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The first transition-metal-bridged, polyniobotungstate-based three-dimensional framework

constructed from lindqvist [NbsW3044]°" polyoxoanions and mixed-valent copper ions has been
made, which can undergo interesting solid-liquid reaction with KI solution to form a crystalline
copper halide via a single-crystal-to-single-crystal process.
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The first transition-metal-bridged, polyniobotungstate-based 3D
framework has been hydrothermally synthesized, which is
constructed from bi-[Cu"(en)Z(HZO)]-decorating polyoxoanions
[Nb3W3019]5' linked together by cu' ions. Interestingly, the 3D
polyniobotungstate can undergo solid-liquid reaction with KI
solution to generate a 1D copper halide of [Cu(en),][Cul,]), in a
single-crystal-to-single-crystal process.

Polyoxometalates (POMs) have received increasing interest
due to their diverse structures and attractive applications in
medicine, catalysis, and material science.” In the field of POMs,
polyoxovanadates (POVs), polyoxomolybdates (POMos), and
polyoxotungstates (POTs) have been studied extensively during
the past two decades. In contrast, due to the lack of various
soluble niobate salts, the design and synthesis of
polyoxoniobates (PONs) and their derivatives are extremely
challenging and thus remain largely undeveloped.” At present,
the majority of reported PONs are the inorganic, discrete
structures such as [Nb10028]6_, [Nb,0,,]%, [Nb20054]8_, [HoNb,4-
072]15-, [HloNb31093(C03)]23_, [Hsz7O7s]16_, and {[Ti,0,][Si-
Nb12040]}12_.3'7 Because of the high charge/surface ratio of
PONs and their potential applications in nuclear-waste
treatment and virology,8 striving to explore the synthetic
methods for creating various PONs is of great interest.

It is expected that the introduction of organic species into
PONs to make extended (1D, 2D, 3D) inorganic-organic hybrid
PONs can significantly expand the study on the structural
chemistry of PONs. During the past two decades, the
construction of extended organic-inorganic POMs has been a
research hotspot in the field of POMs owing to their
fascinating  structural features and widely potential
applications.9 Up to now, a large number of extended POMs
based on POVs, POMos, and POTs as building blocks have been
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known, for instances, 1D chains [Co(en);][Co(en),AsgV1404;(-
H,0)]-16H,0, [GeMo"sMo"'4036(12-OH)4{Ni(pda)(H,0) L{Ni(pda-
)H{Ni(pda)(bpe)}bpe)gsl,, and (C;HgN)gNa;o[{Sn(CHs) }o{SN(-
CH3)x(H20)}6S€11Ws60211(OH)gl-105H,0,™ 2D layers [Zn,(en)s]-
{[zn(en),][(bpe)HZn,AsgV1,040(H;0)]5}-7H,0, [GeMo0;,036(1,-
OH)4{Ni(pda)},{Ni(pda)(bpy)o.s}{Ni(pda)(bpy)}].-nH,0, and [P,-
Mn;W15065]'",** 3D frameworks {[Cd(pdien),(Hdien),(H,0),]-
Ge,zV16042(0H)4(H,0)}-2H,0, HA[Q'GEWmMOVzOAo]z[CUKz(DMF'
)el[Ka(DMF)¢], and  H,K;[(Hpic)(H,0)sNd];[(H,0)sNdSiW,,034-
]2-36H20,12 and so on. While, the known extended organic-
inorganic hybrid PONs, especially for these high-dimensional
(3D) PONSs, are very rare.

On the other hand, it is also expected that the introduction of
Nb element into skeletons of the other POMs to create Nb-
containing POMs can largely enrich the study on the structural
chemistry of PONs. In recent years, Nb element has been
successfully incorporated into the skeletons of POTs to form a
lot of polyniobotungstates. Typical examples include [Si,Wg-
NbgO771%," [Nb,Og(a-Nb3SiWe0,40)4]"", ™ [PW17(NbO,)Og,]", "
[H15Ge,W1sNbgOsgs]™, " [P, W15sNb3Ogo]”, " [Nb4Og(SiWsNb3Os0-
Jal%," [Haa{Nb,OG(OH)sHNbGP,W1,0611al ™, [Hi3{Nbg(02)aPo-
W1,05751", [H1a{P2W1oNb;063(H20),}a{Nb,O4(OH)e}1 ™, {[Cu(-
en),(H,0)],[Nb,;W,045]-2H,0}, {[Cu(NH;3)4(H,0)]2[Nb,W,04]-8-
HZO}.21 Nevertheless, it can be found that most of these known
polyniobotungstates are inorganic and low dimensional (0D or
1D) structures. To date, only some 2D inorganic-organic hybrid
polyniobotungstate-based solids such as [Cu(dap),]s[NbsW,-
019]:7H,0, [Cu(dap),]5[HNbO15]-6H,0, [Cu(dap),]s[Nb3W30,4-
]:CI-6H,0, and [Cu(en),]5[NbsW,044]-:6H,0 have been known.?!

Therefore, we would like to explore the assembly of Nb
element with W element in the presence of organic species
with the aim of obtaining novel inorganic-organic hybrid
polyniobotungstate-based materials. Herein, we represent the
first 3D inorganic-organic hybrid polyniobotungstate-based
compound  {[Cu(en),(H,0)];[Nb3W30,4][Cu],}-OH (1,
ethylenediamine), which is built by Lindqvist-type [Nb3W3019]5'
clusters decorated and bridged by bivalent copper complexes
[Cu(en)z(HZO)]2+ and monovalent Cu® ions, respectively.
Interestingly, upon crystal 1 is soaked in a solution of

en =

J. Name., 2013, 00, 1-3 | 1

Page 2 of 5



HEHCrystEngComm:lizis

COMMUNICATION

potassium iodide, it can interact with iodide ions via solid-
liquid reaction and undergo structural transformation from a
3D PON framework to a 1D copper halide chain in a single-
crystal-to-single-crystal (SCSC) process.
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Figure 1. a) The asymmetric unit of 1. b) Polyoxoanion
[Nb3W3019]5' in 1. c¢) Coordination mode of polyoxoanion
[Nb3W3019]5' with copper ions. Symmetry codes: A: 1-x, -y, z; B:
1-x, -y, -1+z; C: x, y, -1+z; D: 1-x, -y, z; E: -0.5+x, 0.5-y, 0.5-z. d)
Coordination mode of Cu” ion with adjacent polyoxoanions.

Single crystal structural analysis reveals that compound 1
crystallizes in the orthorhombic space group Pnnm and its
structure represents some interesting characteristics.” Firstly,
compound 1 consists of relatively rare lindqvist-type
polyniobotungstate clusters [Nb3W3019]5' with unique Nb/W
disordered distribution. As shown in Figures 1a and S1, the
asymmetric unit of 1 contains two crystallographically
independent metal sites simultaneously occupied by both Nb
and W, which are initially refined freely to give W/Nb ratios of
0.405:0.595 and 0.699:0.301, followed by fixing them to
0.40/0.60 (marked as Nb1W1 in Fig 1a) and 0.70/0.30 (marked
as W2Nb2), respectively. Since each lindqvist-type polyniobo-
tungstate polyoxoanion in 1 has four Nb1W1 sites and two
W2Nb2 sites (Fig 1b), the whole ratio of W/Nb in each
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polyoxoanion is exactly 1:1 and thus the formula of the anion is
written as [Nb3W3019]5'. The whole W/Nb ratio in 1 is further
confirmed by EDS analyses (Table S1). To our knowledge,
before our work, compound [Cu(dap),]3[NbsW3044]-Cl-6H,0 is
the only known {Nb3W;0;5}-based inorganic-organic hybrid
compound which has been structurally characterized by single-
crystal X-ray diffractions. The disordered Nb/W sites in 1 are
different from these in [Cu(dap),]3[NbsW;0,4]-Cl-6H,0 where
all mixed W/Nb sites have identical W/Nb ratio of 0.5:0.5.%" In
[NbsW3055]> of 1, all Nb1W1 centers have an octahedral
environment with Nb1W1-O bond distances of 1.780(12) A for
the terminal oxygen atoms, 1.960(9) — 1.976(8) A for p,-O
atoms, and 2.349(1) A for p,-O atom. Compared with the
Nb1W1 centers, all W2Nb2 centers have the same octahedral
environment but with shorter W2Nb2-O bond distances of
1.706(19) A for the terminal oxygen atoms, 1.952(10) —
1.958(10) A for p,-O atoms, and 2.341(1) A for p,-O atom. The
Nb-O bonds are longer than the W-O bonds, and thus the
higher Nb/W ratio will lead to longer bond length for the
mixed Nb/W metal sites. So, the bond length differences
between Nb1W1-O and W2Nb2-O bonds are consistent with
their W/Nb ratios determined by X-ray diffractions.

Figure 2. View of 3D structure of 1.
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The second interesting structural feature of 1 is that each
polyoxoanion [Nb3W3019]5' acts as an octadentate ligand
bonding to eight copper ions with two kinds of valences. As
shown in Figure 1b, the eight copper ions can be divided into
two groups according to their different valences, coordination
configurations, and roles they play. One group includes the
bivalent Cul ion and its symmetry equivalent ion CulA, and
another group includes the monovalent Cu2 ion and its
symmetry equivalent ions Cu2A, Cu2B, Cu2C, Cu2D, and Cu2E.
Each bivalent Cu®* ion (Cul), acting as a decorating role, is
octahedrally coordinated by four equatorial N donors from
two chelating en ligands, oxygen atom from
polyoxoanion [Nb3W3019]5', and one axial H,O molecule. The
axial Cu-O bonds (Cu-O: 2.787(20) A, Cu-H,0: 2.318(18) A) are
considerably longer than the equatorial Cu-N bonds (Cu-N:
2.004(14) — 2.022(14) A) owing to Jahn-Teller distortion. While,
each monovalent Cu® ion (Cu2) plays as bridging ion bonding
to three terminal oxo atoms from three polyoxoanions
[Nb3W3019]5' to give rise to a trigonal planar configuration with
Cu-O distances in the range of 1.929(12) — 2.220(20) A. Bond
valence sum () calculations show the oxidation states of Cul
and Cu2 ions are +2 (X, = 1.69) and +1 (X5 = 0.99),
respectively,? which match with their coordination geometries.

one axial
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Figure 3. a) A illustration of solid-liquid reaction between 1 and
Kl solution. b) View of structure of 2. c) PXRD patterns of 1 and
2. d) PXRD patterns of samples of 1 soaked in KF, KCI, and KBr
solutions for 45 days.
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The third structural feature is that the structure 1 represents
the first transition-metal-bridged, polyniobotungstate-based
3D inorganic-organic hybrid framework, which can be
described as follows: each polyoxoanion [Nb3W3019]5" is
decorated by two [Cu(en)z(HZO)]2+ complexes (Cul) to form an
inorganic-organic hybrid bi-copper supported polyoxoanion as
secondary building unit (SBU). Further, every SBU is linked to
six Cu® ions (Cu2) and each Cu” ion bridges three SBUs, giving
rise to a 3,6-connected rtl-type 3D structure (Fig 2, S2).

Finally, an phenomenon is that the
polyniobotungstate-based structure 1 can undergo a unique
SCSC structural transformation via solid-liquid reaction with I’
ions to yield a copper halide chain (Fig 3). To begin with, the
phase purity of 1 was confirmed by PXRD measurement (Fig
3c). When a sample of 33 mg (ca. 0.02 mmol) compound 1 was
soaked in a 4ml of 0.4 mM Kl solution, the solution color slowly
changed from original colorless to final violet after six days.

interesting

Meanwhile, the purple blue crystals 1 were turned into new
claybank crystals. Single crystal X-ray diffractions showed this
new crystal has the same unit cell as the reported copper
halide [Cu”(en)z][Cu'IZ]Z (denoted here as 2) made up of 1D
copper-iodine chains [Cul,] with copper complexes [Cu(en)z]z+
as charge compensation (Fig ’:’»b).24 Obviously, the structural
feature of the coexistence of both Cu® and Cu® ions in 1
provides the possibility to undergo the structural
transformation. The phase purity of the obtained claybank
crystals of 2 was confirmed by the PXRD pattern in comparison
with the simulated single-crystal data of 2 (Fig 3c), revealing
that 1 can completely change to 2 after 6 days. While, differing
from its sensibility to I” ion, compound 1 is insensitive to the
other halide ions. As shown in Figure 3d, even as-synthesized
samples of 1 were soaked in 0.4 mM KF, KCI, and KBr solutions
for 45 days, the sharp PXRD peaks in the low-angle region of 1
still can be clearly observed in the PXRD patterns of soaked
samples. These results indicate compound 1 has capability of
sensitive response to | ion.

In  summary, a rare 3D transition-metal-bridged,
polyniobotungstate-based organic-inorganic hybrid framework
1 has been hydrothermally created by the assembly of niobate
salt with tungstate salt in the presences of copper cations and
organoamines. In 1, the SBU [Nb3W3019]5‘ is found to have a
unique Nb/W disordered distribution, which is decorated by
bivalent copper complexes [Cu(en)z]2+ and further connected
to adjacent ones by monovalent Cu® ions to generate a rtl-type
3D framework. The incorporation of both Cu®* and Cu® ions
endows 1 with an interesting property to react with I solution
to form a new phase in a SCSC process accompanying with
color changes of both crystals and I solutions before and after
reaction, which indicates that compound 1 has a potential
capability of sensitive response to | ions.
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