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Abstract: Gold-containing polymer nanotubes, which showed
both catalytic activity and resistance to leaching, were prepared
by the “tubes by fiber templates” (TUFT) process. For this
purpose, electrospun polymer nonwovens with incorporated
poly(l-lactide)-stabilized gold nanoparticles were coated with
poly(p-xylylene) by the chemical vapor deposition process, and
then the inner fiber templates were removed. The resulting
polymer tubes carried encapsulated gold nanoparticles which
were shown to be immobilized and featured pronounced
catalytic activity towards the hydrolytic oxidation of dimethyl-
phenylsilane and the alcoholysis of dimethylphenylsilane with
n-butanol. The macroscopic nonwovens could be used as tea-
bag-like catalyst systems and showed excellent reusability.

Gold nanoparticles and -wires are of great interest in the
nanosciences due to their potential in microsensorics, micro-
electronics, catalysis, and biomedical applications.[1, 2] How-
ever, since nanomaterials tend to agglomerate in order to
minimize their surface energy,[3] a variety of methods for
stabilization have been established, such as steric and electro-
static stabilization.[4] Polymer-stabilized gold nanoparticles
allow for their incorporation in polymer matrices as well as
the preparation of homogeneous dispersions.[5] In many cases,
the nanomaterials must be immobilized onto carriers. There is
a demand for tea-bag-like catalyst systems for multiple batch
production cycles as well as for reactive filter systems for
continuous production.[6,7] Suitable catalyst supports could be
either porous materials like membranes and zeolites or
fabrics with thin fiber diameters and hence a high surface
area.[8] Further, fully encapsulated catalysts can display
selectivity and prevent potential incompatibilities.[9]

A promising hybrid system that also sets a great challenge
for synthesis consists of continuous polymer nanotubes with
encapsulated nanoparticles. Most of the research on the
interactions between nanoparticles and nanotubes, as well as
on the incorporation of nanoparticles into nanotubes, is based
on single- and multiwalled carbon nanotubes.[10] In addition,
there are corresponding studies on inorganic nanotubes, such
as titanium dioxide tubes,[11] and on polymer nanotubes,

where the length of the tubes is highly restricted.[12] Noble-
metal nanoparticles have been encapsulated by the use of
electrospun polymer fibers doped with precursor salts follow-
ing the concept of the “tubes by fiber templates” (TUFT)
process.[13]

Herein, we report the preparation of highly efficient
heterogeneous tea-bag-like gold-nanoparticle-based catalysts
by the TUFT process. We studied in detail the preparation of
well-dispersed gold nanoparticles, their immobilization in
poly(l-lactide) (PLLA) composite fibers, their coating with
poly(p-xylylene) (PPX) by chemical vapor deposition (CVD),
and the subsequent quantitative removal of PLLA by
pyrolysis. The leaching of gold nanoparticles from the
resulting PPX tubes was studied as well as their catalytic
activity.

Figure 1 illustrates the underlying concept based on the
TUFT process.[14] First, a dispersion of poly(l-lactide)-stabi-
lized gold nanoparticles (PLLA@Au) and the template
matrix polymer PLLA were electrospun using a high voltage
potential difference.[15] It is important to emphasize that
electrospinning polymers like PLLA generally results in
macroscopic nonwovens which makes them particularly
useful in handling as tea-bag-like catalysts. After the resulting
composite nanofibers had been coated with PPX by CVD,[16]

the inner PLLA template material was removed quantita-
tively by thermal degradation,[17] resulting in PPX tubes with
encapsulated gold nanoparticles.

Figure 1. Electrospun composite nanofibers with incorporated PLLA-
stabilized gold nanoparticles were coated with poly(p-xylylene) using
the chemical vapor deposition process. Subsequently, the inner PLLA
template material was removed by thermal degradation resulting in
gold-containing PPX tubes.
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The availability of well-dispersed gold nanoparticles is
crucial for the preparation of composite nanofibers by
electrospinning. Therefore, PLLA-stabilized gold nanoparti-
cles (PLLA@Au) were prepared based on PLLA featuring
a thiol end-group (PLLA-SH) (Figure 2a). The correspond-
ing PLLA-SH precursor was synthesized in analogy to

poly(dl-lactide) with a thiol end-group[18] but under modified
conditions. The bulk polymerization was carried out for
5 days at 130 8C using an aluminum catalyst and a protected
thiol as the initiator. As determined by NMR spectroscopy,
the molecular weight of the prepared PLLA-SH was about
2400 gmol�1. Gel permeation chromatography (GPC, poly(-
methyl methacrylate) calibration) showed a dispersity �M of
1.25. Subsequent reduction of chloroauric acid using lithium
triethylborohydride[19] in the presence of PLLA-SH yielded in
PLLA@Au. The nanoparticles were isolated as a deep purple
solid and showed an excellent redispersibility as well as
a pronounced stability in organic solvents such as dichloro-
methane, trichloromethane, and tetrahydrofuran. Thermog-
ravimetric analysis (TGA) indicated a gold content about
20 wt %, whereas elemental analysis by atomic absorption
spectroscopy indicated 18 wt % gold. The corresponding
transmission electron microscopy (TEM) images as well as
the results of the characterization by GPC coupled with
a diode array detector[20] are shown in Figure 2.

The spherical gold nanoparticles had an average diameter
of (9.5� 2.8) nm as determined by TEM image analysis. The

corresponding spacing of the lattice planes was 0.24 nm,
which matched the (111) planes of face-centered cubic
gold.[2, 21] Using GPC coupled with a diode array detector, it
was found that poly(l-lactide) was indeed attached to the gold
nanoparticles, due to the combined characteristic absorption
of nanoparticulate gold (see below) and PLLA (325 nm) at
25.3 min. Moreover, free PLLA-SH, which was eluted at
32 min, presumably arose either because of exchange reac-
tions (the sample was measured in dimethylformamide in the
presence of lithium bromide) or due to incomplete grafting of
the polymer onto the gold surface. Further, both the X-ray
powder diffraction pattern and the UV/Vis spectrum of
PLLA@Au confirmed the presence of nanometer-scale
particles (Supporting Information, Figures S1 and S2).
Aside from the characteristic pattern of the semicrystalline
PLLA,[22] the corresponding reflections of the gold particles
showed distinct line broadening.[23] In addition, the UV/Vis
spectrum showed the characteristic plasmon resonance
absorption of nanoparticulate gold at 522 nm.[24]

Composite nanofibers were electrospun from a dispersion
of 10 wt% PLLA@Au, 0.5 wt% PLLA, and 0.25 wt % of the
salt tetraoctylammonium bromide (TOAB), which is soluble
in organic solvent. The free polymer was necessary to improve
the mechanical properties of the fibers, whereas the salt
suppressed the formation of beads.[25] Scanning electron
microscopy (SEM) revealed an average fiber diameter of
(322� 72) nm (Figure 3a). Further, the composite fibers were
free of beads and consisted of 19 wt % gold, as determined by
TGA. According to the TEM picture in Figure 3b, the gold
nanoparticles were homogeneously distributed throughout
the PLLA matrix.

Figure 2. Synthesis and characterization of PLLA@Au. a) In situ prep-
aration of the nanoparticles based on PLLA-SH. b) TEM image show-
ing homogeneously dispersed particles. c) High-resolution TEM image
revealing the characteristic lattice planes of gold particles. d) Measure-
ment conducted with a GPC coupled with a diode array detector
proving the connection between PLLA and the gold particles.

Figure 3. Electron micrographs before, during, and after the TUFT
process: a) SEM image of electrospun composite nanofibers and
b) TEM image of the fibers. c) SEM image of the PPX-coated compo-
site fibers. d) SEM image of the gold-containing PPX tubes after
template removal and subsequent freeze-fracturing. e) TEM image of
the PPX tubes.
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After the composite fibers had been coated with PPX, the
resulting fibers had an average diameter of (711� 46) nm
(Figure 3c). These core–shell fibers were annealed under
reduced pressure at 280 8C, in order to remove the template
PLLA material, which resulted in PPX tubes with an average
diameter of (730� 83) nm. IR spectroscopy confirmed the
quantitative removal of the PLLA (Supporting Information,
Figure S3). The tubular structure was clearly proven by SEM
(Figure 3d). Further, TEM analysis also confirmed the
tubular structure and indicated the presence of gold nano-
particles inside the PPX tubes (Figure 3e). Subsequent TGA
measurements confirmed a gold content of 9 wt %. The
encapsulated particles were found to be immobilized when in
contact with organic solvents, such as di- or trichloromethane
(see the Supporting Information for UV/Vis spectra, Fig-
ure S4). Due to the absence of leaching, these gold nano-
particle PPX tubes should be suitable for various applications,
for example as novel reusable tea-bag-like catalyst systems.

To study the applicability of this tea-bag-like catalyst, the
alcoholysis of dimethylphenylsilane with n-butanol,[26] as well
as the well-studied hydrolytic oxidation of dimethylphenylsi-
lane,[27] were used as model reactions (Scheme 1). Even at
room temperature the catalyst system showed high catalytic
activity, which also proved the reactants� ready access to the
inside of the PPX nanotubes. The gold-catalyzed alcoholysis
of dimethylphenylsilane (Scheme 1 a, 6.6 mol % gold with

respect to the silane) yielded the adduct butoxydimethylphe-
nylsilane in quantitative yield after 26 h, whereas the reaction
catalyzed by non-immobilized PLLA@Au nanoparticles
required 5 h for quantitative conversion. At 100 8C, the
same reaction (based on 0.05 mol % immobilized gold)
required 5 h for complete conversion of the silane. In
comparison, for non-encapsulated gold nanoparticles on an
aluminum oxide support (3–5 nm mean diameter, 0.05 mol%
gold with respect to the silane), quantitative conversion
required only 3 h (at 100 8C).[26] However, the cited catalyst
system was only used at 100 8C, whereas the prepared PPX
tubes were also suitable for catalysis at room temperature, as
mentioned above. Further, we speculate that the semiperme-
able PPX tubes[7] can be used for selective catalysis. Since the
gold nanoparticles are fully encapsulated rather than surface-
immobilized, a second catalyst could be attached to the shell
of the PPX tubes[28] allowing for site-isolated tandem
catalysis.[29]

Using the PPX-encapsulated gold catalyst system, we
observed excellent catalytic activity for the hydrolytic oxida-
tion of dimethylphenylsilane (Scheme 1b). At room temper-
ature, the corresponding adduct, dimethylphenylsilanol, was
formed in quantitative yield after 3.5 h (0.87 mol% gold with
respect to the silane), whereas at 80 8C the same reaction
(with 0.83 mol% gold) required 1.5 h for complete conver-
sion. In comparison, alternative gold-based catalyst systems,
such as nanograined metallic glass[30] and hydroxyapatite-
supported gold nanoparticles,[31] required 24 h for 93%
conversion (RT, 0.87 mol % nanograined gold with respect
to the silane) and 3 h at 80 8C for quantitative conversion
(2 nm mean particle diameter, 0.83 mol% nanoparticulate
gold with respect to the silane), respectively. In both cases,
neither disiloxanes nor other by-products could be found, and
in the absence of gold nanoparticles, no product was formed.
Upon removal of the tea-bag-like catalyst during the reaction,
product formation stopped immediately, confirming that the
catalyst does not leach. When the removed catalyst was then
added to the reaction mixture, conversion recommenced until
quantitative conversion was achieved. Further, in order to
study the reusability of the catalyst system, the silane
alcoholysis was repeated 18 times using the same sample of
PPX-encapsulated gold nanoparticles. Even after 18 cycles,
the reaction time required for complete conversion did not
increase. Moreover, the weight of the PPX catalyst system
remained constant, hence the nanoparticle-based PPX nano-
reactors demonstrated excellent reusability.

In conclusion, PLLA-SH was synthesized and subse-
quently used for the stabilization of gold nanoparticles.
Electrospun gold-containing nanofibers were coated with
PPX using the CVD process, and the template PLLA material
was then removed quantitatively. The resulting PPX tubes
were obtained as macroscopic nonwovens and successfully
immobilized the encapsulated gold nanoparticles. Despite the
insoluble PPX shell, the inside of the gold-loaded tubes was
shown to be accessible to the reactants and was used for both
the catalytic hydrolytic oxidation of dimethylphenylsilane and
for the corresponding silane alcoholysis with n-butanol. The
tea-bag-like catalyst system featured solid performance in the
alcoholysis and excellent catalytic activity with regard to the
hydrolytic oxidation even at room temperature. No disilox-
anes were formed, and no catalyst leaching occurred. The
catalyst system was reused 18 times with no decrease in
activity. Since PPX membranes have been shown to be size
selective,[7] these novel catalyst-confining systems obtained by
the highly flexible TUFT process have huge potential for the
preparation of other catalysts based on nanoparticles, bac-
teria, enzymes, and dendrimers. The combination of different
catalysts in one system and the potential for substrate
selectivity are as yet unexplored and are topics of current
research.
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Scheme 1. Model reactions for the non-immobilized PLLA@Au nano-
particles as well as for the gold-containing PPX nanoreactors. a) Alco-
holysis of dimethylphenylsilane with n-butanol. b) Hydrolytic oxidation
of dimethylphenylsilane.
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