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Since the discovery of carbon nanotubes in 198lgreat deal
of attention was attracted to inorganic nanotubes as promising
modules for nanotechnology applicatioch@xidic nanotubes are
of special interest because of their unique atomic structure and
interesting physical properti€vost of the synthesized nanotubes
in oxide systems possess lamellar structures and can be considere
as 2D nanosheets rolling into nanotubes or nanos¢8lgontane-
ous formation of nanotubes was observed in a number of systems
where exfoliation of lamellar solids into individual sheets can be
achieved. Thus, from a theoretical viewpoint, all layered structures
with relatively weak bonding between the adjacent sheets can beFigure 1. Ball-and-stick representation of the uranyl selenate nanotubule
transformed into tubular objects. Among inorganic compounds, in the structure ofl: (3) view parallel to the tubule a_xis; (b) frggm_ent of
sheet structures are especially characteristic for uranium(Vi) g‘nedtust;“;(‘)’Vn?!_afepgrgﬁg‘abe';’tg;gggctz (ggl;’tgﬂwg?afgd;?ﬂ,ﬁ ofu
oxocompounds due to the strong tendency bf thtions to form white.
linear uranyl ions, Ug#+.® This determines high anisotropy of the
US* coordination and favors formation of layers of coordination
polyhedra’ Within the past decade, uranyl oxocompounds attracted (a)
considerable attention due to their importance for radioactive waste
management, disposal of spent nuclear fuel, catalysis, etc. A large
number of new compounds were characterized, including exide
hydroxides? phosphate8 selenites? iodates'! molybdates? sul-
fates®® chromates! selenate$?® tungstated® silicates!” and so forth.
Layered structures are dominant for these compounds, though 1D
and 3D units have also been observed. However, no information is
available about the possibility of formation of tubular objects in
uranium-based systems, and little is known about nanostructures
based upon uranium oxide. Here, we report synthesis and structure
of (C4H12N)14(UO2)10(SeQ)17(H20)] (1), a first amine-templated
uranyl selenate based upon highly porous uranyl selenate nanotu-
bules.

The yellow transparent crystals bfwere obtained in the room-
temperature reaction of uranyl nitrate, butylamine, an8éQ, in
aqueous solutiof? The crystals were found to be of quality and
size suitable for an X-ray diffraction data collection. The structure
of 1 was solved by direct methodslt consists of nanometer-scale
tubular [(UQ)10(SeQ)17(H20)]** units oriented parallel to tha
axis (Figure 1) and packed in a hexagonal-type fashion (Figure
2a). The tubules are single-layer and have elliptical cross section Figure 2. Crystal structure ot projected along [100] (a), black-and-white
with outer dimensions of 25 23 A = 2.5 x 2.3 nm. The internal tubular graph corresponding to the topology of the uranyl selenate
diameter of the tubules measured as a distance between the close ntanotuibu!e In the structure M@’ and unfolded version of this graph ().

; . 0-]®~ bipyramids and [Seg)?~ tetrahedra are symbolized by black and
oxygen atoms across the tubule is 15.3 A that results in a free white vertexes, respectively.

crystallographic diameter of 12.6 A, that is, comparable to the .
effective pore size in large-pore zeol#esand close to the whereas the sectors parallel to (010) have a disordered structure.

mesoporous size rande. However, it was possible to localize disordered positions of the U

The [(UOy)1o(SeQ)i(H,0)[ nanotubules consist of UO and Se atoms in the (010) walls and thus to elucidate general
pentagonal bipyramids and Sef@trahedra sharing common oxygen structural features of the tubules. We were unable to determine

atoms (Figure 1). The tubule sectors parallel to (001) are ordered,p.OSItIonS of the C and N atoms inside the tubes due to their
disordered arrangement.
T St. Petersburg State University.

S Universita Innsbruck Topological structure of the nanotubules can be described by
§ Institute of Physical Chemistry. means of a nodal representation, which is especially suitable for
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the description of structures based upon coordination polyhedra of g ferences

two types?? Using this approach, the Ubipyramids and SeQ (1) lijima, S. Nature 1991, 354 56-58.
tetrahedra are symbolized by black and white vertexes, respectively. (2) (a) Tenne, R.; Margulis, L.; Genut, M.; Hodes, Ngature 1992 360, 444—

. B : ; 446. (b) Margulis, L.; Salitra, G.; Tenne, R.; Talianker, Nature1993
The vertexes are linked by a line segment if two respecnve 365 113-114, (c) Tenne, R . Homyonfer, M : Feldman, @hem. Mater
polyhedra share a common oxygen atom. The black-and-white graph 1998 10, 3225-3238. (d) Tremel, WAngew. Chemlnt. Ed 1999 38,

corresponding to the topological structure of the [(g{SeQ):~ @ %;)72;5%2%h(‘9%.?&%h%-$ f;-;\l'i\é?j?r'b'\é?g‘gs’:w:rg’i‘griz‘cl’f.’?sﬁﬁsd or. B.

(H20)]**~ tubule is shown in Figure 2b. Its idealized unfolded Nesper, RJ. Am. Chem. Sod999 121, 8324-8331. (b) Patzke, G. R.;

B ; f ; i ; Krumeich, F.; Nesper, RAngew. ChemInt. Ed 2002 41, 2446-2461.
Version 1S ,glven in Figure 2c. T,O qbtaln the tubular graph (c) Krush-Elbaum, L.; Newns, D. M.; Zeng, H.; Derycke, V.; Sun, J. Z,;
corresponding to the tubule shown in Figure 2b, one has to cut the Sandstrom, RNature 2004 431, 672-674.

i i indi i i (4) (a) Wale, M.; Krumeich, F.; Bieri, F.; Muhr, H.-J.; Nesper, R. Anorg.
graph into tapes along the lines indicated in Figure 2c, to fold the Allg. Chem 2002 628, 2778-2784. (b) Li. Y. D Li, X, L+ He. R K

tape, and to glue its sides. The same procedure is applicable to Zhu, J.; Deng, Z. XJ. Am. Chem. So@002, 124, 1411-1412. () Ye,

i i i i C.; Meng, G.; Jiang, Z.; Wang, Y.; Wang, G.; Zhang,JL.Am. Chem.
most. of inorganic ngnotubgs which can be (at least t.heore.tlcally) Soc 2008 194 18180-15181° (d) Zhang. S Peng S.M. Chen .
obtained by exfoliation of single-layer sheets and their folding up Du, G. H.: Dawson, G.; Zhou, W. Zhys. Re. Lett 2003 91, 256103.

into a tube. The 10:17 black-and-white graph shown in Figure 2¢  (5) Ma, R.; Bando, Y.; Sasaki, T. Phys. ChemB 2004 108 2115-2119.
(6) Burns, P. C.; Miller, M. L.; Ewing, R. CCan. Mineral 1996 34, 845—

has not been observed previously as an underlying topology for 880.
any inorganic compound. (7) Burns, P. C.; Ewing, R. C.; Hawthorne, F. Can. Mineral 1997, 35,
1551-1570.

The mechanism of formation of uranyl selenate tubules in (g) 1 v.. Cahil, C. L.; Bums, P. CChem. Mater2001, 13, 4026-4031.

aqueous media is probably controlled by the presence of protonated (9) (a) Locock, A. J.; Burns, P. Q. Solid State Chen2003 175 372-379.

butylamine (GH1.N)* cations. The protonated amine molecules (2‘03020{2?'5?5";8552‘““' C. L. Norquist, A. J.; O'Hare, Dhem. Mater

with chain structure are known to form cylindrical micelles in  (10) (a) Almond, P. M.; Albrecht-Schmitt, T. Ehorg. Chem2002 41, 1177
aqueous solution that involves self-assembly governed by competing ﬁggéégl?ég‘g’_"d‘ P. M. Albrecht-Schmitt, T. Enorg. Chem 2003
hydrophobic/hydrophilic interactions. The flexible uranyl selenate (11) (a) Bean, A. C.; Scott, B. L.; Albrecht-Schmitt, T. E.; Runde, Inrg.

complexes present in the reaction mixture could then form around ﬁlgfg_’ 20%%?7.142208235 52613765&(2)188{. k‘(’g"sii|eEr'];SA'1?_rZC_htj§rc122:1'“'RT_' f_:

cylindrical micelles to produce an inorganic structure that reflects Shvareva, T. Y.; Albrecht-Schmitt, T. 5. Am. Chem. So2004 126,
cylindrical form of the micelles. In the case @f the inorganic 12) %g;g;lzgygmam P. 5. Francis, R, J.. Walker, S. M. O'Hardn@ig.
structure has a form of a tubule, though structures with highly Chem 1999 38, 271-279. (b) Krivovichev, S. V.; Burns, P. Gnorg.
undulated uranyl selenate sheets have also been observed. Chem 2002 41, 4108-4110. (c) Krivovichev, S. V.; Cahill, C. L.; Burns,

. . P. C.Inorg. Chem 2002 41, 34—39. (d) Krivovichev, S. V.; Cahill, C.
The most intense bands in the Raman and far-IR-spectra (see L.; Burns, P. Clnorg. Chem 2003 42, 2459-2464.

i i i i i (13) (a) Norquist, A. J.; Thomas, P. M.; Doran, M. B.; O’Hare @hem. Mater
Supporting Information) can be assigned to vibrations of the uranyl 2002 14, 5179-5184. (b) Norquist, A. J.- Doran, M. B.. Thomas, P. M.

cations (770, 880 crt) and selenate tetrahedra (435, 8330, O'Hare, D.Dalton Trans 2003 1168-1175. (c) Norquist, A. J.; Doran,
910-920 cntY). The bands between 1000 and 2000 &nas well M. B.; Thomas, P. M.; O'Hare, Dinorg. Chem 2003 42, 5949-5953.
diff band 2900 and 33063400 1 d h (14) (a) Krivovichev, S. V.; Burns, P. @. Kristallogr. 2003 218, 725-732.
as diffuse bands at an cnT, are due to the (b) Krivovichev, S. V.; Burns, P. CZ. Anorg. Allg. Chem2003 629,
presence of organic templates and water. TGA experiments show 1965-1968. o .
that the initial ight | f24% i b d bet (15) (a) Mikhailov, Yu. N.; Gorbunova, Yu. E.; Shishkina, O. V.; Serezhkina,
at the inimal weight 1oss o 0 IS observed between room L. B.; Serezhkin, V. NRuss. J. Inorg. Chen2001, 46, 1661-1664. (b)
temperature and 1480C. The second weight loss is observed at Krivovichev, S. V.; Kahlenberg, VZ. Anorg. Allg. Chem2004 in press.
440 °C and corresponds to the total collapse of the structure (16) (@) Krivovichev, S. V. Burns, P. Golid State Sci2003 5, 373-381.
! p - p > - (b) Obbade, S.; Dion, C.; Bekaert, E.; Yagoubi, S.; Saadi, M.; Abraham,
In conclusion, we have succeeded in the preparation of highly F.J. Solid State Chen2003 172, 305-309.

X (17) (a) Burns, P. C.; Olson, R. A.; Finch, R. J.; Hanchar, J. M.; Thibault, Y.
porous uranyl selenate nanotubules, the first example of nanoscale J. Nucl. Mater 2000 278 290-300. (b) Wang, X.; Huang, J.: Liu, L..

structure containing uranium as a main structural component. This 3ac§)bsog. A JJA. '\{lnat% Cfg:ehm200§ 1:%’0?)%6131% écl)g\év_alr%gl, 9;(2'; Huang,

. f [ . ., Jacobson, A. . Am. em. SO 3 .

flnd!ng dem(.)nst.rates the possibility of nanostructures for gctlnldes (18) In a typical synthesis, 0.042 g of butylamine, 0.25 mL of 403660,

in higher oxidation states. As layered structures are dominant for ﬁng o.od86 g oé (Ugl(NO’s)T'GH%]O were mixed wm 2 rr|1L.of distilled g

20 and stirred until complete homogenization. e solution was poure

the l.J(Vl) oxocompounds, we ex.pect that a Wh.0|e new range Qf into a watch glass and left to evaporate in a fumehood. Needlelike yellow

uranium-based nanotubular materials can be fabricated. One possible crystals of1 were formed in 90% yield in about-67 days. The U:Se
i~ati ; ; il ati ; ratio determined from semiquantitative EDX analysis is 10:17.8, which

appllcatlgn ‘?f these m?‘tenfals is the Utlhzatllon of dEpIet?d L.Iramu.m is close to the value 10:17 determined from crystal-structure analysis.

through its incorporation into nanomaterials for applications in  (19) Crystallographic data: platelike crystal (0.320.03 x 0.008 mnd),

; ioti orthorhombic,|2mm a = 10.8864(5) b = 29.532(2).c = 47.439(2) A,
nanotechnology. We also note that isolated nanotubules consisting V = 15251.5(14) A 7 — 4, pra = 2,548 GIcTR, 20y — 49,85, 4(Mo

of two types of coordination polyhedra represent a new type of Ka) = 0.71073 A w-scan (2/image) aip = 0 and 90 (STOE IPDS ),
A i i i 293 K, 48 132 measured reflections, 13 306 independent reflections, 11 304

structgral unit in inorganic oxosalts with isolated tetrahedral reflections with |Fof = dor (Ru = 0.090, R, = 0.061). numerical

oxoanions. absorption correction (programs X-Shape and X-Red, STOE, Darmstadt,

1998), structure solution by ¢i(3_:igrect methods, full-matrix least-squares
; ! : refinement (263 parameters) (7|, no treatment of H atoms [programs
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