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Abstract Poly(methyl methacrylate-co-vinylbenzyl chloride), P(MMA-co-VBC)

microfibers (with submicron diameters) of about 1 lm in size were prepared by

electrospinning. Silyl-functional groups were introduced onto the P(MMA-co-VBC)

microfibers templates via surface-initiated atom transfer radical polymerization of

3-(trimethoxysilyl)propyl methacrylate. The silyl groups were then converted into a

silica shell, approximately 0.25 lm thick, via a reaction with tetraethoxysilane in

ethanolic ammonia. Hollow silica microfibers were finally generated by thermal

decomposition of the P(MMA-co-VBC) template cores. Scanning electron

microscopy and transmission electron microscopy were used to characterize the

intermediate products and the hollow microtubes. Fourier-transform infrared spec-

troscopy results indicated that the polymer cores were completely decomposed. The

microfibers were characterized by X-ray photoelectron spectroscopy, X-ray dif-

fraction and the thermal gravimetric analysis.

Keywords Microfibers � Atom transfer radical polymerization �
Silica microtubes � Templates

Introduction

In the last decade, extensive research has been undertaken in the synthesis of hollow

macro- or nanotubes. Hollow nanotubes currently attract considerable interest

because of their excellent properties such as low density, large specific surface area

and good stability as well as their surfaces accessible and modified facilely.
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Therefore, they have wide range of potential applications as catalysts supports [1–

3], drug/gene delivery carriers [4], medicine [5, 6], sensor [7, 8], separations [9] and

imaging [10]. Especially, recent cytotoxicity studies on carbon nanotubes (CNTs)

have shown that biocompatibility of nanomaterial might be mainly determined by

surface functionalization rather than by size, shape, and material [11]. Thus, it is

that inorganic nanotubes will be promising in the field of nanomedicine.

Various hollow nanotubes of carbon [12, 13], polymer [14], metals [15], and

inorganic materials [16, 17] have been synthesized. Various facile or clever

procedures have been developed to prepare these nanotubes, including rolling up

layered materials [18], templating [19–22], sol–gel [23], chemical vapour deposition

[24, 25], self-assembly [26, 27], atomic layer deposition [19], thermal evaporation–

condensation–deposition [28]. But the general method is templating, based on

coating shell onto templates, then by eliminating the core of core–shell nanostructure

materials. In this method, polymer nanofibers [29], inorganic nanorods [30, 31],

aluminum oxide [32], and aggregates of polymers or surfactants [26] have been used

as core templates on which desired micro- or nanotubes have been formed. Finally,

the hollow micro- and nanotubes were obtained via calcination or solvent extraction.

Electrospinning is a novel and efficient fabrication process that can be utilized to

form polymer nanofibers. In the last years the interest for the production of polymer

fibers ranging from 100 nm to 1 lm has grown. They are the efficient templates for

preparation of nanotubes [29, 33].

A variety of hollow silica nanotubes have been synthesized by templating. Wang

et al. [34] reported a facile synthesis of silica nanotubes, which were prepared by

coating bismuth sulfide (Bi2S3) nanorods with silica, and immersing the products in

HCl or focusing the electron beam on the heat-treated sample to remove templates.

Yoon et al. [35] reported preparation of silica nanotubes via coating silica over the

CdS nanorod templates and followed by selective photoetching of the core CdS

nanorod templates. A series of silica nanotubes were prepared by immobilizing

penicillin G acylase enzyme, glucose oxidase and lysozyme from needle-like

calcium carbonate as templates [36–40]. By continuous oxidation of silicon

nanowire arrays to give SiO2 sheaths and removing core templates, SiO2 nanotubes

were created [21, 22]. The silica nano test tubes were synthesized by using alumina

membranes as templates for application in bio-molecule delivery [41].

In this paper, we report the preparation of silica microfibers with poly(methyl

methacrylate-co-vinylbenzyl chloride) [P(MMA-co-VBC)] microfibers as templates

by step-by-step procedures as depicted in Scheme 1. P(MMA-co-VBC) was

prepared by solution copolymerization of methyl methacrylate (MMA) and

vinylbenzyl chloride (VBC) using 2,20-azobis(isobutyronitrile) (AIBN) as the

initiator. P(MMA-co-VBC) microfibers were prepared via electrospinning tech-

nique. In the second step, silyl groups were functionalized onto the P(MMA-co-

VBC) microfiber surface by surface-initiated atom transfer radical polymerization

(ATRP) of 3-(trimethoxysilyl)propyl methacrylate (TMSPM). A silica shell was

then formed on the hybrid microfiber surface by hydrolysis and condensation of

silyl functional groups with tetraethoxysilane (TEOS) in an ethanolic ammonia

suspension. Hollow silica microtubes were finally obtained by thermal decompo-

sition of the P(MMA-co-VBC) microtubes cores.
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Experimental

Preparation of the P(MMA-co-VBC)

Solution polymerization of MMA and VBC (Aldrich, inhibitor removed) was

carried out at 70 �C, using 2,20-azobis(isobutyronitrile) (AIBN) as the initiator and

toluene as the solvent. The monomer MMA (5 ml, 47.2 mmol) and VBC (2 ml,

14.2 mmol) were added into the 100 ml flask containing fresh distilled toluene

(20 ml), and the solution was purged by argon for 15 min. After AIBN (0.03 g,

0.2 mmol) was added, the reaction mixture was heated under argon at 70 �C in an

oil bath for 24 h. The solution was transferred into a 500 ml beaker. Methanol was

added into the solution drop-wise, with vigorous stirring. The precipitated polymer

was purified by re-precipitation with methanol from its chloroform solution. The

purified polymer was then dried under reduced pressure at 70 �C. The number

average molecular weight (Mn) and polydispersity were 38,000 and 1.34,

respectively, determined by the gel permeation chromatography (GPC) with

chloroform as eluent.

Preparation of the P(MMA-co-VBC) microfibers

The solution of P(MMA-co-VBC) in tetrahydrofuran (THF), 28% by weight, was

prepared. Dodecylethyldimethylammonium bromide (DEDAB) (0.2 wt%) was

added to improve the electrical conductivity. Then, the mixture was placed in a

plastic syringe with a copper needle of 14 cm in length and 0.7 mm in diameter. An

electrode was clamped on the needle and connected to a power supply, which could

Scheme 1 Schematic illustration of the steps involved in the coating reaction of silyl-functionalized
P(MMA-co-VBC) microfibers with silica and the formation of hollow silica microtubes
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generate a direct-current (dc) voltage up to 30 kV. In this experiment, a voltage of

15 kV was applied. A flat aluminum collector was placed 15 cm below the tip of the

needle to collect the fibers. Electrospinning was performed at room temperature in

air, and the feeding rate of the solution was 1.2 ml h-1.

Silyl-functionalization of the P(MMA-co-VCB)-microfibers

In this step, surface-initiated atom transfer radical polymerization (ATRP) on the

VBC copolymer (P(MMA-co-VCB)) microfibers was performed. A 100 ml flask

was charged with the P(MMA-co-VCB) microfibers (25 mg) and ethanol (10 ml).

Dry argon was bubbled through the mixture for 15 min to remove oxygen from the

polymerization system. After removal of oxygen, CuCl (8 mg, 0.08 mmol; Aldrich,

99%), N,N,N0,N0,N00-pentamethyldiethylenetriamine (70 ll, 0.48 mmol; PMDETA,

Aldrich, 99%), and 3-(trimethoxysilyl) propyl methacrylate (1 ml, 4.2 mmol;

TMSPM, Aldrich, 98%) were added to the same reaction mixture. Argon was

bubbled through the mixture for another 20 min to ensure the complete removal of

oxygen. The flask was then sealed with a high-temperature silicon rubber septum.

The mixture was sonicated for 2 min to accelerate the dissolution of the reactants

into ethanol and the dispersion of the microfibers in the reaction mixture. The

reaction was allowed to proceed at room temperature under stirring. The

polymerization time was varied from 6 to 24 h to produce polymer shells of

different thickness. The TMSPM polymer-coated P(MMA-co-VCB) microfibers

were recovered from the suspension by centrifugation. They were washed several

times by centrifuging/redispersion cycles in ethanol.

The silica-coated P(MMA-co-VCB) microfibers

In a typical experiment to form the outer silica layer, surface-functionalized

P(MMA-co-VCB) microfibers (0.3 g) were suspended in an ethanol/water mixture

(80:20; 100 ml) containing ammonium hydroxide (0.4 mol l-1). Tetraethoxysilane

(1.6 g, 10.5 mmol; TEOS, Aldrich) was dissolved in ethanol (5 ml). The TEOS

solution was then added dropwise to the ethanolic ammonia suspension under

magnetic stirring at room temperature. The silica-coated microfibers were dispersed

in copious amounts of ethanol, recovered by centrifugation, and finally dried at

70 �C.

Formation of the hollow silica microfibers

The microfibers so obtained were heated at 600 �C in the muffle furnace for 4 h to

decompose the P(MMA-co-VCB) cores and to produce the hollow silica microf-

ibers. The calcined product was stored as a colloidal dispersion in ethanol.

Characterization

FTIR spectra of the specimens dispersed in KBr disks were recorded on a

SHIMADZU IRprestige-21 spectrophotometer. Scanning electron microscope
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(SEM) was performed using a JEOL HITACHI S-3000N SEM at an accelerating

voltage of 5 kV. Samples were mounted on an aluminum alloy stub and sputter-

coated with gold to improve conductivity. Transmission electron microscope (TEM)

analysis was used to characterize the microfibers morphology. In a typical

experiment, several drops of the colloidal dispersion were introduced on to a carbon

film supported by a copper grid. The droplet was allowed to dry in air, and then

observed under a JEM-2010HR TEM operating at an acceleration voltage of

100 kV. X-ray diffraction (XRD) pattern was recorded on a Bruker D8 Focus X-ray

diffractometer, equipped with Ni-filtered Cu Ka radiation in the reflection mode

with a wavelength of 0.154 nm. The scanning 2h angle ranged between 5� and 75�
with a step scanning rate of 2� min-1. Thermal Gravimetric Analysis (TGA) was

performed under nitrogen with a Perkin-Elmer TGA7 at a heating rate 20 �C min-1.

The X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS HSi

spectrometer with a monochromatized Al Ka X-ray source (1486.71 eV photons) at

a constant dwelling time of 100 ms and a pass energy of 40 eV. The anode current

was 15 mA. The pressure in the analysis chamber was maintained at 5 9 10-8 Torr

or lower during the measurement.

Results and discussion

The absorption bands specific to P(MMA-co-VBC) microfibers at 751, 1,450, 1,511,

1,607 and 1,732 cm-1 can be readily identified in the FTIR spectrum of Fig. 1a. The

presence of P(MMA-co-VBC) microfibers, about 1 lm in diameter, is revealed by

the SEM image shown in Fig. 2a. Energy-dispersive X-ray (EDX) analysis of a

Fig. 1 FT-IR spectra of a the P(MMA-co-VBC) microfibers, b the silyl-functionalized microfibres after
ATRP for 24 h, c the silica-coated microfibers, d the hollow silica microtubes
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number of nanofibers shown in Fig. 3a was carried out to elucidate the chemical

composition of the surface. The EDX signals at 0.25 keV (attributable to carbon)

and at 2.65 keV (attributable to chlorine) are consistent with the presence of

P(MMA-co-VBC). The signals at 1.28, 1.55 and 2.20 keV arise from the aluminum

alloy stub and the sputter-coated gold used for the SEM obserbvation. The TGA

thermogram of the P(MMA-co-VBC) microtubes showed complete decomposition

as heating to 600 �C (Fig. 5a). The XPS analysis was performed to characterize the

near-surface compositions of the microfibers. As is shown in Fig. 7a, the peaks at

532 and 285 eV are attributable to O 1s and C 1s, respectively. The peaks at 270 and

200 eV should be ascribed to Cl 2s and Cl 2p, respectively. The component of the

microfibers is associated with the presence of P(MMA-co-VBC). However, peaks at

153 and 102 eV, ascribed to Si 2s and 2p, respectively, are also observed in the

spectrum. It should be due to the contamination of the P(MMA-co-VBC)

microfibers, arising from the XPS measurements.

Benzyl chloride (–C6H4–CH2Cl) has been used previously for grafting polymers

to solid surfaces, or for preparing polymers in solution [42, 43]. Although the benzyl

chloride of P(MMA-co-VBC) is not an efficient initiating group for ATRP, its

performance is acceptable in the present surface-initiated ATRP of TMSPM.

Polymer growth was confined, as expected, to the surface of P(MMA-co-VBC)

microfibers. The FTIR spectra of the silyl-functionalized microfibers showed

absorption bands corresponding to both P(MMA-co-VBC) and grafted TMSPM

Fig. 2 SEM images of a the P(MMA-co-VBC) microfibers, b the silyl-functionalized microfibers after
ATRP for 24 h, c the silica-coated microfibers, and d the hollow silica microtubes
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polymer. Spectra revealed the presence of absorption bands corresponding to the

grafted TMSPM polymer at 1,088 cm-1, in addition to the absorption bands specific

to P(MMA-co-VBC) at 1,607, 1,511 and 751 cm-1, for the silyl-functionalized

Fig. 3 EDX spectra of a the P(MMA-co-VBC) microfibers, b the silyl-functionalized microfibers after
ATRP 6 h, c the hollow silica microtubes
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microfibers as shown in Fig. 1b. The absence of the C=C vibration band at

1,634 cm-1 confirms polymerization of the TMSPM monomer, and that the

polymer chains are chemically anchored onto the P(MMA-co-VBC) surface. After

surface functionalization by ATRP for 24 h, no obvious change in shape of the

microfibers was observed, but the diameter of the microfibers increased, as shown in

SEM image (Fig. 2b). EDX signal at 1.74 keV is consistent with the appearance of

silicon in silyl-functionalized polymer (Fig. 3b). The carbon and chlorine signals

are also discernible. The near-surface compositions of the silyl-functionalized

microfibers is different from that of the P(MMA-co-VBC) microfibers, as observed

Fig. 4 TEM images of a the P(MMA-co-VBC) microfibers and b the hollow silica microtubes

Fig. 5 TGA thermograms of the a the P(MMA-co-VBC) microfibers, b the silica-coated microfibers, c
the hollow silica microtubes
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from Fig. 7b. The XPS spectrum consists of peaks at 532, 285, 153 and 102 eV,

attributable to O 1s, C 1s, Si 2s and Si 2p, respectively. The peaks ascribed to Cl 2s
and Cl 2p disappeared, indicating that the P(MMA-co-VBC) microfibers were

covered by the TMSPM polymer of a thickness of more than 10 nm. The efficiency

of the surface-initiated ATRP represents the amount of the TMSPM grafted onto the

P(MMA-co-VCB) microfibers. It can be calculated based on the intensity ratio

between silicon signal and chlorine signal as revealed in XPS analysis. As the ATRP

time increasing, the molecular weight of the grafted copolymer increased, resulting

in the thickness growth of the grafted polymer consequently increased thickness of

Fig. 6 X-ray spectra of the hollow microtubes

Fig. 7 XPS spectrums of a the P(MMA-co-VBC) microfibers, b the silyl-functionalized microfibres after
ATRP for 24 h, c the hollow silica microtubes
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silica shell after sol–gel process. In XPS analysis, the intensity of chloride decreased

with comparison to increase of the intensity of the silicon. However, the quantitative

calculation is not performed in this article as the chloride intensity is too weak to

determine in the XPS analysis after ATRP for 24 h due to limitation of XPS

detection depth.

The trimethoxysilyl groups on the silyl-functionalized microfibers were treated

with TEOS in ethanol containing 20 wt% water under basic condition to yield the

silica-coated microfibers. As shown in the FTIR spectrum of Fig. 1c, characteristic

bands of Si–O–Si bonds at about 469 and 1,111 cm-1 might be obscured by the

large existence of silyl-functionalized P(MMA-co-VBC) polymer. SEM image of

Fig. 2c shows a coarse surface of the silica-coated microfibers. Figure 5b exhibits

the TGA thermogram of the silica-coated microfibers. After heating to 750 �C, there

still existed 39% residue, by weight, attributable to the SiO2. Three weight loss

stages are observed on the TGA curve. The stage below 100 �C corresponds to the

evaporation of small molecules such as water and ethanol. In addition, the stage

between 270 and 340 �C corresponds to the decomposition of the PMMA segments,

while the stage above 340 �C corresponds to the decomposition of PVBC segments.

The remaining residue should be assigned to SiO2, confirming that silica has been

introduced on to the microfibers.

Due to the hydrophobic character of P(MMA-co-VBC) microfibers, TEOS can

readily diffuse into the composite-polymer microfibers and chemically react with

the methoxy or hydroxyl groups. The alcohols produced by the hydrolysis and

condensation reactions may, in turn, help to increase the solubility of TEOS in the

microfibers. Polycondensation is thus promoted by a high local concentration of

TEOS and by the silyl groups on the hybrid core.

In the final step, the P(MMA-co-VBC) core was removed from the microfibers,

by calcinations at 600 �C in air, to give rise to the hollow silica microtubes. The

microtubes were dispersed in water by ultrasonification. The diameter of the hollow

silica microtubes was very close to that of the silica-coated microfibers. The SEM

image of Fig. 2d shows the porous microfibers, indicating that decomposition and

oxidation have taken place during the calcinations process. The TEM image of

Fig. 4b clearly reveals the hollow structure of the silica microtubes with a silica

shell of about 0.25 lm in thickness, as compared with the solid microfibers shown

in Fig. 4a. Additionally, FTIR and chemical analysis results confirmed that the

P(MMA-co-VBC) core has been quantitatively removed from the composite

microfibers. The FTIR spectrum of the hollow silica microtubes (Fig. 1d) is similar

to that of pure silica. The EDX spetrum of the hollow silica microtubes (Fig. 3c)

confirmed the presence of only silicon and oxygen, with a Si/O ratio of

approximately 1:2. Figure 5c shows the TGA thermogram of the hollow silica

microtubes. Less than 5% weight loss is observed as heating to 800 �C, suggesting

that the microtubes were mainly composed of SiO2. Only one diffraction reflection

at 2h = 22.7� was observed in the XRD spectra (Fig. 6), indicating that the silica in

the microtubes was amorphous. The XPS results shown in Fig. 7c indicate that the

microtubes are mainly composed of Si and O, although the minor peak at 285 eV,

ascribed to C 1s, could still be discerned. The peak of C 1s should arise from the

contamination during the measurement. Additionally, the peaks of Si 2s and Si 2p
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present a higher area in comparison to the P(MMA-co-VBC) microfibers and silyl-

functionalized microfibers, showing an increase of silicon in composition. It is

believed that silica was anchored on the microfibers.

Conclusions

The silica microtubes were successfully prepared by a step-by-step procedure, via

(1) preparation of the P(MMA-co-VBC) microfibers, (2) surface-initiated ATRP of

TMSPM on the microfiber templates, (3) polycondensation with TEOS to form a

silica shell, and (4) removal of the P(MMA-co-VBC) core by thermal decompo-

sition. The thickness of silica microtubes is about 0.25 lm, and the silica

microtubes are confirmed to be amorphous. It is possible to produce microtubes

containing a variety of inorganic layers by using different sol–gel precursors and

different monomers for ATRP.
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