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and a chemical vapor deposition (CVD) rodté! To
consider the use of tubular microstructures, it is important
to understand the relations between the morphology and the
structure of the molecular building blocks comprising the
microstructure. Most tubular structutéssuch as carbon
nanotubes, lipid tubules, and tubular crystals of chalcogen
compounds are formed by lamellar compouhtfsyhile few
tubular crystals comprise nonlayered microstructites.
Polyoxometalates (POMs) are an important family of
inorganic cluster compound$ Having versatile structures

Since the discovery of carbon nanotubgsbular struc- and chemical properties, POMs exhibit potential applications

tures have extended to multiple disciplines for their potential IN Multifunctional catalysts, antitumor medicines, and high-
applications in solid-state physics, chemistry, and advanced!©Ch material$® In recent years, PON! cherr?lstry has gone
technology. In the early 1980s, Yager and Schoen first report- TOM classical inorganic chemistry to ‘smart’ chemistry and
ed the formation of tubules through polymerizable surfac- POM-based functional mat(_arlals with d|fferen_t morpholqgles
tants? Since then, fabricating methods and applications of have attracted much attentighiowever, published studies
on the tubular structures of POMs are few. It appears to be

microtubes have been developing and widening, for example, , , i ,
self-assembled lipid tubules were used as templates to fabri-at only AgSiW;O4 microtubes synthesized by the assist-

cate a field-emissive metal cylinder and as a microvail to g of poly(ethylene glycol) (PEG) in microemulsicrend
release antifouling agentdncreasing attention is being paid ~ (HTYNsXM12040 nanotubes synthesized by solid-state reac-

to organic and inorganic microtubular structures in recent years (g) gakkers, E. P. A. M.; Verheijen, M. Al. Am. Chem. So2003 125,

because of mesosystem tubular objects’ potential applications(lo) ?(440- T Yosti T Uota M. Ikeda. T Fuiik o Mour

. . H ijima, T.; Yoshimura, T.; Uota, M.; Ikeda, T.; Fujikawa, D.; Mourl,

in contgmers, microreactors, gas senéarenductoré, etc. S.: Uoyama, SAngew. Chemunt. Ed 2004 43, 228,

Inorganic tubules boast sturdy, inherent electronic transport(11) Wei, B. Q.; Vajtai, R.; Jung, Y.; Ward, J.; Zhang, R.; Ramanath, G.;
; ; i ; Ajayan, P. M.Chem. Mater2003 15, 1598.

propertie$ and special phofcovoltalc prppertlég'.hey have é12) (3) Tremel, W Angew. Chem.. Int. Ed1999 38 (15), 2175. (b)

been successfully synthesized by various methods, such a Homyonfer, M.; Mastai, Y.; Hershfinkel, M.; Volterra, V.; Hutchison,

microemulsior?, vapor-liquid—solid (VLS)-assisted syn-

J. L.; Tenne, RJ. Am. Chem. S0d 996 118 7804. (c) Tenne, R.;
thesis? templating synthesi¥, a hydrothermal techniqué,

Microtubes of o-K4SiW3,04 With the length around 1 ¢cm and inner
diameter and wall thickness in the ranges of 7-55 um and 3-15
um, respectively, were copiously fabricated by a one-step, template-
free aqueous synthesis. The formation mechanism is discussed.
The discovered tubular structure of the polyoxometalate is believed
to be promising for use in templates, as a precursor of tungsten
oxide ceramic microtubes, and for other uses associated with
tubular structures.
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Figure 1. Optical micrograph of the tubules growing in a beaker; the
insert shows a single tube.

tion'” were reported, and there has been no report on POM _ ) . . .
microtubes synthesized by template-free method in aqueous,?%ﬁ:,?u%esépncal micrograph (@) and SEM images-{§) of incomplete
solution until now. This paper focuses on the study of a facile
method and formation mechanism to generate POM micro- Figure S2%! The crystalline phase of the tubes is verified
tubes without using templates. by powder XRD. The diffraction patterns irg2= 5—45°

The starting materials to prepare POM tubules involve are in good agreement with the standard values of the pure
monolacunary tungstosilicateghx-SiW;10sg] (0t-SiW;1)'® crystal K,SiW;,04 orthorhombic phase [space groBpmg
and common inorganic acids. In a typical process, 3 g of with lattice constanta = 20.62 A,b = 15.57 A, andc =
a-SiWi; was put in a beaker with a scraped rough surface 12.95 A (JCPDS 70-1714) (see Figure S3). SAED pattern
and 10 mL of distilled water was added under stirring (pH of a single tube verifies a crystal orthorhombic phase (see
= 4.7). Then 3 M HCI (or HsPOQy) was dropped into the  Figure S4). All these results indicate unambiguously that the
beaker until the solid dissolved completely and the pH component of the tubes isx-SiW1504q].
reached ca. 1. This solution was heated for 15 minin an 80 pBecause the precursor is monolacunary a tungstosilicate,
°C water bath and then cooled at room temperatur€@5  [-SjW,,044)8", transformation oft-SiWy into a-SiWy, cer-
for about 10 min, when air bubbles adsorbed on the beakerjny occurs accompanying the growth of #€Siw;, micro-
bottom were observable. Once a few tubular clusters appeary,pes under the reaction conditions, namely, a process of
ed, many tubular clusters grew immediately in seconds. The reconstitution of the complete Keggin structure from lacunary
time of the microtubes’ appearance is between 5 and 30 min, anjona-Siw,, in acidic media. Such transformation reactions

depending on the concentrationaSiWy,, namely, the high- iy eq 1 on acidification have been known for some t#he.
er the concentration, the shorter the time is. Tubular crystals

of ca.lg were har.vested by careful fiItratiqn and dried in [0-SiW,,0,d® + WO,2™ + 6H" — [a-SIW,,0,J* +
air. The obtained microtubes were characterized by scanning 3H,0 (1)
electron microscopy (SEM), powder X-ray spectroscopy 2
(XRD), IR and NMR spectroscopy, transmission electron ) o
microscopy (TEM), and selected-area electron diffraction ~ 1he microtubes are found to be made of individual
(SAED). All the samples used for physical measurements microplanks through the observation of optical micrographs
were obtained from the reaction solution whose pH was (see Figure 2a). SEM images further confirm that the tubes
adjusted with HPOy, unless otherwise indicated. are hollow unions of solid multiprisms (see Figure-ai).
Optical micrographs of the tubular crystals are shown in The orthorhombic phase of the tubes indicated by XRD and
Figure 1. The lengths of the tubes are around 1 cm, the innerSAED strongly suggests that they are formed by coalescence
diameter in the range of-755 um, and wall thickness in ~ ©f cubic plank crystals ob-SiW:,. Experimental effort to
the range of 3-15 um. IR spectra of the tubes exhibit four understand the formayon mechanism of the tubes has been
character absorption bands between 700 and 1100t cm Made from the following three aspects.
distinguishable from the starting materiatSiw;,1° (see First, we scraped &' on the bottom of a new beaker for
Figure S1). The bands at980,~924,~877, anc~778 cn't the reaction. Bunches of microtubes grew along with the trace
are respectively assigned to the asymmetric stretchingof the scraped’, while no obvious growth was seen in
vibrations of W-0d, Si-0Oa, W—0Ob—W, and W-Oc—W other areas (see Figure 3). Furthermore, when a new beaker
bands, in accordance with those for complete Keggil,- was used for this reaction, only rod crystals grew (see Figure
SiW12040(0-SiW12). 2 S5). This means that the rough surface of the substrate
The®W NMR spectrum of the redissolved tubules ig®
(pD = 4.5) gives a single signal at a chemical shift value of (19) HuCh. W.; He Q. L.; Zhang Y. H.; Wang E. B.; Okuhara T.; Misono
—105 ppm attributed also to the{SiW;:040)*~ anion (see M. Catal. Today1996 30, 141.

(20) (a) Thouvenot, R.; Fournier, M.; Franck, R.; Rocchiccioli-Deltche,
G. Inorg. Chem.1984 23, 598. (b) Peng, J.; Qu, L. Y.; Zhang, B. J.

(16) Kogerler, P.; Cronin, LAngew. Chem., Int. EQR005 44, 844. Chen, Y. G.Chem. J. Chin. Uni. 1990 6, 1.

(17) Wang, R. Y.; Jia, D. Z,; Zhang, L.; Liu, L.; Guo, Z. P.; Li, B. Q.;  (21) Chen, Y. G.; Gong, J.; Qu L. YCoord. Chem. Re 2004 248 245.
Wang, J. X.Adv. Funct. Mater.2006 16, 687. (22) Pope, M. THeteropoly and Isopoly Oxometalate®pringer-Verlag:

(18) Tezg A.; Herve G. J. Inorg. Nucl. Chem1977, 29, 999. Berlin, 1983; p 61.
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species, providing growth units for the orthorhombic crystals
of o-SiWs2. In the end, the cubic plank crystaisSiWi,
aggregate into hollow coalescence with visual tubular
morphology (see Scheme 1H).

IR spectroscopy antfW NMR should be helpful to anal-
yze the reaction solution and shed more light on the supposed
mechanism. The IR spectrum of white precipitd¥d (which
was extracted by absolute ethanol from the reaction solution
in just the beginning of microtube growth, was recorded (see
Figure S10). It can be seen from the IR spectrum that the
characteristic vibration peaks of Keggin-typell-series
anions dominate the finger area, suggesting that the main

Figure 3. Optical micrograph of bunches of tubules growing on the scraped SP€cies in the beginning of microtube growthoisSiW;;.

“2" surface of the beaker. To measure thé&®W NMR spectrum, deuterium oxide was
used in the preparation of microtubes. TH&V NMR of

the reaction solution in the beginning of microtube growth
was recorded (see Figure S11). Unfortunately$h& NMR
spectrum is not good enough to distinguish all species present
in the mother liquid due to low concentrations of speéfes,
whereas a signal at105 ppm is obviously observed after
24 h of data collection, which can be attributed to Keggin-
type a-12-series anions. These results strongly support the
occurrence of POM species transformation frer1-series

a(a) Synchro process of the transformationoe5iWi; into a-SiWio to a-12-series during the process of microtube growth.
and the formation of KSiW,,040 nuclei in acidic conditions; (bd) growth The collective®W NMR, IR, and XRD data and SEM
process of-K4SiWiZOu tubular crystals. and optical images provide evidence establishing that the
provides crystal seeds and nucleation causes rapid crystalformation of a-SiW;, microtubes depends on the matched
lization of the microtubes. rates of transformation of lacunary tungstosilicate into

Second, different POMs as starting materials were usedcomplete tungstosilicate and the crystal growth of complete
for comparison, including a Keggin-type unsaturated series tungstosilicate.
o-SiWy1 and Kg[y-SiWig0s¢] (y-SiWig), and saturated a In summary, microtubes af-SiW,, were fabricated by a
seriesa-SiWi,, and “tungstate-Y” KWi1¢Osz, which is not  template-free simple aqueous reaction. The growth of the
structurally related to Keggin POMs (their polyhedral tubular crystals depends on the concentration of starting
structures are presented in Figure S6). In the case of anmaterials, the crystallization time, and perhaps the surface
unsaturated species, eitlweiSiWy, series ory-SiW,g series, roughness of the container. The formation of the tubes results
crystal microtubes were harvested (see Figure S7), whilefrom a dynamical match of the transformation process of
crystals of the saturated speciesSiWi; and the tungstate-Y  Keggin-type a-11-series intoo-12-series and the crystal
grew only in a solid rod phase. growth of the 12-series. This is an interesting phenomenon

Third, different sorts of protic acids, pH values, concentra- observed for the first time. Hopefully, this process will be
tions of starting materials, and reaction time frames were generalized to other POMs. The newly discovered tubular
screened for growing microtubes framSiWi;. Fromthese  structure of the POM in this work is believed to be promising
experimental results, we found that any kind of protic acid for use in the application fields of microreactor, template,
could be used; suitable concentrationsoe§iWi; were in gas storage and sensors, biosensors, radiator, separation, etc.
the range 0.060.12 M (see Table S1); suitable pH values Further studies are underway on the possibility of preparing
were between 0.1 and 3.0 (see Figure S8); if the growth time the POM tubes in nanoscale by this simple method and on
of the tubules was prolonged, the openings of the tubes wouldpotential applications of the POM microtubes. We are also
be closed (see Figure S9), and eventually all the tubes grewattempting to extend this method to grow other POM tubes.
into solid rods.
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Scheme 1. Proposed Formation Mechanism of the Tubtiles
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