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Functional helical silica nanofibers with coaxial mixed
mesostructures for the fabrication of PtCo nanowires
that display unique geometry-dependent magnetism

Nien-Chu Lai1, Sz-Chian Liou2, Wei-Chia Huang1, Yu-Tien Shen3, Cheng-Chung Chi3, Ming-Wen Chu2 and
Chia-Min Yang1,4

Helical mesoporous silicas are notable from a self-assembly and applications points of view. We report a novel confinement-free

synthesis of chloropropyl-functionalized helical mesoporous silica nanofibers (CP-HMSNFs) possessing straight channels at the

fiber center surrounded by concentric short-pitch helical channels. The chloropropyl groups are found mainly distributed at the

central cylindrical portion of the fibers, allowing the selective inclusion of guest species to fabricate novel nanocomposite fibers.

Moreover, the chloropropyl-functionalized nanofibers were applied as a hard template to fabricate helical platinum–cobalt (PtCo)

alloy nanowires with small and narrowly distributed radii of gyration. The helical metal nanowires exhibited distinct ferromagnetic

properties as compared with their straight counterpart.
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INTRODUCTION

Helical mesoporous silicas1–11 are analogous to the self-assembled
helical biomaterials in nature and have attracted a substantial amount
of attention. These helical silicas are also promising hard templates for
the preparation of helical nanowires composed of metals12–15 or other
compositions that may possess unique optical,16,17 electromagnetic9,18

or other properties. Efforts to understand the formation mechanism of
these helical nanostructures provide additional insights into the
interplay of the thermodynamics and kinetics of the assembly of
structure-directing surfactants and inorganic silicate species1,2,19,20 and
may also lead to the design and synthesis of additional novel self-
assembled nanomaterials with controllable mesostructures and
morphologies, allowing for innovative applications.9,11,21

The first synthesis of helical mesoporous silica materials displaying a
MCM-41-like two-dimensional (2D)-hexagonal structure was per-
formed in a static two-phase acidic system.7 Helical 2D-hexagonal
mesoporous silica nanofibers (HMSNFs) or nanorods were then
synthesized in single-phase dilute solutions using chiral5 or
achiral2,20,22 surfactants. The helical formation is mainly driven by a
reduction in the free energy of the surface, from straight micellar rods
until the free energy is balanced by an increased bending energy.2,20

Alternatively, HMSNFs can be prepared by evaporation-induced self-
assembly (EISA) in porous anodic alumina membranes.23,24 The
confined EISA may result in helical and other thermodynamically
more stable mesophases, the former generally being kinetically
favored. Notably, materials with mixed mesostructures can also be

prepared by the confined EISA,25,26 and HMSNFs containing straight
channels (that is, columnar mesostructure)23,27 at the center sur-
rounded by layers of concentric helical channels can also be prepared
using this method. As novel hard templates, the HMSNFs may provide
unprecedented opportunities in fabricating complex functional nanos-
tructures, contingent on whether methods for the selective inclusion of
guest specie s into differently oriented channels could be developed.
However, the range of parameters for the confined EISA of these
HMSNFs is narrow, and the preparation method cannot guarantee the
uniformity and continuity of both mesostructures throughout the
fiber.28 To the best of our knowledge, this type of HMSNFs have never
been prepared by other methods.
We report on the confinement-free synthesis of chloropropyl-

functionalized HMSNFs (CP-HMSNFs) with coaxial helical/columnar
mesostructures in a single-phase solution. We found that the utiliza-
tion of a mixture of cationic and nonionic surfactants and the
co-condensation with a functional silane-bearing short hydrophobic
functional groups are crucial for the spontaneous formation of these
HMSNFs. We further discovered that the CP groups are mainly
distributed at the central portion of the fibers, developing the potential
for selective inclusion. We demonstrated this process of selective
inclusion by preparing nanocomposites containing iron oxide and
platinum (Pt). Moreover, we fabricated helical platinum–cobalt
(PtCo) alloy nanowires in CP-HMSNFs and observed the geometry-
dependent ferromagnetism of these metal nanowires with small
diameters and narrowly distributed radii of gyration.
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EXPERIMENTAL PROCEDURE

Synthesis of CP-HMSNFs
The CP-functionalized samples were synthesized by injecting a mixture of
tetraethoxysilane (TEOS, Acros, Geel, Belgium) and chloropropyltriethoxysi-
lane (CPTES, Aldrich, St Louis, MO, USA) into a solution containing
cetyltrimethylammonium bromide (CTAB, Acros), tetraethylene glycol dodecyl
ether (C12E4, Aldrich) and sodium hydroxide (NaOH). The molar composition
of the synthesis mixture was (1-fC) TEOS: fC CPTES: 0.09375 CTAB: 0.03125
C12E4: 0.32 NaOH: 1230 H2O, where fC denotes the fraction of CPTES in the
silane mixture and was varied between 0% and 15%. The injection rate of silane
mixture was 3.0–15.0 ml h− 1. The mixture was stirred at 35 °C for 2 h and was
then aged at 90 °C for 24 h. The product was filtered, washed with water and
acetone and finally dried in air. In several syntheses, CPTES was replaced by
iodopropyltrimethoxysilane (Fluka, Seelze, Germany) and trifluoropropyltri-
methoxysilane (Alfa Aesar, Lancashire, UK). The surfactants in the as-
synthesized samples were removed by calcination at 540 °C or solvent
extraction in an acidified ethanol solution.
In addition, a MCM-41 sample was synthesized as a reference template for

the fabrication of PtCo nanowires. The synthesis procedure was the same as
that for the functionalized samples except for the molar composition of 1
TEOS: 0.125 CTAB: 0.32 NaOH: 1230 H2O. The surfactants were removed by
ethanol extraction.

Incorporation of Pt in the calcined and extracted CP-HMSNFs
The calcined or extracted sample of CP-HMSNFs (0.40 g) was mixed with
chloroplatinic acid hexahydrate (H2PtCl6·6H2O, Strem, Boston, MA, USA,
0.68 g) in a glass vial under ambient conditions. The mixture was maintained at
80 °C for 12 h to allow the molten salt to infiltrate into the mesopores of the
sample. The mixture was heated at 200 °C for 2 h in a stream of hydrogen to
reduce the metal.

Preparation of the nanocomposite of Fe2O3 and Pt
The extracted sample of CP-HMSNFs (0.18 g) was first mixed with iron (III)
nitrate nonahydrate (Fe(NO3)3·9H2O, Showa, Saitama, Japan, 0.22 g) in a glass
vial under ambient conditions. The mixture was maintained at 70 °C for 12 h
and was then heated to 250 °C for 3 h. The incorporation was repeated again
with 0.20 g of Fe(NO3)3·9H2O. The sample was heated at 540 °C for 6 h to form
Fe2O3 in the mesopores and simultaneously decompose the CP groups.
Subsequently, Pt was incorporated into the Fe2O3-loaded sample (0.05 g) by
the procedure described above for H2PtCl6·6H2O (0.04 g).

Incorporation of PtCo in the extracted CP-HMSNFs and MCM-41
The extracted sample of CP-HMSNFs or MCM-41 (0.050 g) was mixed with a
solution containing H2PtCl6·6H2O (0.092 g), cobalt (II) nitrate hexahydrate
(Showa, 0.050 g) and water (0.2 ml). The mixture was dried at 60 °C under
reduced pressure and was then maintained at 80 °C for 12 h. The metals in the
resulting solid were reduced using hydrogen at 350 °C for 3 h.

Characterization
X-ray diffraction (XRD) patterns were recorded on a Mac Science 18MPX
diffractometer using Cu Kα radiation. Solid-state 29Si MAS NMR spectra were
measured on a Bruker AVANCE III spectrometer using a 4-mm MAS probe.
Nitrogen physisorption isotherms were measured at 77 K using a Quanta-
chrome Autosorb-1MP instrument (Boynton Beach, FL, USA). The isotherms
were analyzed by nonlocal density functional theory (by applying a N2 (77 K)
kernel based on cylindrical pore geometry) to evaluate the pore size and surface
area of the samples. The total pore volume was evaluated at a relative pressure
(P/P0) of 0.9. Scanning electron microscope images were obtained with a field
emission JEOL JSM-7000 F microscope operating at 10 kV. The samples were
coated with Pt before the measurements. Transmission electron microscope
(TEM) images were taken using a JEOL JEM-2010 microscope operated at
200 kV. Scanning transmission electron microscopy (STEM) images and
tomography experiments were conducted on a field-emission microscope
operated at 200 keV (FEI F20 G2) with an electron-probe size of ~ 2 Å. The
tilt series for each tomography study consists of 141 STEM-HAADF images,

which were acquired from the tilting of the angles from − 70° to +70°.
Typically, images are recorded every 1°. The three-dimensional (3D) recon-
structions of the 2D STEM-HAADF data sets were performed using a weighted
back projection algorithm integrated in the FEI Inspect3D (Hillsboro, OR,
USA) software package, and further 3D visualizations were conducted using
AMIRA 4.0 (Mercury Computer Systems). Energy dispersive X-ray spectro-
scopy measurements were conducted using an Oxford EDX system. The
magnetization was measured in a SQUID VSM magnetometer (Quantum
Design, San Diego, CA, USA) from 5 to 300 K. The isothermal magnetization
was measured with a solenoid in the hysteresis mode swept to ± 5 kOe. Circular
dichroism measurements were conducted on an Aviv Model 410 circular
dichroism spectrometer.

RESULTS AND DISCUSSION

The CP-HMSNFs were synthesized by injecting the mixture of TEOS
and CPTES into a dilute and alkaline solution of CTAB and C12E4
with a molar ratio of CTAB:C12E4= 7:3. The synthesis systems using
mixed cationic and nonionic surfactants are versatile in forming highly
ordered mesoporous silicas with mesostructures in between 2D-
hexagonal and lamellar phases and with unique
morphologies.3,4,29,30 The XRD patterns displayed that although the
injection of TEOS alone with a rate of 3.0 ml h− 1 led to a 2D-
rectangular MMT-1 material3 (with unit cell parameters a and b of
10.9 nm and 4.5 nm, respectively), the partial replacement of TEOS by
CPTES caused a transformation to a 2D-hexagonal structure
(Figure 1a). The structural transformation was almost complete when
the fraction of CPTES in the silane mixture (fC) reached 5%, and the
XRD patterns of the samples synthesized with fC = 10 and 15% could
be perfectly indexed with a p6 mm lattice. The sample with fC= 10%
showed the best structural order, as indicated by the most intense and
sharpest reflections. The solid-state 29Si MAS NMR analysis suggested
that the ratios of intensity, Tn/Tn+Qm (Tn groups: (Si(OSi)n(OH)3-
nC); Q

m groups: (Si(OSi)m(OH)4-m)), are nearly identical to fC in the
silane mixtures (Supplementary Figure S1 in the Supplementary
Information). After the surfactants removal by solvent extraction or
calcination, the surfactant-free samples exhibited type IV nitrogen
physisorption isotherms with sharp steps over the relative pressure
range of 0.25–0.4 (Supplementary Figure S2). The textural properties
were similar for the samples with fC= 0–15%, and the derived values
of the mesopore diameters, surface areas and pore volumes are
2.5–2.7 nm, 1195–1280m2 g− 1 and 0.96–1.01 cm3 g− 1, respectively.
Notably, the transformation was accompanied by changes in particle

morphology. Scanning electron microscope images showed that
although the pure silica sample (fC= 0%) mainly contained spherical
particles with sizes of 350–600 nm (Supplementary Figure S3), thin
fibers started to appear in the sample with fC= 5%. The fraction of
nanofibers increased with increasing fC. More than 90% of the particles
were CP-HMSNFs (with diameters of 60–110 nm) in the sample with
fC= 10% (Figure 1b). Additionally, the samples with fC= 15% con-
sisted exclusively of CP-HMSNFs (Supplementary Figure S3). The
interior structure of the CP-HMSNFs in the sample with fC= 10% was
further revealed in TEM images. As shown in Figure 1c, the projection
of the hexagonally packed channels is observed only at both edges of
the nanofiber, suggesting that the channels were wound around the
center axis of the nanofiber. Similar projection images have been
observed for MMT-1 materials with short helical pitch.3,4 The
injection rate of the silane mixture also affected the morphology of
the resulting sample without modifying the 2D-hexagonal mesostruc-
ture. When fC= 10%, an increase of the injection rate (up to 15.0
ml h− 1) resulted in samples with smaller fractions of nanofibers that
were thinner and shorter than those synthesized with an injection rate
of 3.0 ml h− 1 (Supplementary Figure S4).
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To further reveal the orientation of the channels in the functional
mesoporous nanofibers, we incorporated large amounts of Pt
(40 wt%) into the surfactant-free CP-HMSNFs for TEM and high-
angle annular dark-field (HAADF) imaging with STEM using the
characteristic atomic number-dependent contrast (Z-contrast) for
HAADF. The incorporation was achieved by a method we recently
developed that involves impregnation with molten hydrated platinic
acid followed by hydrogen reduction.31 We first investigated the Pt-
infiltrated calcined CP-HMSNFs. The bright-field TEM images
(Supplementary Figure S5) show that almost all of the metal was
incorporated inside the channels to form continuous nanowires,
allowing us to visualize the channels and study their orientation in
the nanofibers. Surprisingly, a series of images with different tilting
angles showed the coexistence of helical and straight Pt nanowires in
the fibers, with the former coiling around the latter at the fiber center.
Similar types of mixed helical/columnar mesostructures have only
been fabricated by confined EISA in anodic alumina membranes.23,27

In Figure 2a, seven consecutive STEM-HAADF images are stitched
together to show that the mixed mesostructures are coaxial and extend
throughout a fiber. We further employed HAADF-STEM tomography
to unveil the 3D organization of Pt nanowires in the composite
channel systems of the CP-HMSNFs. A tilt series of ~ 140 HAADF
images was taken for a 3D reconstruction with the tilt range within
~± 70°. We demonstrated the analytical results of two Pt-filled fiber
segments. Figure 2b and Supplementary Figure S6 show the HAADF
images from the tilt series of the first segment, in which the changes in
2D projections can be observed. Figure 2c shows snapshots of the 3D
reconstructed images of the same segment rotated around the fiber
axis by 0°, 90°, 180° and 270°. With a resolution of ~ 1 nm in all
directions,32 the images showed that both the helical and straight Pt
nanowires were 3-nm wide, a value consistent with the mesopore

diameter estimated by the nitrogen physisorption. The helical nano-
wires display short pitches of approximately 3–5 nm, and the radii of
gyration of the most inner and the most outer nanowires are 12 nm
and 55 nm, respectively. We further compared the cross-sectional
images of the segment at the specified positions perpendicular to the
fiber axis (Figure 2d). The streaks in Figure 2d mainly arise from the
missing-wedge effect and do not noticeably affect the 3D reconstruc-
tion, as demonstrated by the consistency between Figure 2d and its 2D
counterpart in Figure 2b. Seven straight Pt nanowires are noted at the
center of the fiber, forming the smallest hexagonal columnar domain.
The same small and well-defined central columnar domain was
observed in all analyzed fibers, suggesting that its formation should
be governed by certain thermodynamic and/or kinetic factors. We
further analyzed another segment containing fewer Pt nanowires to
study the handedness of the helical channels. The representative
HAADF and reconstructed images are shown in Figure 2e, and the
high-resolution video files of the segment rotating along and
perpendicular to the fiber axis are available in the Supplementary
Information (Supplementary Movie S1 and S2). All helical Pt
nanowires in the segment are right-handed, regardless of the radius
of gyration. Based on the analysis of tens of Pt-infiltrated fiber
segments and the circular dichroism spectrum of the sample
(Supplementary Figure S7), we conclude that all channels in each
CP-HMSNF possess the same chirality and that the samples are
racemic and contain approximately the same fraction of right-handed
and left-handed helical fibers.
We then attempted to determine the distribution of CP (or

chloropropylsilyl (CPS)) groups in the CP-HMSNFs to provide
insights into the formation of HMSNFs with unique mixed meso-
structures. We prepared another surfactant-free sample of
CP-HMSNFs by solvent extraction for Pt infiltration. Because CP

Figure 1 (a) XRD patterns of the samples synthesized with a varied fraction of CPTES in the silane mixture (fC). (b and c) Typical SEM and TEM images of
the sample with fC=10%. a.u., arbitrary unit; CPTES, chloropropyltriethoxysilane; SEM, scanning electron microscope; TEM, transmission electron
microscope; XRD, X-ray diffraction.
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groups are hydrophobic, the molten platinic acid infiltrates and is
reduced only in channels in which the organic groups are absent or
loosely distributed. Figures 3a and b show typical bright-field and
HAADF images of the Pt-infiltrated (~40 wt%) extracted
CP-HMSNFs. Surprisingly, we found that almost no Pt was filled in
the central cylindrical part of every fiber that expands from the fiber
axis to a distance of approximately 30–40 nm, and helical Pt nanowires
were observed at the periphery of the fibers (Figure 3c). These
observations strongly suggest that most of the CPS groups
were located at the central cylindrical part of the CP-HMSNFs.
HMSNFs with spatially localized functionality have never been
reported, and this type of HMSNFs may allow the fabrication of
nanocomposite fibers that display selective inclusion. To demonstrate
the feasibility of this process, we prepared a nanocomposite of iron
oxide (α-phase Fe2O3, see Supplementary Figure S8 for the XRD
patterns) and Pt by incorporating repeatedly the molten ferric
nitrate (with a melting point of 47 °C) into the extracted CP-HMSNFs,
transforming the salt to Fe2O3 whereas decomposing the CP
groups by thermal treatment and finally loading Pt using the
aforementioned procedure. Figure 4 shows a STEM-bright-field
image of a segment of the nanocomposite fiber and the
corresponding STEM-energy dispersive X-ray spectroscopy element
maps. As expected, we found that the iron species were mainly located
at the periphery of the fiber whereas straight and helical Pt nanowires

were at the center of the fiber. With this demonstration, further
design and fabrication of novel nanocomposite helical fibers can be
envisioned.
As the first example of the confinement-free synthesis of HMSNFs

with mixed mesostructures, our discovery illustrates the versatility of
the surfactant-directed cooperative assembly to form novel inorganic
nanomaterials.10,11 To understand the development of the unique
mesostructures, morphology and localized functionality of
CP-HMSNFs, we investigated the possible influence of the silane
CPTES on the assembly process. The CP moiety of the CPS group is
relatively short and hydrophobic, and the hydrolysis of CPTES is faster
than that of TEOS because of the inductive effect of the CP group.33

Therefore, when the silane mixture (with fC = 10–15%) was injected
into the binary surfactants solution, CPTES molecules were quickly
hydrolyzed to produce the corresponding anionic silicate species.
These silicate species would then be readily adsorbed onto the CTA
cations in the micelles of the binary surfactants with the CP group
intercalated into the hydrophobic core of the micelles. Therefore, the
initially formed micellar rods would be mainly encased with the
CPTES-derived CPS-containing species, as represented in Scheme 1.
The hydrolytic condensation of these silicate species would then cause
the encased micellar rods to bend, coil and form highly curved and
short-pitch helices, a process driven by the significant reduction in
surface free energy but accompanied with an increase in the bending

Figure 2 (a) Seven consecutive STEM-HAADF images of the Pt-infiltrated calcined CP-HMSNFs showing that the coaxial helical and straight channels extend
throughout the fiber. (b) A series of STEM-HAADF images of a segment of Pt-filled fiber tilted around the fiber axis by (from left to right) +40°, +10°, −10°
and −40°. (c) 3D reconstructed images of the same segment rotated around the fiber axis by (from left to right) 0°, 90°, 180° and 270°. (d) Cross-sectional
images of the segment shown in the first frame of c at the indicated positions revealing that the helical Pt nanowires are coiled around straight Pt nanowires
at the fiber center. The streaks in d mainly arise from the missing-wedge effect and do not noticeably affect the 3D reconstruction, as demonstrated by the
consistency between d and its 2D counterpart in b. (e) A STEM-HAADF image (top) with the corresponding reconstructed image (bottom) of another segment
of Pt-filled fiber showing the same chirality of Pt nanowires in the helical channels. The scale bars in b and e indicate 30 nm. Video files of the segment
shown in e rotating along and perpendicular to the fiber axis are available in the online (HTML) version of this article. CP-HMSNF, chloropropyl-
functionalized helical mesoporous silica nanofiber; HAADF, high-angle annular dark-field; Pt, platinum; STEM, scanning transmission electron microscopy;
2D, two-dimensional; 3D, three-dimensional.
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energy of micellar rods.2–4,20 Subsequently, the fusion of encased
micelles at the ends of the helix led to the elongation of the helices,
whereas the stacking of the encased micellar rods onto the helices
resulted in a further growth in width. For the synthesis with fC = 10–
15%, the elongation of the helices (longitudinal growth) should
proceed much faster than transverse growth to result in thin
nanofibers. Because a significant amount of the micelles mainly
encased with CPS-containing species were formed faster owing to
the faster hydrolysis of the CPTES and the additional hydrophobic
interactions of the CP groups with the micellar core, these micelles
might preferentially fuse to the ends of the innermost and highly
curved helices to contribute to the longitudinal fiber growth.
This phenomenon may explain why the CPS groups are mainly
distributed at the center of the fibers. In addition, the densely
distributed CPS-containing anionic species may also reduce the charge
density of the head groups of the CTA cations, thereby destabilizing
the highly curved and bent micellar rods at the fiber center and
triggering the transformation into columnar hexagonal packing to
release the micellar bending energy.24,28 The coaxial helical/columnar
mesostructures then continued to grow simultaneously to produce

the nanofibers observed in the final product. The proposed formation
mechanism of functional HMSNFs may also occur for other trialk-
oxysilanes bearing short and hydrophobic groups. To examine this
process, we applied the same synthesis conditions (with fC= 10%)
to prepare materials using iodopropyltrimethoxysilane and trifluoro-
propyltrimethoxysilane. The resulting samples mainly contained
HMSNFs with mixed mesostructures (Figure 5). However, the
syntheses using silanes with short polar groups (for example,
mercaptopropyl group) or longer hydrophobic groups (for example,
octyl group, (Supplementary Figure S9)) mainly resulted in spherical
particles.
With the hydrophobic groups localized at the center of fibers,

CP-HMSNFs provide hydrophilic helical channels with a small and
relatively narrow distribution of the radius of gyration for the template
fabrication. In this study, we applied the extracted CP-HMSNFs to
prepare bundles of 3-nm-wide helical PtCo alloy nanowires with radii
of gyration of approximately 35–55 nm and studied the geometry-
dependent magnetic properties in comparison with the straight
nanowires fabricated in MCM-41 with straight channels. Magnetic
PtCo alloys are of great interest because of their large uniaxial
magnetocrystalline anisotropy constants that cause ferromagnetic
properties down to the nanometer scale; these properties are appro-
priate for ultra-high density storage and other innovative
applications.9,11,34 The nanowires in the two samples had identical
compositions of 60% Pt and 40% Co as determined by energy
dispersive X-ray spectroscopy, and they also had nearly identical lattice
constants, degree of alloying and diameters as confirmed by XRD and
TEM (Supplementary Figure S10 and S11) analyses. The nominal total
metal loadings in both samples (Pt60Co40@CP-HMSNFs and
Pt60Co40@MCM-41) were 33 wt%. As shown in Figure 6, the
magnetization–demagnetization curves indicate that both samples
were ferromagnetic at 5–300 K and that complete saturation was
almost achieved at a magnetic field of 5 T. The derived magnetic
properties are compiled in Table 1. The preparation of the two
samples was repeated, and nearly the same magnetic performances
(with a s.d.of 10− 8 e.m.u.) were observed for three different batches of
samples of the same type. At 5 K, the saturation magnetization of
Pt60Co40@CP-HMSNFs (0.469 Bohr magnetons per formula
unit (μB f.u.− 1)) is smaller than that of Pt60Co40@MCM-41
(0.548 μB f.u.− 1). This result is likely to be correlated to a smaller
fraction of magnetic moments in Pt60Co40@CP-HMSNFs that are
capable of being aligned parallel to the applied magnetic field because
of the helical nanowire geometry.35,36 Pt60Co40@CP-HMSNFs also
exhibited smaller remanent magnetization, remanence ratio (satura-
tion/remanent) and lower coercivity than Pt60Co40@MCM-41 did.
Straight alloy nanowires are magnetically harder than helical nano-
wires, perhaps because of the stronger exchange interactions between
the aligned magnetic domains in (and between) straight nanowires.37

However, the straight nanowires experienced a larger decrease (~69%)
in coercivity than helical nanowires did (~49%) when increasing the
temperature from 5 to 300 K. This phenomenon could be attributed to
the higher Curie temperature for helical nanowires.37 The field-cooled
magnetization curves (Supplementary Figure S12) showed that,
although the Curie temperature of the two samples seemed to be
well above the highest temperature (300 K) the magnetometer could
reach, the helical nanowires seemed to display higher Curie tempera-
tures than the straight counterpart, as suggested by the slower change
in the susceptibility of the Pt60Co40@CP-HMSNFs with respect to
temperature at 100–300 K. To further confirm the observed geometry-
dependent magnetic properties, we prepared Pt60Co40 nanoparticles
instead of nanowires in MCM-41 and CP-HMSNFs with the identical

Figure 3 (a and b) BF-TEM and STEM-HAADF images of the Pt-infiltrated
extracted CP-HMSNFs. (c) BF-TEM images with different tilting angles
showing that helical Pt nanowires are at the periphery of the fiber. BF,
bright field; CP-HMSNF, chloropropyl-functionalized helical mesoporous
silica nanofiber; HAADF, high-angle annular dark-field; Pt, platinum; STEM,
scanning transmission electron microscopy; TEM, transmission electron
microscopy.
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total metal loading (15 wt%), particle size, lattice constant and
degree of alloying (Supplementary Figure S13A and B). The magne-
tization–demagnetization curves measured at 5–300 K (Supplementary
Figure S13C) indicated nearly identical magnetic properties
for the two samples despite the differences in the channel orientation

of the host silica (Supplementary Table S1). To the best of our
knowledge, such geometry-dependent magnetic transitions have never
been observed or studied for geometrically one-dimensional
nanomaterials.38 Further detailed studies are necessary to elucidate
this phenomenon.

Figure 4 (a) BF-TEM image of a segment of the nanocomposite fiber containing α-Fe2O3 and Pt. (b) STEM-EDX elemental mapping and the combination of
the images with a. BF, bright field; EDX, energy dispersive X-ray spectroscopy; Pt, platinum; STEM, scanning transmission electron microscopy; TEM,
transmission electron microscopy.

Scheme 1 Scheme 1Schematic representation of the formation of CP-HMSNFs with coaxial helical/columnar mesostructures. CP-HMSNF, chloropropyl-
functionalized helical mesoporous silica nanofiber.
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CONCLUSION

In summary, we have discovered a confinement-free synthesis
of CP-functionalized mesoporous silica nanofibers with coaxial

helical/columnar mesostructures. With the organic groups mainly
localized at the center, the nanofibers have been applied for the
selective inclusion of Pt and/or Fe2O3. We have also fabricated 3-nm-
wide ferromagnetic PtCo helical nanowires and displayed the
geometry-dependent magnetic properties. The results show the
uniqueness of the functional nanofibers and the tremendous oppor-
tunities for use in innovative applications.
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