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ABSTRACT: By introducing mixed ligands into the hexaniobate system, three novel organic—inorganic hybrids, [Cu(en),],-
{[Cu(1,10-phen)][Cu(1,10-phen)(H,O0)[NbsO 9} - 10.5H,O (1), [Cu(en),],{[Cu(2,2’-bipy)][Cu(2,2"-bipy)(H,O)]NbsO,9} - 9H,O (2)
and [Cu(1,2-dap)>]»{[Cu(2,2"-bipy)][Cu(2,2’-bipy)(H,O)|NbsOo} - 11H,0 (3) (en = ethylenediamine, 1,10-phen = 1,10-phenanthro-
line, 2,2'-bipy = 2,2-bipydine, 1,2-dap = 1,2-diaminopropane), have been synthesized by the solution diffusion method and charac-
terized by elemental analyses, IR spectra, UV spectroscopy, thermogravimetric analyses, and single-crystal X-ray diffraction. 1,2, and
3 can be formularized as [Cu(L;),]>{[Cu(L,)][Cu(L,)(H>O)]NbsO;o} - nH,O (L; =en for 1 and 2, 1,2-dap for 3, L, = 1,10-phen for 1,
2,2'-bipy for 2 and 3, n = 10.5 for 1, 9 for 2, 11 for 3), and all exhibit the two-dimensional (2D) network architecture built by
[Cu(L})5]>{[Cu(Ly)][Cu(L,)(H,0)]NbO o} units and [Cu(L,),]*" bridges. 1—3 represent the first 2D architecture with (4,4)-
connected topology in polyoxoniobate chemistry. Furthermore, the photoluminescent properties of 1 and 2 have been studied.
The magnetic behavior of 1 has been quantitatively investigated and suggests the weak antiferromagnetic exchange interactions.

Introduction

Polyoxometalates (POMs), anionic metal-oxide clusters with
an unmatched range of physical and chemical properties, have
been employed as attractive building blocks to construct larger
clusters or fascinating one-, two-, and three-dimensional (1D,
2D, and 3D) extended structures.' This fact stems not only from
their unique architectures but also from their wide applications
as diverse as catalysis, electrical conductivity, photochemistry,
medicine, and magnetism.>* Some achievements in this aspect
have been made with persistent efforts. For example, in 2000,
Pope et al. first reported two 1D Ln-substituted monovacant
Keggin silicotungstates [Ln(a-SiW, 1039)(H20)3]5 “(Ln= La'™,
Ce™).'9 In 2001, Zubieta et al. isolated a novel 2D polyoxo-
molybdate with organophosphorous ligands [{Cu,(tpypyz)-
(H20),}(M050;5)(0;PCH,CH,PO3)]- 5.5 H,O  [tpypyz =
tetra(2-pyridyl)pyrazine].'® In 2006, Wang et al. reported an
unprecedented (4,12)-connected 3D phosphomolybdate (NHy)-
[CunaloLio][PMoY>MoY! g Ougls [L = 4-[3-(1H-1,2, 4-triazol-
1-yl)propyl]-4H-1,2.4-triazole] assembled by nanometer-scale
[CupalioLio]™t clusters and ball-shaped Keggin [PMo"»-
MoYY00u0]” anions.'’

In comparison with polyoxovanadates, -molybdates, and
-tungstates, the research on polyoxoniobates (PONs) is very
limited, although the Lindqvist-type hexaniobate anion [Nbg-
0,9]%~ was first structurally described in 1953.* This fact may be
due to the difficulty in synthesis controlling and the narrow
working pH range (10.5—12.5) of PONs.>® Some typical ex-
amples are as follows: in 1969, two sandwich-type Lindqvist
dimers [M (NbgO19)-]'>~ [(M =Mn"", Ni"V] were reported.” In
1977, Graeber and Morosin isolated an isopolyoxonio-
bate [Nb;oOx5]°".% In 1994, Yamase et al. synthesized a large
composite PONs {[EusO(OH)5(OH,)3],AlL(Nbg O;6)s}2°~ con-
structed from five [NbgOo]°~ anions linked by two trimeric
europium clusters and two AI*" cations.” Since 2000, increasing
interest in PONs has been further triggered because of their
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potential applications in virology, nuclear-waste treatment, and
the base-catalyzed decomposition of biocontaminants.'®!" Tn
2001, Pope et al. separated several hexaniobate carbonyl deri-
vatives [NbgO1o{M(CO);3},]® "~ (M=Mn", Re";n=1,2)."" In
the following year, two hybrid PONSs {zrans/cis-[H, NbsO19]-
[Ni"(taci)],}"™ [(taci=1,3,5-triamino-1,3,5-trideoxy-cis-inositol),
x =0,n=4and x = 2, n = 2] were prepared under solvo-
thermal conditions.'? In this field, Nyman’s group made great
contributions: in 2002, they synthesized a Keggin-type hetero-
polyniobate [SiNb,, O40]'® and its lacunary derivative [H,Siy-
Nb,4Os¢]'* under hydrothermal conditions.'** Later, a class of
Keggin-type silico- and germano-dodecaniobates, such as [Ge-
Nb12040]167,13b Nalz[Tizoz][TNb1204o]'XH20,13C and Na-
[ND,O,][TNb,040] - xH,O [T=Si'Y, Ge!"] were obtained.!* In
2006, a novel isopolyniobate [Nb,4O-,Ho]'*~ was communi-
cated.” Meanwhile, they first prepared a trivacant a-Keggin
anion [(P02)3PNb9034]157.14 In addition, a novel icosaniobate
[Nby,Oss]®~ was reported in 2006."> Subsequently, Nyman’s
group published five organic—inorganic hybrids containing
[NbeOs]*~ clusters: [(NbsO19H2):Cu(en)s] *”, [(NbGO1oHo)-
Cu(en)s]"", {[NbsO ][ Cu(NH3)L2}1" ", {INbsO5][Cu(NH3),-
(H20)L[Cu(H;0)4]2} - 3H,0, and {{NbsO1o][Cu(NH3)2(H20)]-
[Cu(H,0)4)}."® Recently, Casey et al. illustrated a new polyox-
otitanoniobate [Ti;,NbgO44] 10- consisting of a cubic [Ti;504] 20+
core.'” More recently, Cronin et al. discovered the largest iso-
polyoxoniobaters [HNb,;O7]'®~ and [H;oNbs; 003 (CO5)]*~ in
the presence of sodium dibenzyldithiocarbamate.

Obviously, most of the previously reported PONSs are purely
inorganic compounds. Therefore, it remains a great opportu-
nity and challenge for exploring and discovering organic—inor-
ganic hybrid PONS. Since 2005, our group has concentrated on
the reactivity of hexaniobates with transition-metal complexes.
In 2007, we successfully obtained a family of organic—inor-
ganic hybrid PONs [({KNb,407,H 0.5} {Cu(en)} )»{Cus(en)s-
(H20)3}{Na; sCu; s(H;0)s}]'"~, [H23NaOsCusy(Nb,05)5]'"7,
and [H9Cu25,5Og(Nb7022)8]287.18 Later, we employed the
aromatic ligand 2,2'-bipy instead of the aliphatic diamine
ligand en to prepare a novel organic—inorganic hybrid PON
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{NbgOo[Cu(2,2'-bipy)]-[Cu(2,2'-bipy),]>} - 19H,0."* Additio-
nally, Hu et al. also isolated two isostructural 1D hybrid deca-
niobates {[M(2,2'-bipy)»]s[Nb;oOas]- XH,0},, (M = Zn'" and
Co", X = 3 and 1.5).% These reported organic—inorganic
hybrid PONs only contain a type of organic ligand; however,
the Lindqvist-type hexaniobates containing mixed organic
ligands have never been reported so far. In this context, we
simultaneously employ aromatic N-ligands such as 2,2'-bipy or
1,10-phen and aliphatic diamine ligands such as en or 1,2-dap
to prepare novel Lindqvist-type hexaniobates with mixed
organic ligands. Fortunately, by trial and error, we have
obtained three novel organic—inorganic hybrid hexaniobates:
[Cu(en);]{[Cu(1,10-phen)][Cu(l,10-phen)(H,0)|NbsOo} -
10.5H,0 (1), [Cu(en)>]o{[Cu(2,2’-bipy)][Cu(2,2"-bipy)(H-O)]
NbgO19} - 9H,0 (2), and [Cu(1,2-dap),]»{[Cu(2,2'-bipy)] [Cu-
(2,2'-bipy)(H,O)INbO19} - 11H,O (3). 1, 2, and 3 can be
formularized as [Cu(L),]>{[Cu(L,)][Cu(L,)(H,O)] NbsO o} *
nH>O (L; = enfor 1and 2, 1,2-dap for 3, L, = 1,10-phen for
1,2.2-bipy for 2 and 3, n = 10.5 for 1, 9 for 2, 11 for 3). The
common structural feature is that all display the 2D network
constructed from [Cu(L;),]>{[Cu(L,)][Cu(L,)(H>O)]NbgOo}
units and [Cu(L;),]*" bridges. To our knowledge, 1—3 repre-
sent the first 2D architecture with (4,4)-connected topology in
PON chemistry. Furthermore, the photoluminescence prop-
erties of 1 and 2 were studied. The magnetic behavior for 1 was
quantitatively analyzed.

Experimental Section

General Methods and Materials. All chemicals were commercially
purchased and used without further purification. K;HNbgOo-
13H,0 was synthesized according to the literature®! and character-
ized by IR spectrum. Elemental analyses (C, H, N) were performed
on a Perkin-Elmer 2400 CHN elemental analyzer; IR spectra were
obtained in the range of 4000—400 cm ™' on a Nicolet 170 SXFT-IR
spectrometer with pressed KBr pellets. Thermogravimetric (TG)
analyses were performed on a Mettler-Toledo TGA/SDTA 851°
thermal analyzer in a flowing air atmosphere in the temperature region
of 25—800 °C with a heating rate of 10 °C-min~". X-ray powder
diffraction (XRPD) measurements were performed on a Philips
X’Pert-MPD instrument with Cu Ko radiation (A = 1.54056 A) in
the angular range 26 = 10—40° at 293 K. Emission/excitation spectra
were recorded on an F-7000 fluorescence spectrophotometer. UV
absorption spectra were obtained with a U-4100 spectrometer at room
temperature. Magnetic susceptibility measurements were obtained by
the use of a Quantum Design MPMS-XL7 SQUID magnetometer at a
temperature ranging from 2 to 300 K.

Synthesis of 1. K;HNbO;9:13H,0 (0.34 g, 0.25 mmol) was
dissolved in 50 mL of water, and then a 20 mL aqueous solution
containing 1,10-phen (0.20 g, 1.00 mmol), en (0.80 mL, 0.50 mmol),
and Cu(CH3COO),-H,0 (0.20 g, 1.00 mmol) was slowly added with
stirring at 55 °C for 6 h. The resulting mixture was cooled to room
temperature and filtered. The blue filtrate was transferred to a
straight glass tube, and a mixed solvent of CH;CH,OH/H,O (2:3,
volume ratio) was carefully layered onto the blue filtrate. Block-
shaped dark blue crystals of 1 appeared at the interface after 13
days. Yield: ca. 22% (based on K;HNbgO 9+ 13 H,0). Anal. Calcd.
(fOU.nd %) for C32H71CU4N12Nb6030'50 (1) C19.98 (1985), H3.72
(3.81), N 8.74 (8.84). IR (KBr pellet): 3390(s), 3324(s), 3235(s),
1627(m), 1584(m), 1518(m), 1459(w), 1429(m), 1398(w), 1149(w),
1045 (m), 854(s), 726(s), 683(s), 528(s), 415(s).

Synthesis of 2. K;HNbO;9:13H,0 (0.69 g, 0.50 mmol) was
dissolved in a 50 mL aqueous solution, and then a 21 mL aqueous
solution containing 2,2'-bipy (0.22 g, 1.40 mmol), en (1.40 mL, 0.50
mmol), and Cu(CH;COO),-H»0 (0.24 g, 1.20 mmol) was slowly
added with stirring at 60 °C for 6 h. The resulting mixture was cooled
to room temperature and filtered. The dark green filtrate was
transferred to a straight glass tube, and a mixed solvent of CHjs-
CH,OH/H,O (2:3, volume ratio) was carefully layered onto the
dark green solution. Block-shaped dark blue crystals of 2 appeared
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Table 1. Crystallographic Data and Structural Refinements for 1—3

1 2 3

formula C32H71CL14- ngHégCU4- C32H80Cll4-

N12NbeO30 5 N12NbsO29 N12NbsO3;
M, (gmol ™) 1923.59 1848.52 1940.66
T (K) 296(2) 296(2) 296(2)
space group P2(1)2(1)2 Pnnm Pnnm
crystal system orthorhombic  orthorhombic orthorhombic
a(A) 31.045(2) 30.8690(15) 31.9429(18)

b(A) 13.9893(11) 13.7091(6) 13.6686(8)

c(A) 14.4513(11) 14.6688(7) 14.6214(8)

V(A% 6276.2(8) 6207.6(5) 6383.9(6)

VA 4 4 4

D (gem ™) 2.036 1.959 1.978

u (mm ) 2.469 2.488 2.426

limiting indices —36=<h=<36 —-36=<h=30 -37=h=<37
—l6=k=16 —-15<k=<16 -16=k=16
—17=1=<14 —17=</=17 —-13=1=17

GOF on F* 1.077 1.086 1.070

Ry, wRy [I > 20(I)] 0.0286,0.0717
Ry, wR; [all data] 0.0338, 0.0737

0.0465,0.1310  0.0834, 0.1987
0.0526,0.1343  0.1004, 0.2058

at the interface after 15 days. Yield: ca. 24% (based on K;HNbg-
019+ 13H,0). Anal. Caled. (found %) for CogsHgg CuyN{pNbOng
(2): C 18.19 (18.07), H 3.71 (3.78), N 9.09 (8.96); IR (KBr pellet):
3379(s), 3299(s), 3138(s), 1604(m), 1495(m), 1472(m), 1448(m),
1313(w), 1165 (w), 1111(w), 851(s), 773(s), 731(s), 680(s), 527(s),
409(s).

Synthesis of 3. The procedure for the formation of 1 was
employed, but instead of a 20 mL aqueous solution containing 1,10-
phen (0.20 g, 1 mmol), en (0.80 mL, 0.50 mmol), and Cu(CHs-
COO),-H,0 (0.20 g, 1.00 mmol) we used a 20 mL aqueous solution
containing 2,2’-bipy (0.38 g, 2.40 mmol), 1,2-dap (4.80 mL, 0.50 mmol),
and Cu(CH;COO),-H»0 (0.20 g, 1.00 mmol). Yield: ca. 31% (based
on K;HNbgO;9-13H,0). Anal. Caled. (found %) for Cs;HgoCuy-
N12NbgO5; (3): C 19.80 (19.67), H 4.16 (4.25), N 8.66 (8.72); IR
(KBr pellet): 3400(s), 3258(s), 3134(s), 2967(s), 1602(s), 1498(m),
1482(m), 1446(m), 1387(w), 1382(w), 1321(w), 1161 (m), 1095 (w),
1064 (m), 1029(m), 858(s), 775(s), 734 (s), 679(s), 534(s), 408(s).

X-ray Crystallography. A dark blue block crystal with dimen-
sions of 0.41 x 0.22 x 0.14 mm” for 1,0.487 x 0.263 x 0.272 mm® for
2,and 0.410 x 0.223 x 0.139 mm? for 3 was mounted on a glass fiber.
Intensity data were collected on Bruker APEX-IT CCD detector at
296(2) K with Mo Ka radiation (4 = 0.71073 A). The structures
were solved by direct methods using the SHELXTL-97 program?>
and refined by full-matrix least-squares on F~ using the SHELXTL-97
program package. Lorentz polarization and empirical absorp-
tion corrections were applied. All the non-hydrogen atoms were
refined anisotropically. All the hydrogen atoms were placed in
idealized positions and refined with a riding model using default
SHELXL parameters. Those hydrogen atoms attached to lattice
water molecules were not located. Crystallographic data and struc-
ture refinements for 1—3 were summarized in Table 1. CCDC
reference nos. 764381, 764382, and 764383 for 1, 2, and 3, respec-
tively. The data of 1—3 can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www. ccdc.cam.ac.
uk/data_request/cif.

Results and Discussion

Synthesis. In recent years, several organic—inorganic hy-
brid PONs have been successfully obtained by virtue of the
conventional solvent evaporation methods. Table 2 shows the
formation conditions of some hybrid PONSs in the presence of
en or 2,2'-bipy. Following the analogous approach, en was
replaced by 1,2-dap/1,3-dap/deta/teta (1,3-dap = 1,3-diamino-
propane, deta = diethylenetriamine, teta = triethylenetetra-
mine), but all attempts failed. We conjecture that the key factor
may be intimately related to the coordination capability and
flexible geometric configuration of en ligands. On the other
hand, the interaction of en with Cu'" ions can lead to [Cu-
(en),]*" complexes and enhance the stability of Cu" ions in an
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Table 2. Summary of Synthetic Conditions and Related Phases in the Preparations of 1—3

reactant and molar ratio T (°C) synthetic method dimension phase
K7HNbO1o/Cu®"/en/1,10-phen = 1/2.4/1.6/2.4 55 solution diffusion 2D 1
K HNDbgO,o/Cu>*t/en/2,2"-bipy = 1/3/0.88/1.76 60 solution diffusion 2D 2
K7HNbO1o/Cu®"/1,2-dap/2,2'-bipy = 1/2/4/4 55 solution diffusion 2D 3
RbgNbeO1o/Cu’"/en = 1/ 4/334 60 solvent evaporation dimer [({Nb2407,Ho} {Cu(en),(H,0)},-

{Cu(en)s})s]- 18H,0°

RngbGOIQ/Cu”/en = 1/3.9/136.4 60 solvent evaporation dimer [(Nb6019H2)2Cu(en)2]1071(’
RbgNbsO,o/Cu fen = 1/ 7.8/272.7 60 solvent evaporation 1D [(NbOoH5)Cu(en),]* 1
K;HNbgOo/Cu*/2,2-bipy = 1/4/8 60 solvent evaporation 0D {NbsO;9[Cu(2,2'-bipy)]>-
[Cu(2.2-bipy),].} - 19H,0"
K;HNbgOo/Zn>*/2,2'-bipy/ 100 hydrothermal conditions 1D {[Zn(2,2'-bipy),]5[Nb;(Oas] - 3H,0},°
K7HNbO1o/Co*"/2,2'-bipy/ 100 hydrothermal conditions 1D {[Co(2,2"-bipy)»]5[Nb1¢Oss]- 1.5H,0},%°

Na,S,03-6H,0 = 1/3/6.1/6.1

alkaline hexaniobate system. These elucidate that organoa-
mines play an important tunable role in the formation and
structural construction of PONs.

Considering the similarity in structure between 1,10-phen
and 2,2’-bipy, when 1,10-phen was employed, a novel 1,10-
phen-containing PON {[Cu(1,10-phen) (H,O)],Cu[Nb;;Oss-
H,4]}>~ was obtained by the solution diffusion method.”® When
1,10-phen was replaced by 4,4'-bipy, only amorphous powders
were afforded. In addition, if H,biim (H,biim = 2.2'-biimda-
zole) was used, the cube-shaped PON K;sNa,[HoCu,s 505
(Nb;05,)s]- 73.5H,0 was afforded.'® We believe that the rigid
and steric hindrance of 4,4’-bipy and H,biim affect the forma-
tion of organic—inorganic hybrid PONS.

These intriguing results ignited and spurred on our intensive
interest. To the best of our knowledge, no investigation on the
PONs with mixed organic ligands was carried out. Thus, we
intended to introduce aliphatic N-ligands (en or 1,2-dap) and
aromatic N-ligands (2,2-bipy or 1,10-phen) to one reaction
system to construct organic—inorganic hybrid PONs. Under
the guidance of this concept, the hexaniobate anion [NbgO1o]*~
is employed chiefly due to its high negative charge surface,
rich surface oxygen atoms, and high stability under basic
conditions (pH > 10), which may provide the possibility of con-
structing novel multidimensional architectures.'®** At the
beginning, the reaction of the hexaniobate anion [NbgOo]® ™
with the Cu" ion in the presence of 2,2-bipy and en resulted
in the first organic—inorganic hybrid hexaniobate [Cu(en),],-
{[Cu(2,2'-bipy)][Cu(2,2-bipy)(H,O)]NbsO 9} - 9H,O (2) with
mixed ligands. When 1,2-dap repalced en, as expected, 3 was
obtained, which isisostructural to 2. Following this strategy, we
harvested 1 when 2,2/-bipy was replaced by 1,10-phen. Finally,
it was found that 1 was obtained only in a limited range between
55 and 60 °C while 2 and 3 can be formed in the range of 55—
70 °C. When 1,2-dap and 1,10-phen were employed, a reported
giant Cube-shaped PON K1(,Na]2[H9CU25.503(Nb7022)8] .
73.5H,0 was obtained.'® The reason may be that the steric
hindrance of 1,2-dap/1,10-phen is larger than those of en/2,2'-
bipy and 1,2-dap/2,2’-bipy, leading to the separation between
metal—organic units and hexaniobate anions.*

During the course of our exploration, we found that it was
more difficult to control the syntheses of products with mixed
ligands than those with single ligands. This is mainly attributed
to the fact that mixed organic ligands have different solubilities
as well as different binding capabilities for transition-metal ions.
We also investigated the reaction of other transition-metal ions
(Co™, Ni"", and Mn™) with hexaniobate anion [NbsO;]*~ in the
participation of mixed ligands, unfortunately, no analogous
hexaniobates were obtained. One reason may be related to the
fact that the d” Cu" ion has flexible coordination modes and ob-
vious Jahn—Teller distortion,*® and another important reason is

°

Table 3. Selected Bond Lengths [A] for 1-3

A—X 1 2 3
Nb=0 1.761(4)—1.784(4) 1.766(4)—1.785(5) 1.771(7)—1.789(7)
Nb—O 1.922(3)—=2.101(3) 1.914(3)—2.089(3) 1.929(7)—2.102(7)
Nb—O,  2.345(3)—2.417(3) 2.354(3)—2.397(4) 2.364(6)—2.412(9)
Cu—-N 2.000(5)—2.037(5) 1.979(6)—2.020(7) 1.937(2)—2.410(3)

Cu—Onpsoro 1.950(3)=3.006(3) 1.965(3)—2.736(3) 1.961(7)—2.732(8)
Cu—Ow 2.860(6) 2.969(1) 2.982(2)

the affinity of Cu" ions for these family of ligands. These
indicate that the nature of transition metal ions has a decisive
influence on the formation of the products.

It is noted that the isolation of 1—3 illustrates that the
solution diffusion approach is efficient and feasible in the pre-
paration of novel PONs with mixed ligands. This approach is
relatively straightforward via layering the ethanol—water solu-
tion on the aqueous solution of transition-metal complexes and
K;HNbgO19+ 13H,0. With the slow diffusion of solution, the
dark blue crystals of 1—3 formed at interfaces. However, this
approach still needs to be further explored, because many fac-
tors (the categories and ratios of solvent, the pH of the solution,
the concentration of the reaction mixture, etc.) can affect the
formation of crystal phases: (i) We need to select an appropriate
solvent pair. For the formation of 1—3, the water—ethanol
solvent pair is suitable. When the water—acetonitrile solvent
pair was used, the yields of 1—3 were very low, and even no crys-
tal was obtained. If the water—methanol or water—tetrahydro-
furan solvent pair was selected, no product was isolated. (ii)
Parallel experiments suggest that the ratio of ethanol and water
also affects the formation and yields of 1-3. For 1, 2, 3, the
optimal ratio of ethanol and wateris 2:3—1:2, 1:1—1:3, 1:1—1:3,
respectively. (iii) The pH is a key factor for the formation of
PON:G. The optimal pH is 10.1 for 1 and 10.5 for 2 and 3.

Structural Descriptions. The phase purity of 1, 2, and 3 was
characterized by a XRPD pattern of the bulk product (Figure S1,
Supporting Information). The experimental XRPD patterns
of 1-3 are in good agreement with the simulated XRPD
patterns, which indicates the phase purity of the samples.
X-ray analyses reveal that 1—3 are all constructed from the
Lindqvist anions [NbgO 4]~ and copper—organic complexes.
1 crystallizes in the orthorhombic space group P2(1)2(1)2,
whereas both 2 and 3 are isostructural and belong to the
orthorhombic space group Pnnm (Table 1). In 1—3, the [Nb,-
016]* cluster is described as a superoctahedron of six edge-
sharing NbOg octahedra, and the Nb—O distances can be
grouped into three sets: the Nb—O, distances are in the range
of 1.761(4)—1.789(7) A, the Nb—O(u¢) distances range from
2.345(3) to 2.417(3) A, and the Nb—O, distances vary from
1.914(3)—2.102(7) A (Table 3). All bond lengths are agreement
with those described in the literature.'>'*'?7 In addition, in
the structural description of 1—3, the Cu—O weak interactions
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Figure 1. (a) Combined ball-and-stick/polyhedral representation of the structural unit of 1. (b) ball-and-stick representation of the structural
unit of 1. All H atoms and crystal water molecules are omitted for clarity. The atoms with the suffixes A and B are generated by the symmetry
operation: A: — 0.5 —x,05+y,— 1 —z;B: —0.5—x,05+y, —z.

a)

b)

Mn1
-y

@Nb
«Mn
@0
¢C

Figure 2. (a) The grafting fashion between Cul/Cu2 complex cations and the hexaniobate anion [NbO1o]° ™ in 1. (b) The grafting fashion
between Mn1/Mn2 complex cations and the hexaniobate anion [NbgO6]® ™ in the reported cis-K[{Mn(CO)3}>NbsOo].

will be considered because the evident Jahn—Teller distortion
of Cu'" ions in the crystal field leads to the elongation of the
Cu—O distances.”®

The structural unit of 1 consists of a hexaniobate anion [Nbg-
010]° ", a[Cu(1,10-phen)]**, a [Cu(1,10-phen) (H,0)]**, and two
[Cu(en),]*" cations (Figure 1). There are four crystallographically
unique copper ions (Cul, Cu2, Cu3, and Cu4) in the structural
unit. The [Cul(1,10-phen)]*" ion is a five-coordinated square
pyramid geometry, in which the basal plane is defined by two N
atoms from one 1,10-phen [Cu—N: 2.000(5)—2.014(5) A] and
two u;—Oy, atoms from one [NbgOo]¥~ cluster [Cu—u3—O:
1.950(3)—1.969(3)] and one u3—0O,, atom from the same [Nbg-
0,0~ cluster occupies the apical position [Cu—u3;—Oy:
2.325(3) A]. The [Cu2(1,10-phen)(H,0)]*" ion is a six-coordi-
nated octahedral geometry with two u3—0O,, atoms from one
[NbgO,6]* cluster [Cu—us—Oy: 1.966(3)—1.975(3) A] and two
N atoms of one 1,10-phen building the equatorial plane [Cu—N:
2.000(5)—2.005(4) A], and one u;—O, atom from the same
[NbO1o]*~ cluster and one coordination water O atom standing
on the axial positions [Cu—u3;—Oy,: 2.447(3) A and Cu—Oy:
2.860(6) A]. Both [Cu3(en),]>* and [Cud(en),]*" ions also exhibit
a six-coordinated octahedral geometry achieved by four N atoms
from two en [Cu—N: 1.998(5) —2.037(5) A] and two u3—Oy,
atoms from adjacent two [Nb6019]87 ions [Cu—u;—Oy: 2.467-
(3)—3.006(3) Al.

As shown in Figure 2a, both [Cul(1,10-phen)]*" and [Cu2-
(1,10-phen)(H,O)]*" cations are grafted on a hexaniobiate
anion [NbsO;o]*~ and capped onto two adjacent {Nb;O5}
groups of the [NbsOo]*~ cluster through two stronger u3—
Oy, bridges [Cu—u3—0y: 1.950(3) —1.975(3) A] and a weak
us—0y, bridge [Cu—u;—O0y: 2.325(3)—2.447(3) A], respec-
tively (Figure 2a). This grafting mode between [Cul(1,10-
phen)]**/[Cu2(1,10-phen)(H,0)]** cations and the [Nbg-
0,6]*” cluster is similar to that between M(CO); cations and
the [NbgO1o]® ™ cluster in [NbgO;o{M (CO)3},J* ™~ (M =
Mn', Re") (Figure 2b).!" In addition, a similar grafting mode
has also been observed in polyoxotungstates.®' Interestingly,
both [Cul(1,10-phen)]*" and [Cu2(1,10-phen)(H,O)]*" ca-
tions are linked together by a common u3—0Oy, atom from
the [Nb6019]87 cluster with the Cul - - - Cu2 distance 0of 4.764 A
and Cu—O—Cu angle of 173.6(1)°, forming a dicopper
[Cuy(1,10-phen),(H,0)]*" cluster. Thus, weak antiferromag-
netic interactions are expected in such a system mediated by
oxo-bridges. As far as we know, no organic—inorganic hybrid
PON containing dicopper clusters has been reported so far.

A striking feature in 1 is that [Cu(en),]>{[Cu(1,10-phen)]-
[Cu(1,10-phen)(H,O)]NbsO19} structural units are con-
nected together via [Cud(en),]*" bridges generating a novel
1D zigzag chain (Figure 3a). Such a 1D chain is somewhat
different from that in [(NbsO;9H,)Cu(en),]* (Figure 3b).'
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More intriguingly, adjacent 1D chains in 1 are linked to each
other via O8—Cu4—011 and O2—Cu3—07 bridges, result-
ing in a 2D network structure (Figure 4a). Notably, the 2D
sheet is not planar but zigzag (Figure 4b), as that occurring in
CsNay[{Sn(CHj)a}3(H20)4 (B-XWo033)]- TH,0 (X = As'!,
Sb™).*> From the topological viewpoint, if each [Cu-
(en)s]>{[Cu(1,10-phen)][Cu(1,10-phen)(H,0)|NbsO19} unit
is viewed as 4-connected node, the 2D sheet structure can
be described as a (4,4)-topological network (Figure 4c).
Adjacent 2D sheets are stacked in the mode of —ABAB—
(Figure 4c). Although the organic—inorganic composite 2D
layer architectures have been reported in polyoxotung-
states,*® to our knowledge, this topology has never been ob-

a)

Figure 3. Comparison of the 1D chain in 1 (a) and [Cu(en),-
(H20)2L2[(NbsO19H,)Cu (en),] - 14H,0 (b).
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served in PON chemistry. In addition, the packing of adja-
cent chains in 1 can form elliptical channels with dimensions
of about 9.12 x 13.48 A (Figure 5a,b), which are occupied by
free water molecules.

When 2,2’-bipy and en, 2,2-bipy and 1,2-dap were used under
similar conditions, 2 and 3 were afforded, respectively. Single-
crystal X-ray diffraction analyses reveal that 2 and 3 are almost
isomorphic (Table 1, Figure S2, Supporting Information). Thus,
only the structure of 2 is described in detail. The structural unit
of 2 consists of a hexaniobate [NbgOo]°~ anion, one [Cu-
(2,2'-bipy)]*" cation, one [Cu(2,2'-bipy)(H,O)]*" cation, two
[Cu(en),]*" cations, and nine lattice water molecules. Appar-
ently, a mirror passes through the Cul, Cu2 and the midpoint of
Cu3 and Cu3A cations. As shown in Figure 6, the connection
mode of the di-Cu'"-complex cation [Cu(2,2' -bipy)»(H,O0)**
with a Cul - - - Cu2 distance of 4.779 A and a Cu—O—Cu angle
of 175.2(1)° is similar to that of the dimeric complex cation
[Cus(1,10-phen)>(H,O)]*" in 1. In the structural unit of 2
(Figure 6), the [Cul(2,2'-bipy)]*" ion exhibits a square pyramid
geometry with three u3—Oy, atoms from one [NbsO1o]¥~ ion
[Cu—u3—0p: 1.965(3)—2.355(4) A] and two N atoms from one
2,2"-bipy [Cu—N: 1.994(5) A]. The octahedral geometry of the
[Cu2(2.,2'-bipy)(H,0)]** ion is defined by two N atoms from
one 2,2"-bipy [Cu—N: 1.979(6) A], one water oxygen atom
[Cu—Ow: 2.969(1) A], and three u3—O,, atoms from one
[NbgOo]* ™ ion [Cu—us—Oy: 1.967(3)—2.428(4) Al, whereas
the octahedral geometries of [Cu3(en),]>" and [Cu3A(en),]*"
ions are completed by four N atoms from two en [Cu—N:
1.981(6)—2.019(6) A] and two u3—Oy, atoms from adjacent two
[NbOo]* ™ ions [Cu—us—Oy: 2.664(3)—2.736(3) Al.

It is noteworthy that each structural unit links to four
adjacent same ones by four [Cu3(en),]*" bridges, generating
a 2D layer in the bc plane (Figure 7a). Similarly, the 2D sheet
of 2 is also zigzag (Figure 7b) and adopts the (4,4)-network

Figure 4. (a) The polyhedral/ball-and-stick view of the 2D sheet in 1, showing one {[Cu(en),],[Cu(1,10-phen)][Cu(1,10-phen)(H,0)|NbsO 9}
structural unit connecting four [Cu(en),]** bridging groups. (b) Side view of the 2D solid-state structure of 1. (c) The 2D (4,4) topological
network of 1 viewed along the a direction. Yellow balls are the four-connected nodes and represent the [Cu(en),]>{[Cu(1,10-phen)][Cu(1,10-
phen) (H,O)]NbgO19} units. H atoms and lattice water molecules have been omitted for clarity.
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a)

Figure 6. (a) Combined ball-and-stick/polyhedral representation of the structural unit of 2. (b) ball-and-stick representation of the structural
unit of 2. All H atoms and crystalline water molecules are omitted for clarity. The atoms with the suffixes A, B and C are generated by the
symmetry operation: A: x, y, —z; B: 0.5 —x, —0.54+y, =05+ 2z C: 0.5 —x, =05+ »,0.5 — z.

topology (Figure 7¢), in which each [Cu(en),]>{[Cu(2,2'-
bpy)|[Cu(2,2"-bpy) (H,O)]NbgO;o} unit serves as a four-
connected node. In addition, the packing of 2 and 3 exhibits
elliptical channels along the b axis with dimensions of about
9.21 x 5.38 A for 2 (Figure 7d) and 7.78 x 5.12 A for 3,
respectively. Free water molecules reside in the channels,
which is analogous to that in 1.

1—3 represent the first examples of organic—inorganic
hybrid hexaniobates containing aliphatic and aromatic N-li-
gands. Furthermore, 1—3 show a rare 2D zigzag structure with
a (4,4)-topological network in PON chemistry, which obviously
differs from the previous PONs with discrete or 1D struc-
tures.”*!"1% Though the structure of 1 is similar to that of
2—3, there are still some differences between them: (1) 2 and 3
crystallize in the orthorhombic space group Pnnm, whereas 1
belongs to the orthorhombic space group P2(1)2(1)2. (2) There
is a mirror passing through the structural unit in 2 or 3; in
contrast, no mirror exists in the structural unit of 1. (3) There are
three crystallographically unique Cu" ions in 2—3, while four
crystallographically unique Cu' ions exist in 1. (4) The structural
units of 2 and 3 are linked by [Cu3(en),]** bridges, generating a
2D sheet, while the structural units of 1 are connected by the
[Cu3(en),]*" and [Cud(en),]*" bridges. From the above ana-
lyses, we presume that the steric constraints imposed by the 2,2'-
bipy ligand are quite different from those of the 1,10-phen,*
leading to the structural differences for 2—3 and 1.

FT-IR and UV Spectroscopy. In the IR spectra, the bands
in the 400—1000 cm ' region exhibit similar characteristic

vibration patterns derived from the Lindqvist-type polyoxoa-
nions (Figure S3, Supporting Information). The v(Nb—O,)
characteristic band appears at 854 cm ™! for 1, 851 cm ™ for 2,
and 858 cm ! for 3, respectively. Their W(Nb—Oy,) vibration
frequencies in the region of 400—800 cm ™' show evident red
shifts compared with that of the precursor K;HNbgO19 13H,0,
which suggests that the transition-metal cations have coordi-
nated to PONs.'® In the IR spectrum of 1, the occurrence of the
stretching (3324—3235 cm™ ') and bending (1584 cm™ ") bands
of —NH, group confirms the presence of en ligands. The
vibration bands ranging from 1398 to 1518 cm ™" are attributed
to the 1,10-phen group.® In the IR spectrum of 2, the stretching
and bending bands of the —NH, group appear at 3299—
3138 cm ™! and 1604 cm™ ", respectively, corresponding to the
presence of en ligands. The vibration peaks between 1495 and
1448 cm ™' result from the 2,2-bipy group.***** In the IR
spectrum of 3, similar characteristic absorption bands of 2,2'-
bipy have been observed. The stretching and bending bands
of —NH, groups appear at 3258—3134 cm™ " and 1602 cm ™',
respectively, indicating the presence of dap ligands. All the
characteristic peaks are consistent with the results of single-
crystal X-ray diffraction analyses. The UV spectra of 1 and 2 in
aqueous solution were recorded at pH = 7.0 and 7.4, respec-
tively. There are two characteristic absorption peaks at approxi-
mately 222 and 272 nm for 1, 224, 301 nm for 2, respectively. The
higher energy band (222 and 224 nm) can be attributed to the
charge-transfer transitions of the O — Nb bond in comparison
with the [NbgO10]*~ anion (Figure 8), whereas the lower energy
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Figure 7. (a) The polyhedral/ball-and-stick view of the 2D sheet structure of 2 showing the {[Cu(en),]o[Cu(2,2’-bipy)][Cu(2,2'-bipy)(H,O)]NbO1o}
structural units interconnected through [Cu(en),]*" bridges along the a direction. (b) Side view of the 2D sheet of 2. (¢) The 2D (4.4) topological network
of 2 viewed along the a direction. Yellow balls are the four-connected nodes and represent the {[Cu(en),]o[Cu(2,2’-bipy)][Cu(2,2'-bipy)(H,O)|NbO1o}
units. (d) View of the crystal packing of 2 along the b axis. H atoms and lattice water molecules have been omitted for clarity.
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Figure 8. (a) Comparison of the UV spectra of 1 (pH = 7.0) and K;HNbgO9. (b) Comparison of the UV spectra of 2 (pH = 7.4) and K;HNbgOo.

band (273 and 301 nm) should correspond to ligand-to-metal
(Cu") charge transfer (LMCT) transitions.*®

TG Analyses. The thermal stability of 1—3 (Figure 9) was
investigated on crystalline samples under air atmosphere
from 25 to 800 °C. The TG curves of 1—3 all exhibit two steps
of weight loss. In 1, the first weight loss of 10.37% between 25
and 131 °Cis assigned to the release of 10 and a half lattice water
molecules (caled. 9.83%). Followed by a weight loss of 31.47%
approximately between 221 and 800 °C corresponds to the
removal of four en ligands, two 1,10-phen ligands, and one
coordinated water molecule (calcd. 34.02%). The whole weight
loss of 41.84% is consistent with the calculated value of 43.85%.
For 2, the first weight loss of 9.36% from 25 to 112 °C corres-

ponds to the loss of nine lattice water molecules (calcd. 8.77%).
On further heating, the second weight loss 0f 27.73% from 210 to
800 °C comes from the removal of four en ligands, two 2,2’-bipy
ligands, and one coordinated water molecule (caled. 30.88%). It
shows a total weight loss of 37.09% in the range of 25—800 °C,
which agrees well with the calculated value of 39.65%. In the case
of 3, the first weight loss of 10.70% from 25 to 131 °C involves
the loss of 11 lattice water molecules (caled. 10.19%), and the
second weight loss of 32.39% from 212 to 800 °C results from the
release of four 1,2-dap ligands, two 2,2’-bipy ligands, and one
coordinated water molecule (calcd. 32.24%). It shows a total
weight loss of 43.09% in the range of 25—800 °C, which is
consistent with the calculated value of 42.43%.
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Figure 9. The TG curves of 1—3 on crystalline samples in an air
atmosphere in the range of 25—800 °C.
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Figure 10. Solid-state emission spectra of 1 and 2 at room temperature.

Photoluminescence. Considerable interest in organic—
inorganic hybrids photoluminescence materials has been devel-
oped due to their potential applications in lighting, analytical
probes, and lasers.’” The solid-state luminescence properties
of 1, 2, and K;HNbgO,9-13H,O were investigated at room
temperature. The emission spectra of 1 and 2 are depicted in
Figure 10. It can be observed that 1 displays intense emission
band at ca. 330 nm upon excitation at 227 nm. To understand
the nature of the emission band, the solid-state luminescence
emission of the free 1,10-phen ligand was investigated upon
excitation at 227 nm. Two obvious emissions at 362 and 380 nm
are observed for free 1,10-phen ligand (Figure S4a, Supporting
Inforrnation).‘%s‘38 In addition, the hexaniobate K;HNbgOo*
13H,0 displays a broad emission band at around 320 nm in the
visible region upon excitation at 227 nm (Figure S4a, Support-
ing Information), which can be attributed to the O — Nb charge
transfer.®” Thus, the emission of 1 may be assigned to the mix-
ture of the intraligand sy *—s, transitions from the 1,10-phen
and the O — Nb charge transfer of K;HNbgOo- 13H,0.%%
Upon excitation at 225 nm, 2 exhibits emission band maxima
at ca. 336 nm with a weaker intensity than that of 1. Notably,
the excitation spectra of 1 and 2 resemble each other in the
peak profile. Additionally, the free 2,2-bipy ligand displays
weak luminescence at ca. 360 nm upon excitation at 230 nm
(Figure S4b, Supporting Information).>® Therefore, we spec-
ulate that the emission of 2 also arises from the intra-
ligand sy *—srp transitions and the O — Nb transitions of
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Figure 11. The plots of yym and ym7 vs T in the temperature of
2—300 K for 1. The red solid line represents the fit to experimental data.
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Figure 12. The temperature evolution of the inverse magnetic
susceptibility yn ! between 4 and 300 K for 1.

K;HNbgO19+ 13H,0. These results indicate that 1—3 may be
applicable as potential photoactive materials.

Magnetic Properties. Considering the similarity of 1, 2,
and 3 in structure, only the magnetic behavior of 1 was
investigated. The temperature dependence of magnetic sus-
ceptibility for 1 is shown in Figure 11 in the form of y\ and
ym T versus T. The yy slowly increases from 0.006 emu mol !
at 300 K to 0.031 emu mol™ ' at 50 K and then exponen-
tially reaches the maximum of 0.36 emu mol ™' at 2 K. The
ym T product at room temperatureis 1.58 emumol ' K, being
consistent with the expected spin-only value (1.5 emu mol '
K) for four isolated Cu'" ions assuming g =2.00. On cooling,
the ym7T = A(T) curve decreases to a minimum of 0.73 emu
mol ™' K at 2 K, indicating the antiferromagentic interactions
between the Cu'' centers. Fit the magnetic susceptibility data
between 2 and 300 K to the Curie—Weiss expression afford-
ing the Curie constant C = 1.55 emu mol™ ' K and the Weiss
constant 6 = —0.93 K (Figure 12). The small negative Weiss
constant also manifests the occurrence of weak antiferro-
magnetic interactions within Cu" centers.

As seen from the structure of 1, a binuclear Cu' unit with the
Cul - - - Cu2 distance of 4.764 A is included in 1. Accordingly, the
magnetic susceptibility data can be fitted to the modified Blea-
ney—Bowers equation derived from the Hamiltonian H =
—JS,S, for the binuclear Cu" entity.***' Considering the para-
magnetic [Cu3(en),]*" and [Cud(en)-]*" cations, the expression
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of molar magnetic susceptibility of 1 is written as follows:**

2Ng* B 1 Ng**
= (1—
aa = (L= P) == X s sy T g P
Ng*B’
3T

+ x 2 (1)
Here, Jis the exchange constant within the dinuclear Cu® cluster,
N is the Avogadro number, p is the fraction of paramagnetic
impurity in the sample, g is the Landé g factor, 3 is the electronic
Bohr magneton, and & is the Boltzmann constant.

The best-fit parameters obtained in the overall temperature
rangeareJ=—2.80cm ', g=2.04, and p=>5x10"* The nega-
tive J value further confirms the presence of the weak anti-
ferromagnetic interactions in 1. Such antiferromagnetic cou-
pling in the dinuclear Cu'" cluster units has been observed in
[Cus(bzacpro) (CH3CO,)]{(Hsbzacpro = N,N'-bis(1-methyl-
3-hydroxy-3-phenyl-2-propen-1-ylidene-1,3-diamino-2-pro-
panoD)}.** [Na;>(H,0)s6l[Cus(B-Y-GeM0yOs3):]-3H,0,*
and {[Cus(2.2"-bipy)s(H>0)][GeWoO14]} - 7TH,0.*1° Besides, si-
milar antiferromagnetic coupling is also observed in tri-, tetra-,
and high-nuclear Cu" cluster.¥** Furthermore, it is well-
known from previous studies the correlation within the oxo-
bridged dinuclear Cu(II) units between J and the Cu—O—Cu
angle: an antiferromagnetic exchange interaction is found
when the Cu—O—Cu bond angle is larger than 98°, while the
Cu—O—Cubond angle smaller than 98° can facilitate the ferro-
magnetic exchange interaction.*>*® In the case of 1, because the
Cu—O—Cu angle is 173.6(1)°, the antiferromagnetic interac-
tion within Cu' ions is expected, which is in accordance
with the simulated result. Notably, the Cu—O—Cu angle of
173.6(1)° in 1 is much larger than those in the reported anti-
ferromagnetic oxo-bridged dinuclear Cu'’ compounds [Cu,-
(bzacpro) (CH3CO,)] (131.8(3)°),* [Cu,(bzacbu)(CH;CO,)]
(125.1(4) and 125.3(3)°) {(bzacbu = N,N'-bis(1-methyl-3-hy-
droxy-3-phenyl-2-propen- 1 -ylidene-1,4-diamino-2-butanol)},**
[Cuy(L)(H,0),]F»(CH30H)»(103.65(10)°) (L = 4-Methyl-2,6-
diformylphenol),*’ [Cu(2,2'-bipy) (H,0)][H,PW;030Cux(2,2'-
bipy)»(H,0)(OH)]- 1.5H,0 (122.3°).%8

Conclusions

Three novel organic—inorganic hybrid PONSs: [Cu-
(en)>]o{[Cu(phen)][Cu(phen)(H>0)INbeO1o}-10.5 H>O (1),
[Cu(en):]{[Cu(2,2'-bipy)|[Cu(2,2"-bipy)(H>0)] NbgOo} -
9H,O (2), and [Cu(1,2-dap),]>{[Cu(2,2’-bipy)] [Cu(2,2’-
bipy)(H,O)INbO19} - 11H,O (3) have been synthesized by
the solution-diffusion method rather than the evaporation
or hydrothermal technique. These findings have three
major features: (i) we utilize the rare solution—diffusion
method in PON chemistry to prepare organic—inorganic
hybrid PON-based extended frameworks; (ii) 1—3 are the
first examples of Lindqvist-type hexaniobates with mixed
organic ligands; (iii) 1—3 represent the first examples of 2D
architecture with a (4,4)-connected topology network. In
the following work, we will introduce some functional
N-heterocyclic aromatic polycarboxylate ligands to the
present system to construct more high-dimensional orga-
nic—inorganic hybrid Lindqvist-templated PONs with
mixed organic ligands. In addition, we are trying to synthe-
size organic—inorganic hybrid 3d-4f heterobimetal PONSs.
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