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The compound [NH3(CHz):NH2(CHz):NHs],[M0gO3g] was synthe-
sized at 170 °C via hydrothermal techniques from the starting
materials of Na;M0O,+H,0, NHz(CH,),NH(CHs),NH,, and H,0. The
compound crystallizes in the space group C2/c of the monoclinic
system with a = 21.308(4) A, b = 9.234(2) A, ¢ = 19.195(4) A,
B = 120.27(3)°, V = 3261.9(11)A3, Z = 4. Two novel and
symmetrically related helices coexist in the centrosymmetric solid,
in which the two kinds of helices appear in the left-handed and
right-handed enantiomorphs, respectively. This is the first example
of a helical chain structure consisting of only molybdenum—oxide
building blocks. The central axis about each helical chain is a
2-fold screw axis.

porating transition metal complexes or other nonmetal
elements, the solid materials of one-dimensional structure
with only molybdenum oxide frameworks have been reported
rarely?~" although they may possess potential catalytic
properties related with that conventional catalyst of molyb-
denum trioxid€®. Zubieta and co-workers have synthesized
a molybdenum oxide (N§CH,CH,NH3)[M030q); this struc-
ture consists of a one-dimensional chain of edge-, corner-,
and face-sharing molybdenum octahetifehe other one-
dimensional structural molybdenum oxide [MBH.)sNH3]-
[M04043] has also been prepared by Xu and co-workers, in
which this chain structure is constructed from [}gs]?~
subunits composed of edge-sharing octahédkahelical
molybdenum oxide fluoride of Zn(pyz)@®).MoO,F, in
which a 3 screw axis passes down the center of the inorganic
spiral, has been recently reported by Poeppelmeier and co-
workers? While this type of solid materials is expected to
arise more often, the exploration of unusual structures and
'useful properties still remains a challenge. Fortunately, it was
well-known that organic templates can dramatically influence
the inorganic oxide microstructure. As a result, it is possible
to obtain structurally complex molybdenum oxides by
template-directive self-assembly in hydrothermal synthesis.
Tn addition, on the basis of a great quantity of research reports
and our previous practical experience, we consider that the
molybdenum oxide framework can be easily modified
because of its high reactivity and structural flexibilify.
Therefore, our aim was to synthesize complex structures
of molybdenum oxides using simple molybdate as the starting
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The rapid progress of exploring metal oxide-based inorganic/
organic hybrid materials is driven by interest in their
hierarchical structures and potential applications in fields
such as catalysis, sorption, electric conductivity, magnetism
and optical materialsIn particular, solid oxides with either
helical or chiral structure are of intense interest in current
chemistry? The combination of inorganic components with
the structure-directing properties of organic amines by a
hydrothermal technique has led to the successful synthese
of many molybdenum oxide-based solid materials with 1D
chain, 2D layer, 3D open-framework structures, which has
been well reviewed in a recent publication by Zubieta and
co-workers® However, by comparison with a large number
of the molybdenum oxides modified structurally by incor-
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Table 1. Bond Valence Sums for Mo and O Atoms
Mol 5.941 o1 1.667 06 2.063 011 1.815
Mo2 6.006 02 1.671 o7 1.712 012 1.789
Mo3 6.063 03 1.717 08 1.868 013 1.951
Mo4 5.995 04 1.759 09 1.774 014 1.600
Mo5 6.096 05 1.823 010 1.788 015 2.101

helical chain molybdenum oxide [N¥CH,),NH2(CH,),-
NH3]2[M0gO3q (1). Unlike those previous reported helix
structures! compoundL contains a helical chain constructed
from only {MoOg} octahedra.

Compoundl was prepared by the hydrothermal reaction
of NaQMOO4'H20, NH2(CH2)2NH(CH3)2NH2, and Fbo ina
molar ratio 3:1:556 at 170C for 3 days. The crystalline
product was characterized by single-crystal X-ray diffraction
analysis? elemental analysis, IR spectroscopy, and thermo-
gravimetric analysis/differential thermal analysis (TGA-
DTA).

A single-crystal X-ray diffraction analysis revealed that
compoundL consists of one-dimensional helical chains built
up from only{MoOg¢} octahedra, and charge compensation
is achieved by the protonated amine [NEH,),NH(CH,).-
NH3]3*. The 6+ oxidation state of molybdenum it is
consistent with the bond valance sum (BYS 6.02)13 The

bond valence sums at the O and Mo sites are given in Table

1. The central axis about this helical chain is a 2-fold screw
axis. As shown in Figure 1a, the helical chain of compound
1is derived from the linkage of [Mg®sg] subunits (Figure
2). Each subunit [MgD3]®~ can be considered to be
composed of two fragments, i.e., a [M@¢]*~ cluster and a
{MoQO¢} octahedron. There are three kinds of M0 bond
lengths in [M@O.g*", related with terminal, doubly bridging,
and triply bridging oxo groups, giving average values of 1.71,
1.92, 2.21 A, respectively. In the structure hfthe MoQ

octahedra are considerably distorted around the molybdenum

center, with a spread of the Md bond distances which
range from 1.70 to 2.39 A (see Table 2). The similar
distortions of MoQ octahedra were also observed in other
Mo(VI) polyoxoanions® suggesting that such distortions do
not result from a steric effect within the chains. A rational
explanation for the origin of the strong distortion of the MoO
octahedron should be related with the nature of the-i@o
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Crystal data for gH3sMogNgOsp (1): Crystal dimensions 0.49&

0.456 x 0.100 mni, monaclinic,C2/c (No.15),a = 21.308(4) Ab

=9.234(2) A,c =19.195(4) A = 120.27(3}, V = 3261.9(11) &,

Z =4, pcaica= 3.168 g cmit. Of the 7054 reflections measured (2.21

<6 =< 27.48), 3727 symmetry-independent reflections were used to
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parameters, RE 0.0404 (all data), wR2= 0.0932, and GOFP) =
1.184.
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Figure 1. (a) Ball-and stick view of the helical chain of [MO3q«. (b)
View of the space-filling plot of the helical chain of [M@3s«. Color
code: Mo, blue; O, red.

A le

a b
Figure 2. (a) Ball-and stick view of the subunit [M@s0]®~. (b) Polyhedral
view of the subunit [M@Osq]%~.
interaction, which changes from strongly covalent for the
shortest bond to a predominantly ionic interaction for the
longest bonds in the Mofoctahedrort* Therefore, such
distortion of the Mo@ octahedron, resulting from different
Mo—O distances, is a requirement to stabilize the whole
structure of the oxe molybdenum framework. Virtually, the
structural feature of the [M@.¢]*~ cluster in1 resembles
that of y-[MogO*~, one well-known polyoxoanion iso-
mer® The only difference is that its six Mo atoms lying in
the equatorial plane are all six-coordinated, while in
y-[M0gOy¢]* the two Mo atoms labeled with an asterisk (*)
are five-coordinated. Thus, the [M0.]*" cluster ofl can
be designated as pseugdgMogOy*. Such pseudg-
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Table 2. Bond Lengths (A) for Mo Aton

Mo(5)—0(9) 1.695(4) Mo(3)-0(11) 1.805(4)
Mo(5)—O(5) 1.744(4) Mo(2)-0(3) 1.707(5)
Mo(5)—0(12) 1.879(4) Mo(2}O(13) 1.955(4)
Mo(5)—O(15) 1.949(4) Mo(2} O(8)#1 2.239(4)
Mo(5)—0(6) 2.145(4) Mo(1)}-O(1) 1.718(5)
Mo(5)—O(15)#1 2.388(4) Mo(50(2) 1.717(4)
Mo(4)—0(7) 1.708(4) Mo(1}O(10) 1.875(4)
Mo(4)—0(14) 1.733(4) Mo(1)-0(6) 1.982(4)
Mo(4)—O(13) 1.881(4) Mo(1}O(15) 2.222(4)
Mo(4)—0(6) 2.028(4) Mo(1} O(5)#1 2.392(4)
Mo(4)—(11)#1 2.165(4) Mo(3}0(10) 2.040(4)
Mo(4)—0(12) 2.255(4) Mo(3)-O(15) 2.157(4)
Mo(3)—0(4) 1.698(4) Mo(3) (12)#1 2.329(4)

a Symmetry transformations used to generate equivalent atoms:»#1,
+ Yo, =y + 3, —z+ 1 #2,—x+ 1,y, =2+ 3o #3,x + Up, —y + 33,
z+ 1/2.

. . Figure 3. View of the space-filling plot of the neighboring helical chains
[MogOyg]* cluster was also found in the above-mentioned of 1, showing the positional difference between two neighboring helical

[NH3(CH,)sNH3][Mo0 404 if two linked [M040:4] units are chains. Color code: Mo, blue; O, red.
considered to be a cluster.

As shown in Figure 1, the formation of helical chains in
1 depends exclusively on the ingenious corner-sharing
linkage between a pseugefMogO,¢*~ cluster and a capping
{MoQ¢} octahedron. Clearly, the cappifiyloOs} octahe-
dron plays a key role in the formation of the one-dimensional
helical chain. Unlike the other helical compounds, such as _ . . .
[IR2R)-CeH1o(NH)[GA(OH)HPQ)IH.O, INHi(CHz ot tiethylenctiamine catons. oo o e locetions
NH2(CH3)2NH3][Zﬂ4(PO4)3(HPO4)], and [Nl‘b(CHz)gNHz-

(CHy)2NH3][ZNn 4(AsO4)3(HASO,)]H20, in which the helical template of diethylenetriamine plays an important role in the
moiety is built up from either the MO—P(As) or M,—O— formation of the helical structure of. Obviously, the
M,—O unitl® the helix in1 is constructed from only the  protonated amine [NHCH,),NH2(CH,),NH3]3" is not only
Mo—0 unit, namely [M@Osq.. In the meantime, it can be  a component for charge compensation, but also a structure-
noted that all molybdenum atoms inlie in the octahedral  directing agent. Considering the possibility of incorporating
environment. other transition metals into the helical frameworklofwe

The most interesting feature dfis that two novel and  also attempted to modify the synthesis reactionloby
symmetrically related helices coexist in the centrosymmetric adding NiC} as one of the starting materials. Interestingly,
solid, in which the two kinds of helices appear in the left- the resulting product was still, but it gave larger crystal
handed and right-handed enantiomorphs, respectively. Thissizes than those from the original reaction. The more
is first example of a helical chain structure consisting of only experimental investigations on the original reaction system
molybdenum-oxide building blocks. The central axis about are in progress so as to shed light on the reason to form the
each helical chain is a 2-fold screw axis. In addition, it is helical framework ofl.
noteworthy that helical chains [M@sd. coming from In conclusion, the reported inorganic solid compound is
different layers do not completely overlap, as depicted in possessed of a novel helical chain structure consisting of only
Figure 3. The layer architecture is considered to form by molybdenum-oxide building blocks. This solid material
the overlap of the same helical chains, so the organic aminecould be significant in terms of the potential applications in
cations occupy the interlamellar space (Figure 4). Further- chiral catalysis and optical materials. The successful prepara-
more, the multipoint hydrogen-bonding links also exist tion of such a helical compound thus offers a valuable clue
between the nitrogen atoms from organic amines and thethat other metal oxides with a helical structure may also be
surface oxygen atoms from the [MDye]* cluster of the obtained under hydrothermal reaction by the structure-
helical chains; this may make a contribution to stabilizing directing effect of organic templates.
the helix structure ofl.

In order to investigate the role of diethylenetriamine in
the synthesis ofl, we performed a control experiment to
replace diethylenetriamine by ethylenediamine. However, the
resulting product is those unidentified white needlelike  Supporting Information Available: Experimental details, table

crystals instead of compourid suggesting that the organic  of crystallographic data, and crystallographic information in CIF
format. This material is available free of charge via the Internet at
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