease in
the surface area in the merging and restructuring process.

Evolution of complicated helical mesostructures : The evolu-
tion process of the helical mesostructures can be summarily
illustrated in Figure 7. As the f value of PFOA/C18TAB in-
creases from 0:1 to 0.05:1, the particles grew from short

straight rods with a large internal helical pitch of approxi-
mately >600 nm (S0) to a longer straight rod with a internal
helical pitch of approximately 450 nm (S1) then to various
complicated helical architectures (S2). However, along with
this process, a loosely packed and less-ordered hexagonal
structure is formed. By taking the minimum derivation from
a closely packed hexagonal mesostructure and the maximum
decrease in the surface free energy into consideration, a va-
riety of complicated helical architectures in the one-pot syn-
thesis appears as the result of the topological transformation
and structural mutation. The HH structure with both inter-
nal and external helices is formed during the helix–coil tran-
sition process (region I), so that a compromised point can
be achieved to efficiently release the close internal helix and

Figure 6. a–d) Relationships of 1/k versus r that show the boundary con-
dition of the helix–coil transition of the helical rods in Figure 2 a–d (inset
is the corresponding TEM image), respectively. The symbols in (a–d) in-
dicate the coordinated positions of each rod and the parameters (R, r,
and 1/k) are measured from the TEM images (Table 2 and Table S1 in
the Supporting Information).

Figure 7. A schematic illustration that demonstrates the evolution of heli-
cal mesostructures (shown by TEM images). The graph (upper right) de-
scribes the relationship of 1/k and r to show topological evolution. The
dashed line is the boundary condition of 1/k= r, above which is the
helix–coil transition (region I) and below is region II in which the col-
lapsed spirals are formed and structure mutation occurs. & represents
HH rods shown in Figure 2a–c and N represents the screwlike meso-
structures shown in Figure S4 in the Supporting Information. The scale
bar is 50 nm.
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mitigate the breakage of the ordered hexagonal symmetry.
The observed relationship between k and r in which an in-
ternal helical mesostructured rod with a smaller r value re-
leases more internal twisting (for a larger k value see the
black squares in Figure 7) is in good agreement with our
proposed helix–coil transition model, which also explains
the formation of HH structures with a variety distribution of
fringes.

Alternatively, the internal–external helical transition has a
restriction defined by the boundary condition of 1/k= r (the
dashed line in Figure 7). Below this topological boundary,
the complicated screwlike mesostructure forms (black stars
in Figure 7), which can be regarded to be a result of a struc-
tural mutation in this restricted region (II). The screwlike
structure has only the external helix, thus there is no curva-
ture difference between the micelles, which may be favora-
ble to maintain the ordered hexagonal symmetry. Moreover,
the screwlike structure has the largest release of the internal
helix and an alternative method to decrease the surface area
by partial volume overlapping. However, the structural or-
ganization within the screwlike rod at any given region is
not known, especially at those places in which volume over-
lapping occurs. The CC mesostructure, on one hand, can be
regarded as an alternative topologically mutated organiza-
tion of a perfect hexagonal symmetry. On the other hand,
the external surface area of the cylindrical rod is about 95 %
of a hexagonal rod with a constant cross-sectional area,[21]

thus implying that all of these unusual mesostructures, that
is, the CC, internal helical, HH, and complex screwlike mor-
phologies, may have the same origin, namely, the decrease
in the surface free energy.

Conclusions

An evolution from a straight internal helical to HH meso-
structure or screwlike and CC mesostructures has been suc-
cessfully observed by varying the weight ratio of two cotem-
plates through a base-catalyzed silica sol–gel process. On
the basis of the mathematical calculations, a topological
helix–coil transition model is proposed to explain this struc-
tural evolution and reveal the origin of the HH mesostruc-
ture and the transition from the internal to external helical
structures. Moreover, the evolution between different helical
mesostructures synthesized in a one-pot procedure can be
established based on the boundary condition of the helix–
coil transition. The balance between the decrease in surface
free energy and maintenance of hexagonal packing in each
individual rod determines its final complex structural char-
acteristic. Our proposed model may be applied to explain
the formation of helical morphologies, which is important in
the design and controlled synthesis of new materials.

Experimental Section

All the chemicals were used as received without further purification.
C18TAB and PFOA were purchased from Aldrich. The other chemicals
were purchased from the Shanghai Chemical Company. The mesostruc-
tured materials were synthesized under basic conditions with C18TAB as
a template and PFOA as an additive.[10] In a typical synthesis, C18TAB
(0.20 g) was dissolved in deionized water (96 g) with stirring at room tem-
perature. NaOH (2 m, 0.70 mL) and a desired amount of PFOA were
added separately to the solution. The weight ratio f of PFOA/C18TAB
was 0:1, 0.025:1, 0.05:1, and 0.1:1 and the four samples were designated
as S0, S1, S2, and S3, respectively. The temperature of the solution was
raised to and kept at 80 8C. Tetraethyl orthosilicate (TEOS; 1.34 mL) was
added to this solution with stirring and the reaction mixture was stirred
continuously for 2 h. The precipitates were collected by filtration, washed
with deionized water, and dried in air at room temperature. The as-syn-
thesized samples were calcined at 550 8C for 5 h in air to remove the tem-
plates.

XRD patterns of the mesostructural materials were recorded on a
Bruker D4 Endeavor diffractometer using Ni-filtered CuKa radiation at a
voltage of 40 kV and a working current of 40 mA. TEM investigations
were performed in an FEI Tecnai T12 microscope operated at 120 kV.
For TEM observation, the specimens were prepared by dispersal of the
powders in ethanol and dried onto holey carbon films supported on stan-
dard TEM Cu grids. Nitrogen adsorption/desorption isotherms were mea-
sured at �196 8C by using a Micromeritics ASAP Tristar 3000 system.
Prior to examination, the samples were degassed at 180 8C overnight on a
vacuum line. SEM observations were performed on a Philips XL30 mi-
croscope operated at 25 kV. The cross-section TEM specimens were pre-
pared with an ultramicrotome (Leica ultracut 63) and the thickness of
the section was approximately 50 nm. Electron tomography was per-
formed with an FEI Tecnai F30 transmission electron microscope operat-
ing at 300 kV. All the TEM images were digitally recorded at a given de-
focus in a bright-field mode. Alignment and 3D reconstructions of HH
structures by filtered back projection were performed with IMOD and
AMIRA software.[36–39]
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