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Preparation, Characterisation and Modification of
Ammonium Tartrate Templated Organosilicate
Nanotubes

Eko Sri Kunarti

Grainne Moran

School of Chemical Sciences, The University of New South Wales,
Sydney, Australia

Silica nanotubes have been prepared by room temperature sol-gel chemistry, using
crystalline ammonium tartrate as the tube-forming template. In this study, hybrid
organosilicates have been prepared by incorporating methyltriethoxysilane
(MTES), polydimethylsiloxane (PDMS) and 3-aminopropyl triethoxysilane
(APTES) precursors during sol formation. The synthetic conditions have been sys-
tematically studied and a range of hybrid organosilicate tubes prepared. The
physical characteristics of the materials were examined by scanning electron
microscopy (SEM) and the aging of the tubes due to slow post-gelation conden-
sation reactions was investigated. The morphology of the nanotubes changes when
organosiloxanes are incorporated as precursors. Two methods of labeling the
nanotubes, fluorescein labeled tubes and rhodamine B-dextran encapsulated in
silica nanotubes, were demonstrated. The adsorption of enzyme proteins on nano-
tube walls is readily observed by SEM.

Keywords: ammonium tartrate; hybrid organosilicates; scanning electron microscopy;
silica nanotubes; sol-gel chemistry

INTRODUCTION

Tubular nanostructure materials with a unique properties have
attracted considerable attention because of their potential applications
in catalysis, sensors and advanced storage materials [1-3]. Most
inorganic hollow tubes such as carbon, boron nitride and silica have
been synthesized under high temperature reaction conditions [4—6].
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Recently, single nanotubes have been prepared at room temperature
by using the sol-gel template-directed approach. In this approach, a crys-
talline template acts as a directing agent, around which inorganic
precursors are generated in situ and shaped into a nanostructure with
its morphology complementary to that of the template [7]. The templates
transcription into inorganic materials generally occurs by means of
electrostatic or hydrogen bonding interaction between the template
and the inorganic precursors and the surface of the template contains
moieties that can catalyze the formation of the inorganic materials [8].
So far, silica nanotubes have been synthesized by utilizing some organic
templates such as surfactants [9], organogelators [10] and some hydro-
xycarboxylic acids including DL-tartaric acid [11,12], oxalic acid [12]
and citric acid [13,14]. Organically functionalized hybrid silica tubes,
with the exception of C18-TMS tubes [8], however, have not yet been
reported.

Organically modified silicates have recently received a great deal of
interest as they enable either the surface or bulk to be modified with
functional groups such as alkyl, phenyl, vinyl, cyano, thiol and others.
These materials can be prepared by post-grafting of a preformed silica
or by co-condensation of tetraalkoxysilanes and organotrialkoxysi-
lanes [15]. The properties of these hybrid organic—inorganic silicates
are versatile in their composition and processing as well as in their
optical and mechanical properties [16]. This paper reports the prep-
aration and properties of hybrid organic—inorganic silica nanotubes
prepared by controlled hydrolysis of tetraethyl orthosilicate and
organosiloxanes in the presence of ammonium DL-tartrate crystals
as the structural directing agents and its use for the incorporation of
proteins.

EXPERIMENTAL

The silica nanotubes were prepared using the procedure of Nakamura
and Matsui [11] with some modifications. In general, 0.73 g of silica
precursor (tetraethyl orthosilicate, TEOS:organosiloxanes, 1:0.02)
was dissolved in 5mL of absolute ethanol containing 0.02g of DL-
tartaric acid and 0.06 g of water. The solution was permitted to stand
for 30 minutes and finally 2mL of 28% NHj solution was added. An
opal white suspension formed after 1h which was recovered by fil-
tration, washed with water and dried in vacuum oven. Fluorescein
labeled tubes were prepared by reaction of preformed tubes containing
2mol% aminopropyl groups with fluorescein isothiocyanate solution,
with the weight ratio of 1:0.1. Rhodamine B-dextran labeled
tubes were prepared by dissolving 0.08 mL of rhodamine B-dextran
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(MW 10,000) 0.1mg/mL into the 0.73g of TEOS with the same
procedure as described above.

Raman spectra were recorded using a Renishaw 2000 Raman
Microscope equipped with an Ar" ion laser. SEM micrographs were
performed using a Hitachi S900 field emission SEM.

RESULT AND DISCUSSION

The SEM pictures of hybrid silica tubes, shown in Figure 1, reveal
numbers of open ended hollow rectangular tubes along with aggregated
silica spheres. The diameter of the tubes varied from 300-960 nm with
length from 10-100 um and wall thickness around 50-120nm. These
dimensions are consistent with those reported previously [11].

Silica materials prepared in the absence of template gave only
aggregated silica particles several microns in size, indicating the parti-
cular effect of tartaric acid template in formation of the tube. This
observation is confirmed by the formation of needle-like crystals of
ammonium tartrate for samples prepared in the absence of silicate
precursor. It has been considered that the incipient crystallization of
ammonium tartrate filaments is responsible for patterning the tubular
structure through specific interactions involving inorganic deposition
on the external surface of the organic crystal filaments [12].

Synthetic conditions are known to influence the morphology of the
silica tubes. It was demonstrated in this work that the amount of
tartaric acid introduced into the reaction mixture affects the diameter
of the hybrid silica tubes. When the tartaric acid content is increased,
the ammonium tartrate filaments formed become larger and the silica
then deposits on the surface of the larger filaments leading to larger
diameters upon removal of the template. The tube diameter increased
from 460 to 980 nm on increasing the tartaric acid to silicate precursor
ratio from 2 to 10%. As reported for the silica nanotubes [12], the
dimensions of the hybrid silica tubes is also influenced by the water
to precursor ratio and the time of hydrolysis. Low levels of water to sil-
ica precursor ratio favors crystal growth producing hybrid silica tubes
with decreased tube diameter and high aspect ratio. The condensation
process also affects the particular morphology of the tubes. A slight
decrease in wall thickness was observed during aging at room tempera-
ture for several weeks. The wall thickness tended to decrease on increas-
ing aging time due to slow post-gelation condensation reactions. Since
the silica tubes will be used for the incorporation of biomolecules, in
the present work we prefer to avoid high temperature processing.

Silica nanotubes were modified by co-condensation of siloxane and
organosiloxane precursors. The organic groups enable either surface
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FIGURE 1 SEM images of MTES containing silica nanotubes at low magni-
fication (a), high magnification (b), silica materials formed without template
(c) and ammonium tartrate crystals (d).

or bulk modification of the nanotubes to be carried out. SEM images of
the modified nanotubes shown in Figure 2 indicate that incorporation
of organic groups changes the morphology of the nanotubes. Addition
of up to 2 mol% of either methyltriethoxysilane (MTES), polydi-
methylsiloxane (PDMS, MW 300) or 3-aminopropyl triethoxysilane
(APTES) leads to narrower tube dimensions, presumably due to a
decrease in the crosslinking density of the inorganic network. Differ-
ent mechanisms and transition states cause the organically substi-
tuted compounds to react slower in base-catalyzed systems. When
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FIGURE 2 SEM images of silica nanotubes prepared by using different pre-
cursors. TEOS (a), TEOS/MTES (b), TEOS/PDMS (c¢) and TEOS/APTES (d).

the tetraethyl orthosilicate and alkyl triethoxysilane mixture is
reacted under basic condition, the inorganic network is predominantly
formed from TEOS because it reacts faster. The alkyl triethoxysilane
units then condense onto the network [17].

Using Raman microscopy, the laser can be focused on a single tube
enabling the spectra of individual tubes to be obtained. The spectra in
Figure 3 show that the Si—C containing precursors are incorporated
into the tubes. The silanol and silicon oxide bands in the surface layers
of the silica are observed at 976 cm * and 1080 cm *, respectively. The
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FIGURE 3 Raman spectra for TEOS/MTES tube (a), TEOS/PDMS tube (b),
TEOS/APTES tube (c) and TEOS tube (d).

presence of bands at 2964, 2924 and 2887 cm ! are due to the asym-
metric and symmetric C—H stretching of methyl and terminal propyl
groups.

Modification of these nanotubes with fluorescent markers was then
investigated. Two methods of labeling silica nanotubes, fluorescein
labeled tubes and rhodamine B-dextran doped silica tubes, were
demonstrated. The fluorescein labeled silica tubes, where the fluor-
escein is covalently attached to the tubes, was obtained from the reac-
tion of pre-formed tubes containing 2mol% of aminopropyl groups
with fluorescein isothiocyanate.

Rhodamine B-dextran encapsulated in silica tubes are achieved by
dissolving the rhodamine B labeled dextran molecules in the precursor
solution. During the hydrolysis and polycondensation reactions, the
dextran molecules are encapsulated in the silica matrix. The dextran
molecular weight (10,000 Da) is high enough that it does not wash out
from the gels during template removal.

The Raman microscope was also used to obtain fluorescence spectra
of individual tubes. The spectra confirmed that the fluorescein isothio-
cyanate and rhodamine B emissions are observed at 528 nm and
590 nm, respectively.

Bovine serum albumin, BSA, was added to the suspension of the
silica nanotubes. The SEM picture (Fig. 4) shows that the BSA is
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FIGURE 4 SEM image of bovine serum albumin adsorbed on TEOS tubes.

adsorbed on the silica tube walls. Further work to confirm whether
BSA can be incorporated into the tubes rather than simply adsorbing
on the surface is under investigation.

CONCLUSION

A range of new hybrid nanotubes have been prepared through the
hydrolysis and condensation of tetraethyl orthosilicate and organosi-
loxanes in the presence of ammonium tartrate crystals. The dimen-
sions of the tubes can be controlled by varying the synthetic
conditions. Two methods of labelling the nanotubes, fluorescein
labeled tubes and rhodamine B-dextran encapsulation were demon-
strated. Preliminary experiments on the interaction of proteins with
the silica nanotubes have been carried out.
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