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Four novel organic—inorganic hybrid arsenic-vanadate complexes, [Cu(phen)][(As'Oy4)
(VV307)(H,0)] D), [Cu(en),]o[AsgV1404>(H,0)] - 2.5H,0 (2), [M(1,10-phen);]»
[AsgV14042(H,0)05]- 0.5H,O (M =Mn, 3, Cd, 4) (1,10-phen=1,10-phenanthroline) have
been hydrothermally synthesized for the first time and characterized by elemental analyses,
XPS spectra, EPR spectra, IR spectra, TG analyses and single crystal X-ray diffraction. The
structure of compound 1 consists of arsenic vanadate ribbons coordinated by the [Cu(phen)]**
complex, while compounds 2 to 4 possess a spherical [Asg""V,/YO,,]*" cage with H,O
molecules encapsulated. The unexpected preparation 1 and the synthesis of compounds 2 to 4
on the basis of same polyoxoanion structures show that the pH value of the reaction plays a
crucial role in controlling the basic architectures.

Keywords: Arsenic-vanadium; Building block; Hydrothermal synthesis; Organic-inorganic
hybrid; Crystal Structure

1. Introduction

Interest in organic—inorganic hybrid polyoxometalates arises because of their enormous
variety of structural topologies and potential applications in catalysis, conductivity,
magnetochemistry and material science [1-4]. One approach employs various well
characterized polyoxometalates as molecular building blocks bridged or supported by
a transition metal complex to produce new families of organic-inorganic hybrid
polyoxometalates, which exhibit interesting multi-dimensional frameworks and have
fascinating properties from combining the unique characteristics of the organic and
inorganic components [5, 6]. Based on this strategy, a large variety of organic—inorganic
hybrid materials belonging to the {MxLy/V/O} or {MxLy/V/P/O} system
(M =transition metal, L =organic ligand) have been isolated [7]. Compared with the
rich structural chemistry in the V-P-O system, limited studies have been made on the
V-As-O system. Studies have concentrated on discrete arsenic-vanadium clusters
and anionic porous skeletons, such as {As" VY, 04514 (1=3,4) and MVOAsO,
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(M =Na, Li, NHy) [8, 9]. More recently, some 2D layer-like and 3D porous V-As-O
structures, such as [H,NC4HgNH,] [(VO)2(HAsOy4)>(HyAsOy),] and
[AsV'VV,Y0,6(H,0)] - 8H,O have been prepared by hydrothermal techniques and
organic templates [10, 11]. However, the V-As—O system as one of the most important
subclasses of polyoxovanadates combined with a transition metal complex has been
unexplored [12]. We are interested in mixed vanadium-—arsenic polyoxoanion
coordination abilities and quite recently successfully synthesized two new compounds
of unprecedented structures composed of vanadium-arsenic-oxide and transition metal
organic complexes [13, 14]. Herein, we reported the hydrothermal synthesis and crystal
structures of four novel organic—inorganic hybrid arsenic vanadates in different
pH solutions: [Cu(phen)][(As04)(V"307)(H0)] (1), [Cu(en),Lo[As"sV!Y1,042(H,0)] -
2.5H,0 (2), [M(1,10-phen)s]o[As™ VY 404 (H,0)0 5] - 0.5H,0 (M =Mn, 3, Cd, 4)
(1,10-phen = 1,10-phenanthroline). Compound 1 contains unprecedented V0,o(H,0),
building blocks connected with AsO, to form a ribbon which is decorated by
[Cu(phen)]*" fragments. The structure of compound 2 is a undee chain constructed
from [Ass''V14"VO45] anion clusters and [Cu(en),]*" complexes. Compounds 3 and 4
possess a [Ass 'V 14'VO,,] cage polyoxoanion and transition metal complex cations
assembled through electrostatic interaction. In addition, hydrogen bonds and n—n
interactions contribute to the building of these architectures. Furthermore, the
syntheses of these new organic-inorganic arsenic—vanadium derivatives enrich the
modifying chemistry of arsenic vanadate and also provides more information for
the assembly process.

2. Experimental

2.1. Synthesis and characterization

All chemicals were commercially purchased and used without further purification.
elemental analyses (C, H and N) were performed on a Perkin-Elmer 2400 CHN
elemental analyzer. Mn, Cd, Cu, As and V were determined by a Leaman inductively
coupled plasma (ICP) spectrometer. XPS analysis was performed on a VG
ESCALABMK II spectrometer with a Mg-Ka (1253.6eV) achromatic X-ray source.
The vacuum inside the analysis chamber was maintained at 6.2 x 10~°Pa during the
analysis. IR spectra were recorded in the range of 400-4000 cm ™' on an Alpha Centaurt
FT/IR spectrophotometer using KBr pellets. EPR spectra were recorded on a Japanese
JES-FE3AX spectrometer at 293 K. TG analyses were performed on a Perkin-Elmer
TGA7 instrument in flowing N, with a heating rate of 10°C min~"'.

2.2. Synthesis of [Cu(phen)][(As"0,)(V¥;0,)(H,0)] (1)

Compound 1 was hydrothermally synthesized under autogenous pressure. A mixture
of NH4VO; (0.5mmol), As,O; (0.5mmol), CuCl,-2H,O (0.5mmol), 1,10-phen
(0.3 mmol), HNO; (0.1 mL) and H,O (5mL) was mixed and stirred for 30 min in air.
The mixture was sealed in a 15mL Teflon-lined autoclave and heated at 160°C for
7 days. Then the autoclave was cooled at 10°Ch™! to room temperature. The resulting
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green block crystals of 1 were filtered off, washed with distilled water, and dried at
ambient temperature (yield: ca 22.7% based on V). Elemental analyses of the green
crystals are consistent with the stoichiometry of Cj,H;pAsCuN,O;,V;. The elemental
analyses found: C, 22.57; H, 1.47; N, 4.38; V, 21.21; As, 11.54; Cu, 9.37%; Calcd for
CoHpAsCuN,O, V3 C, 21.66; H, 1.51; N, 4.21; V, 22.96; As, 11.26; Cu, 9.55%.
IR spectrum (cm™'): 3058(m), 1631(w), 1606(w), 1583(m), 1518(s), 1425(s), 1340(w),
1318(w), 1223(w), 1143(w), 1108(w), 977(s), 953(s), 938(s), 911(s), 839(s), 758(s), 739(s),
718(s), 665(s), 596(s), 518(s), 431(m), 405(m).

2.3. Synthesis of [Cu(en); ][ AsgV 1404 (H0)] « 2.5H,0 (2)

A mixture of NH4VO3 (0.5mmol), As,O3 (0.5mmol), CuCl,-2H,O (0.5mmol), en
(0.1 mL), HNO;3 (0.13mL) and H,O (5 mL) was mixed and stirred for 30 min in air. The
mixture was sealed in a 15mL Teflon-lined autoclave and heated at 160°C for 7 days.
Then the autoclave was cooled at 10°Ch~! to room temperature. The resulting brown
block crystals of 2 were filtered off, washed with distilled water, and dried at ambient
temperature (yield: ca 32.72% based on V). Elemental analyses of the green crystals are
consistent with the stoichiometry Cs3,HgsAs3,CugN3,014,Vse. The elemental analyses
found: H, 0.82; C, 4.11; N, 4.62; V, 29.81; Cu, 5.36; As, 25.11%; Calcd for
C32H84A532CU8N320182V56: H, 088, C, 401, N, 467, V, 2975, Cu, 530, AS, 25.01%.
IR spectrum (cm™'): 3468(m), 3241(m), 3139(w), 2951(w), 1624(w), 1587(m), 1368(m),
1047(m), 983(s), 758(m), 702(s), 622(w), 537(w), 452(w).

2.4. Synthesis Of' [Mn(phen)3]2[As8 V]4042(H20)0'5] . 0.5H20 (3)

A mixture of NH4VO; (0.5 mmol), As,O3 (0.5 mmol), KMnO, (0.5 mmol), 1,10-phen
(0.3 mmol) and H>O (5mL) was mixed and stirred for 30 min in air. The mixture was
sealed in a 15mL Teflon-lined autoclave and heated at 160°C for 7 days. Then the
autoclave was cooled at 10°Ch™" to room temperature. The resulting green block
crystals of 3 were filtered off, washed with distilled water, and dried at ambient
temperature (yield: ca 10% based on V). Elemental analyses of the brown crystals are
consistent with the stoichiometry C;,HsoAsgMn,;N 1,043V 4. The elemental analyses
found: C, 27.17; H, 1.45; N, 5.34; V, 22.46; As, 18.69; Mn, 3.39%; Calcd for
C72H50ASgMH2N12043V14: C, 2708, H, 158, N, 526, V, 2233, AS, 1877, Mn, 3.44%.
IR spectrum (cm™'): 3448(m), 3052(w), 1628(s), 1579(m), 1522(s), 1421(s), 1340(w),
1144(w), 1092(w), 994(s), 765(m), 716(s), 635(s), 548(m), 463(m).

2.5. Synthesis Of [Cd(I,IO-phen)3]2[As8 V14042(H20)0_5] . 0.5H20 (4)

NaVOs;-2H,0 (0.782 mmol), As,O3 (0.611 mmol), Cd(CH3COO), (1.436 mmol), 1,10-
phen (0.3 mmol) were mixed in a 7mL NaAc/HAc buffer (pH =4.8) and stirred for
30 min in air. The mixture was sealed in a 15 mL Teflon-lined autoclave and heated at
175°C for 5 days. Then the autoclave was cooled at 10°Ch™" to room temperature. The
resulting black block crystals 4 were filtered off, washed with distilled water, and dried
at ambient temperature (yield: ca 50.2% based on V). Elemental analyses of the black
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crystals are consistent with the stoichiometry C;,HspAsgCd,N[,043V 4. The elemental
analyses found: C, 26.57; H, 1.47; N, 5.28; V, 21.21; As, 18.34; Cd, 6.37%; Calcd for
C7oHs50AsgCdaN 1,043V 40 C, 26.14; H, 1.52; N, 5.08; V, 21.56; As, 18.12; Cd, 6.79%.
IR spectrum (cm™'): 3440(m), 3063(w), 1613(s), 1591(m), 1521(s), 1424(s), 1338(w),
1142(w), 1090(w), 998(s), 763(m), 716(s), 632(s), 553(m), 461(m).

When Cd(CH;COOQ), was substituted by Ni(CH3;COO), or Co(CH;COO), while the
other reaction conditions remained the same, dark green block crystals of 5 [Ni(1,10-
phel’l)3]2[A58V14042(H20)0‘5]‘ ISHQO (452% yleld based on V) and dark red block
crystals of 6 [Co(1,10-phen);]5[AsgV14042(H>0)05]- 1.5H,0 (33% yield based on V)
were obtained. Elemental analyses found for 5 C;,Hs»AsgN[2NinO44Vi4y: H, 1.67;
C, 2680, N, 528, V, 2221, Nl, 359, AS, 18.69%. Calcd for C72H52A88N12Ni2044V14:
H, 1.63; C, 26.86; N, 5.22; V, 22.15; Ni, 3.65; As, 18.62%. Elemental analyses found for
6 C7oHs,AsgCooN 1,044V 142 H, 1.68; C, 26.80; N, 5.29; V, 22.23; As, 18.58; Co, 3.69%;
Calcd for C72H52ASSN12C02044V14Z H, 163, C, 2686, N, 522, V, 2215, AS, 1862,
Co, 3.66%. IR spectrum (cm™") for 5: 3454(m), 1622(w), 1581(m), 1514(m), 1430(s),
1146(w), 1108(w), 1000(s), 769(m), 715(s), 630(w), 553(w), 469(w). IR spectrum (cm™")
for 6: 3441(m), 1627(w), 1521(m), 1424(s), 1149(w), 1103(w), 998(s), 763(m), 716(s),
632(w), 560(w), 467(w).

When  Cd(CH3COO), was substituted by Mn(CH;COO),-4H,O or
Zn(CH;COO0), - 2H,0O with the same synthetic conditions, brown crystals of 3 and
dark crystals of 7 were obtained. The IR spectrum of 7 exhibits similar characteristic
peaks as compounds 3, 4, 5 and 6. However, owing to the poor quality of the crystals,
no precise structure was determined by single crystal X-ray diffraction.

2.6. X-ray crystallography

The structures of compounds 1-6 were determined by single crystal X-ray diffraction.
Data were collected on a Rigaku R-AXIS RAPID IP diffractometer with Mo-Ka
(A=0.71073 A) at 293 K. Empirical absorption correction (v scan) was applied. The
structures were solved by the direct method and refined by full-matrix least squares on
F? using the SHELXL-97 software [15]. For 1 and 2, all of the non-hydrogen atoms
were refined anisotropically. The hydrogen atoms of 1 were located from difference
Fourier maps. Positions of the hydrogen atoms attached to carbon atoms of 24 were
fixed at their ideal positions, and those attached to oxygen atoms were not located. For
compounds 3 and 4, in the cluster structure, four positions occupied by As>Os dimers
and four positions occupied by V atoms were disordered. The respective occupancies of
those disordered As and V atoms were 0.5. Although the final residuals were relatively
large, the molecular anion and transition-metal complexes were well behaved, and there
were no unusual temperature factors or excursions of electron density in these regions
of the structure. For compounds 5 and 6, the refinement was complicated by disorder of
the vanadium sites, the arsenic sites and the 1,10-phen ligands. Although the crystal
structures of 5 and 6 could be roughly defined and further proved by elemental analyses
and IR spectra, the final residuals of these compounds are too large to be reported.
The summary of crystal data and structure refinements are provided in table S1.

A summary of crystal data and structure refinements for compounds 1-4 is provided
in table 1. Ranges of selected bond lengths for 1-4 are listed in table 2.
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Table 2. Some important bond lengths (/DX) for compounds 1-4.

Compound 1
As(1)-0O(4)
As(1)-O(12)
V(1)-0(2)
V(1)-0(1)
V(1)-O(10)#4
V(1)-0(4)
V(1)-0(3)
V(3)-0(7)
V(3)-O(11)#1
V(3)-0(6)
V(3)-0()
V(3)-O(5)#1

Compound 2
As(6)-0(4)
As(6)-O(8)
As(6)-0(32)
As(4)-O(11)
As(4)-0(26)
As(4)-0(20)
As(2)-0(1)
As(2)-0(40)
As(2)-0(23)
As(7)-0(6)
As(7)-0(12)
As(7)-0(23)
V(14)-0(35)
V(14)-0O(14)
V(14)-0(3)
V(14)-O(8)
V(14)-0(21)
V(12)-0(42)
V(12)-0(14)
V(12)-0(10)
V(12)-0(4)
V(12)-0(39)
V(10)-0(22)
V(10)-0(30)
V(10)-O(18)
V(10)-0O(1)
V(10)-0O(12)
Cu(1)-N(1)
Cu(1)-N(4)
Cu(1)-N(3)
Cu(1)-N(2)
V(8)-0(24)
V(8)-O(17)
V(8)-0O(15)
V(8)-0(2)
V(8)-0(6)
V(6)-0(5)
V(6)-0(30)
V(6)-O(17)
V(6)-O(11)
V(6)-O(12)
V(4)-0(41)
V(4)-0(14)
V(4)-0(3)
V(4)-0(19)

1.659(2)
1.669(2)
1.613(3)
1.614(3)
1.975(3)
1.991(3)
2.048(3)
1.596(3)
1.7342)
1.901(2)
1.984(2)
2.075(2)

1.768(4)
1.772(4)
1.778(4)
1.771(4)
1.779(4)
1.791(4)
1.751(4)
1.770(4)
1.777(4)
1.764(4)
1.768(4)
1.788(4)
1.592(5)
1.944(4)
1.963(4)
2.004(4)
2.019(4)
1.604(5)
1.924(4)
1.938(4)
1.979(4)
1.991(4)
1.598(4)
1.922(4)
1.923(4)
1.978(4)
1.994(4)
1.988(6)
1.993(6)
1.999(6)
2.016(6)
1.594(4)
1.942(4)
1.942(4)
2.003(5)
2.003(4)
1.607(4)
1.926(4)
1.936(4)
1.995(4)
2.003(4)
1.610(4)
1.910(4)
1.933(4)
1.990(4)

As(1)-0(6)
As(1)-0(5)
V(2)-0(10)
V(2)-0(8)
V(2)-0(8)#2
V(2)-0O(5)#3
Cu(1)-0(12)
Cu(1)-N(1)
Cu(1)-0(11)
Cu(1)-N(2)
Cu(1)-0(9)
V(2)-0(9)

As(5)-0(7)
As(5)-0(21)
As(5)-0(26)
As(3)-0(9)
As(3)-0(33)
As(3)-0(39)
As(8)-0(13)
As(8)-0(32)
As(8)-0(27)
As(1)-0(19)
As(1)-0(2)
As(1)-0(33)
V(13)-0(38)
V(13)-0(21)
V(13)-0(20)
V(13)-0(27)
V(13)-0(8)
V(11)-0(31)
V(11)-0(9)
V(11)-0(2)
V(11)-0(40)
V(11)-0(6)
V(9)-0(28)
V(9)-0O(16)
V(9)-O(18)
V(9)-0(13)
V(9)-0(1)
Cu(2)-N(6)
Cu(2)-N(8)
Cu(2)-N(7)
Cu(2)-N(5)
V(7)-0(36)
V(7)-0(3)
V(7)-0(15)
V(7)-0(7)
V(7)-0(19)
V(5)-0(29)
V(5)-0(10)
V(5)-0(16)
V(5)-0(9)
V(5)-0(40)
V(3)-0(34)
V(3)-0(30)
V(3)-0(18)
V(3)-0(20)

1.699(2)
1.724(2)
1.691(3)
1.838(2)
1.974(2)
2.013(2)
1.940(3)
1.988(3)
2.000(2)
2.013(3)
2.348(2)
1.619(2)

1.769(4)
1.773(4)
1.776(4)
1.767(4)
1.769(4)
1.775(4)
1.759(4)
1.767(4)
1.773(4)
1.758(4)
1.765(4)
1.790(4)
1.571(5)
1.961(4)
1.963(4)
1.979(4)
1.982(4)
1.582(5)
1.959(4)
1.975(4)
1.976(4)
1.984(4)
1.615(4)
1.927(4)
1.950(4)
1.986(4)
2.019(4)
2.003(6)
2.007(6)
2.007(6)
2.030(7)
1.611(4)
1.919(4)
1.929(4)
1.967(4)
1.991(4)
1.583(4)
1.943(4)
1.944(4)
2.001(4)
2.009(4)
1.593(5)
1.937(4)
1.937(4)
1.994(4)

(Continued)
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V(4)-0(39) 1.992(4) V(3)-0(27) 2.016(4)
V(2)-0(25) 1.606(4) V(1)-0(37) 1.596(4)
V(2)-0(15) 1.930(4) V(1)-0(16) 1.936(4)
V(2)-0(17) 1.948(4) V(1)-0O(10) 1.940(4)
V(2)-0(7) 1.966(4) V(1)-0(4) 1.960(4)
V(2)-0(11) 1.977(4) V(1)-0(13) 1.974(4)
Compound 3
V(9)-0(18) 1.577(5) V(8)-0(20) 1.595(4)
V(9)-0(6)#1 1.951(5) V(8)-0(10) 1.947(5)
V(9)-0O(8) 1.963(5) V(&)-O(11) 1.952(5)
V(9)-O(7)#1 1.964(5) V(8)-0(13) 1.961(5)
V(9)-0O(15) 1.973(4) V(8)-O(17) 1.971(5)
V(7)-0(12) 1.595(5) V(6)-0(9) 1.588(5)
V(7)-0(16) 1.962(5) V(6)-O(11) 1.946(5)
V(7)-0(14) 1.970(4) V(6)-0(21) 1.953(5)
V(7)-0Q21)#1 1.973(4) V(6)-0(19) 1.959(5)
V(7)-O(19)#1 1.978(5) V(6)-0(17) 1.966(5)
V(5)-0(4) 1.601(5) V(4)-0(3) 1.438(6)
V(5)-0(14) 1.949(5) V(4)-0(10) 1.836(5)
V(5)-0(10) 1.959(5) V(4)-0(14) 1.863(5)
V(5)-0(16) 1.968(5) V(4)-O(7) 2.137(5)
V(5)-0(13) 1.968(5) V(4)-0(6) 2.154(6)
V(3)-0(5) 1.472(6) V(2)-0(1) 1.362(7)
V(3)-0(13) 1.880(5) V(2)-0(21) 1.835(5)
V(3)-0(16) 1.908(5) V(2)-0(11) 1.945(5)
V(3)-0(15) 2.074(5) V(2)-O(8)#1 2.096(5)
V(3)-0(8) 2.096(5) V(2)-0(6) 2.155(5)
V(1)-0(2) 1.402(6) As(2)-0(6) 1.696(5)
V(1)-O(17) 1.857(5) As(2)-O(11) 1.881(5)
V(1)-0(19) 1.961(5) As(2)-0(1) 1.913(8)
V(1)-0(15) 2.081(5) As(8)-0(7) 1.749(5)
V(1)-O(7)#1 2.143(5) As(8)-O(19)#1 1.878(5)
As(6)-0(8) 1.680(5) As(8)-0(Q2)#1 1.887(7)
As(6)-O(1)#1 1.783(5) As(7)-0O(7) 1.634(5)
As(6)-O(21)#1 1.877(5) As(7)-0(3) 1.901(6)
As(4)-0(15) 1.714(4) As(7)-0(14) 1.918(5)
As(4)-0(2) 1.787(6) As(1)-0O(6) 1.679(5)
As(4)-0(17) 1.854(5) As(1)-0(3) 1.822(6)
As(5)-0(8) 1.749(5) As(1)-0(10) 1.944(5)
As(5)-0(5) 1.846(6) As(3)-0O(15) 1.735(4)
As(5)-0(16) 1.921(5) As(3)-0(5) 1.808(6)
Mn(1)-N(6) 2.229(6) As(3)-0(13) 1.920(5)
Mn(1)-N(2) 2.232(6) Mn(1)-N(5) 2.236(7)
Mn(1)-N(4) 2.233(7) Mn(1)-N(3) 2.250(8)
Mn(1)-N(1) 2.272(6)
Compound 4
As(1)-0(1) 1.698(5) As(5)-0(3) 1.721(5)
As(1)-0(20) 1.789(7) As(5)-0(9)#1 1.877(5)
As(1)-0(8) 1.880(5) As(5)-0(26)#1 1.909(8)
As(2)-0(2) 1.709(5) As(6)-0(4) 1.702(5)
As(2)-0(7) 1.872(5) As(6)-O(26)#1 1.804(7)
As(2)-0(20) 1.930(8) As(6)-O(6)#1 1.856(5)
As(3)-0(2) 1.674(6) As(7)-0(4) 1.737(6)
As(3)-0(27) 1.805(7) As(7)-0O(11) 1.805(7)
As(3)-0(21) 1.946(6) As(7)-O(18)#1 1.943(6)
As(4)-0(3) 1.644(6) As(8)-0(1) 1.742(5)
As(4)-0(27) 1.905(7) As(8)-O(11) 1.859(7)

(Continued)
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Table 2. Continued.

As(4)-0(22)#1 1.933(6) As(8)-0(23) 1.936(6)
V(1)-0(5) 1.580(5) V(2)-0(11) 1.492(6)
V(1)-0(2) 1.957(5) V(2)-O(18)#1 1.866(5)
V(1)-0(1) 1.960(5) V(2)-0(23) 1.899(6)
V(1)-0(4) 1.968(5) V(2)-0(4) 2.095(6)
V(1)-0(3) 1.970(5) V(2)-0(1) 2.096(6)
V(3)-0(20) 1.395(7) V(4)-0(27) 1.441(7)
V(3)-0(8) 1.868(6) V(4)-0(21) 1.822(6)
V(3)-0(7) 1.943(5) V(4)-0(22)#1 1.881(5)
V(3)-0(1) 2.093(6) V(4)-0(2) 2.139(6)
V(3)-0(2) 2.145(6) V(4)-0(3) 2.161(6)
V(5)-0(24) 1.594(6) V(6)-0(10) 1.599(5)
V(5)-0(22) 1.954(5) V(6)-O(8) 1.949(5)
V(5)-0(23) 1.970(6) V(6)-0(9) 1.952(6)
V(5)-0(8) 1.975(5) V(6)-O(7) 1.952(6)
V(5)-0(9) 1.976(6) V(6)-0(6) 1.971(5)
V(7)-0(19) 1.594(5) V(8)-0(25) 1.594(6)
V(7)-0(21) 1.958(6) V(8)-0(23) 1.956(5)
V(7)-0(7) 1.959(5) V(8)-O(21)#1 1.956(6)
V(7)-0(18) 1.966(5) V(8)-0(22) 1.956(6)
V(7)-0(6) 1.967(6) V(8)-O(18)#1 1.964(6)
V(9)-0(26) 1.412(7) V(9)-O(4)#1 2.088(6)
V(9)-0(6) 1.874(6) V(9)-0(3)#1 2.136(6)
V(9)-0(9) 1.946(6) Cd1-N6 2.330(5)
Cd1-N1 2.339(5) Cd1-N5 2.343(5)
Cd1-N4 2.344(6) Cd1-N3 2.350(5)
Cd1-N2 2.391(5)

Note: #1: —x, —y—2, —z#2: —x, —y—3, —z#3: X, y—1, z#4: x, y+ 1, z for compound 1.
#1: —x+2, —y, —z+ 1 for compound 3.
#1: #1 —x+ 1, —y+1, —z for compound 4.

3. Results and discussion

3.1. Synthesis

Hydrothermal reactions have proved to be an effective technique for preparation of
numerous of solid-state oxides and organic—inorganic hybrid materials providing
special reaction conditions in which different solubility problems are minimized. In a
specific hydrothermal process, many factors can affect the formation and crystal growth
of products, such as the type of initial reactants, starting concentrations, pH, reaction
time and temperature. Aqueous chemistry of vanadium is very complex; it was
anticipated that vanadate could form different building units under different pH ranges
[16, 17]. In our case, the pH value of the reaction system was crucial important for the
crystallization of products. Compounds 1 and 3 were both separated from the
hydrothermal reactions of NH4VO;, As,Os, transition metal salt and 1,10-phen at
160°C for 6 days with difference in pH values of the initial reaction solutions. At low
pH (ca 2), the V (V) and As (V) co-exist in the hydrothermal system and compound 1
was formed. At higher pH (ca 5), only the V (IV) and As (I11) co-exist in the reaction to
product 3. Compound 3 can also crystallize in poor quality from another hydrothermal
reaction mixture at approximately pH 4.5-5.0 in which compounds 4, 5 and 6 were
prepared. When the pH value of the reaction system was adjusted to about 7.0 by en,
compound 2 was synthesized. There is no obvious difference of the starting organic
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Figure 1. ORTEP drawing of compound 1 with thermal ellipsoids at 50% probability. H atoms are omitted
for clarity. Symmetry of the atoms with code A and B: —x, —2—y, —z; x, 1+, z; —x, =3 —y, —z; —Xx,
—1+y,z

ligand and transition metal in formation of the [As™ VY ,040] building block in
compounds 2-6 at approximately pH 4.5-7. If the reaction solution pH is increased
above 7, no crystalline phase was formed. In addition, the organonitrogen ligands are
also very significant, functioning as a ligand bound to a secondary metal site, as a
reductive agent or as an alkaline agent to adjust the pH value. The en molecule
performs all three functions in 2. Besides being a ligand, the 1,10-phen molecule in
preparation of 3 takes a role as a reducing agent that cannot be proved clearly in the
syntheses of compounds 4-6.

3.2. Structure description

Single crystal X-ray diffraction analysis reveals that compound 1 consists of arsenic
vanadate ribbons coordinated with the [Cu(phen)]*" complex. There are three
crystallographically independent V atoms, one As atom and one Cu atom in this
structure, as shown in figure 1. The V(1) sites possess a distorted trigonal bipyramidal
342 geometry with the shorter vanadyl bonds (VI1-Ol, 1.614A; VI-02, 1.613 A)
occupying two equatorial positions and the longer bonds (V1-O4, 1.991 A) occupying
one equatorial and two (VI-03, 2.048 A; V1-010, 1.975 A) axial positions. The V(2)
and V(3) centers show a distorted {VOs} square pyramidal environment. The V(2) atom
bonds five bridging oxygen atoms with V-O distances in the range of 1.619(2)-
2.013(2)A and O-V-O angles 72.43(9)-147.41(9)°. The V(3) site is defined by one
terminal oxygen atom and four bridging oxygen atoms with V-O distances in the range
of 1.596(3)—2.075(2)A and O-V-0 angles 70.92(9)-157.99(1)°. The Cu(II) site exhibits
the common square pyramidal geometry coordinated with one oxygen atom of one
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adjacent {AsQy} tetrahedron, two oxygen atoms of two {VOs} square pyramids and
two nitrogen donors of phen group. The average Cu-N and Cu-O bond lengths are
2.00(8) and 2.09(6) A, respectively. The O(N)-Cu—N(O) angles vary from 82.63(1) to
170.80(1)°. The As centers possess a {AsOq4} tetrahedral environment. The As-O
distances are in the range of 1.659(2)-1.724(2) A and O-As—O angles in the range of
106.47(1)-112.15(1)°.

An unusual structural feature is that 1 exhibits novel {As—V—-O} inorganic ribbons
based on the fundamental building units V4O,o(H>0), ({Ve}unit) as shown in figure 2.
In the {Vg} unit, four {VOs} distorted square pyramids connect with each other by
edge-sharing oxygen atoms to form an interesting Z-type tetra-vanadate with two apical
oxygen atoms directed above the plane of the paper and the other two oxygen atoms
directed below. The two {V(1A)Os} and {V(1AA)Os} distorted trigonal bipyramids
connect with Z-type tetra-vanadate through two corner oxygen atoms O(10) and
O(10A). Two adjacent {V6} units are held together by two corner-sharing AsOy,
tetrahedra through the bridged oxygen atoms (O(5), O(6) and O(4), and their equivalent
atoms), to form the interesting ribbon. There are eight-membered {V,As,04} and
six-membered {V,AsO;} rings in the inorganic ribbon. The [Cu(phen)]** coordination
complexes are grafted onto the arsenic vanadate ribbon. Each complex cation bonds to

Figure 2. The one-dimensional inorganic ribbon in 1. A polyhedral representation and labelling scheme of
the {V¢} building block.
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one {AsQy} tetrahedron and acts as bridge, linking with adjacent {V4} units via two
oxygen atoms on the {VOs} units. In summary, the structure of 1 can be described as a
one-dimensional ribbon constructed from V0,0(H>0O), building blocks connected with
{AsQy,} tetrahedrons and {CuOsN,} square pyramids. To our knowledge, only two
vanadium arsenate compounds decorated with metal-organic complexes, [Cu(2,2’-
bpy)l(VO,)(AsO4) [14] and [Cu(phen),[V'VVY4AsY,0,6]-0.5H,O [13] have been
reported. Compared with the two structures, the vanadium(V) centers exhibit different
polyhedra and more complex coordination. No isolated vanadium oxide complex
fragments existing in compound 1 are found in the above two examples. The aqua
ligand bonded to the V centers is an active site, which may extend the one-dimensional
structure into a high dimensional structure. The adjacent ribbons are packed together
and exhibit an interesting three-dimensional supramolecular architecture via two types
of supramolecular interactions. One is the significant hydrogen bonding interaction
between hydrogen atoms of V1-O3 and oxygen atoms from the other ribbons. The
typical hydrogen bonds are O(3)-H(3A)---O(1) 2.608 A, and OB3)-H(3B)---0(12)
2.691 A (see figure S1). The other is the weak aromatic 7—x stacking interaction of the
1,10-phen groups between adjacent ribbons, the close contact distance between adjacent
phen rings is 3.756 A (see figure S2).

When the pH value of the reaction solution was changed, compounds 2 and 3 were
isolated. Compound 4 synthesized in another reaction solution is isostructural with 3.
The structures of compounds 2 to 4 all contain the {AsHIgVIV14O42} cluster as anions.
As reported in the literature [18], the polyoxoanion could be regarded as a derivative
of the Keggin analog {Vi304,} cluster shell, which is built up from 14 VOs square
pyramids and 8 AsOj; triagonal pyramids, with half or one H,O molecule at the center.
Two AsOs groups are joined by an oxygen bridge to form an As,Os moiety. Eight VOs5
square pyramids are held together to form a ring by edge-sharing oxygen atoms.
In addition, another six vanadium oxygen square pyramids are divided into two groups,
each group of VOs square pyramids share edges to form a trimer. The two trimers are
on opposite sides of the ring and connected across the ring by sharing edges with two
VOjs square pyramids. The remaining four faces are capped by As,Os units to give a
total anion composition of [As8V14O42]4_. In the structure of the AsgV 4 cluster in 1,
eight VO5 square pyramids are held together to form a ring, however, an interesting
phenomenon is that the two As—V coronets on the opposite sides of the rings of 3 and 4
were disordered. As shown in figure 3(b), in each coronet, four positions occupied by
As>Os units are disordered over eight positions with free refined occupancy of 0.5
for each position to form a 16-member Latin Cross like ring. At the same time, four
positions occupied by VOs square pyramids are also disordered over eight positions
(V1, V2, V3, V4, V1A, V2A, V3A and V4A atoms in 3; V2, V3, V4, V9, V2A, V3A,
V4A and V9A in 4) with free refined occupancy of 0.5 for each position. Because of the
position disorder, the V-O distances are in the range of 1.362(7)72.155(5)/& in 3 and
1.395(7)-2.161(6) A in 4. The As—O distances are in the range of 1.634(5)-1.944(5) A in
3 and 1.644(6)-1.946(6) A in 4. The structures of the disordered AsgVi4 anion in 3 and 4
can also be described as a well-known {V304,} rhombicuboctahedron encircled by
two arsenic rings.

The structure of the [AsgV1404>(H-O)] core in 2 is not disordered and identical to
that reported for (N(CHj3)4)4[V14AsgO04(H50)], as shown in figure 3(a). There are
fourteen crystallographically independent V atoms and eight As atoms in the unit. Each
square-pyramidal V atom is defined by a terminal oxygen atom and four bridging
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Figure 3. ORTEP drawing of the [AsgV'Y,,0,,] shell and the coronet in the compounds 2 (a) and 3 (b)
with thermal ellipsoids at 30% probability.

oxygen atoms with V-O bond lengths in the range of 2.019(4)71.583(4)1& and O-V-O
angles 75.5(3)-148.9(1)°. The As-O distances are from 1.751(4) to 1.791(4),& and
O-As-O angles are between 99.8(9) and 97.7(2)°. There are two crystallographic
independent copper sites (Cu(l) and Cu(2)) in compound 2. The copper sites exhibit a
distorted octahedral coordination geometry which is defined by coordination from
the ethylenediamine ligands (Cu(1)-N distance 1.988(6)-2.016(6) A, Cu(2)-N distance
2.003(6)—-2.030(7) A) and two trans terminal oxygen atoms from two different
decavanadate anions, and these copper atoms exhibit very weak interactions with the
clusters (Cu(1)-O distances 2.732(4) and 2.796(0) A; Cu(2)-O distances 2.647(4) and
2.699(8) A). Four terminal oxygen atoms from alternate VOs square pyramids on the
eight member ring of one cluster coordinate to four bridging copper atoms, so each
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Figure 4. The one-dimensional undee chain structure of the compound 2.

[As™ VY 404 (H,0)]* cluster is connected with the neighboring ones through the
[Cu(en),]*" double bridge, alternatively, to form a undee chain structure, as shown in
figure 4 and figure S3. The 1-D chains in compound 2 are arranged parallel to each
other and further connect each other through hydrogen bonds (OW2---029 2.958 A,
OW2...OW3A 2.964 A, OW3---OWS5 2953 A, OW3-.-018 2.972A, OW4..-031
2.964 A, OW4---024 2950 A, OW4---N2A 2.924A and OWS5---035A 2.983A) to
generate an interesting three-dimensional supermolecular structure, shown in figure S4.

The structures of compounds 3 and 4 contain discrete [AsHIgVIV14O42]4_ clusters,
transition metal complex cations, and isolated water molecules. Each metal(II) site in 3
(M =Mn) and 4 (M =Cd) is coordinated with six nitrogen atoms in three 1,10-phen
groups to form a chiral cation unit with M—N bond distances in the range of 1.929(4)-
1.949(4) A for 3, 2.330(5)-2.391(5) A for 4, respectively. Four [M(1,10-phen);]*" groups
lie in the same plane. The polyoxoanions are located above and below this plane and are
connected with the [M(1,10-phen);]>~ groups via electrostatic attraction, as shown
in figure 5. Such role of secondary metal-ligands as an isolated charge-balancing cation
appears to be a common characteristic of the hydrothermal chemistry of these organic—
inorganic polyoxometalate derivatives. However, these classes of compounds are very
rare in arsenic—vanadium clusters.

The bond valence sum calculations [19] give the average values of 5.1, 5.1, 4.8 and 5.0
for V1, V2, V3 and As, indicating that both V and As are in the +5 oxidation state in
compound 1. The XPS spectra of compound 1 in the energy regions of V,, and Aszq
show peaks at 516.6 and 44.9 eV, attributable to V> and As”", respectively (figure S7).
The average BVS values for vanadium and arsenic are 4.34 and 3.14 in 2, 4.56 and
2.81 in 3, 4.40 and 2.85 in 4, respectively, indicating that the oxidation state for each
vanadium atom and each arsenic atom is +4 and +3 respectively. The EPR spectra of
compounds 3 and 4 at room temperature exhibit the V4 signal with g=1.9671,
A=600G, and g=1.9599, 4 =550G (figures S16 and S17) respectively, consistent with
the valence sum calculations.

3.3. FT-IR spectroscopy and thermal analysis

In the IR spectra, as shown from figures S8 to S11, vibration modes for »(V=0) and
v(V-0O-M) (M=V or As) are observed at 977, 953, 938, 911, 838, 758, 739, 718, 665,
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Figure 5. View of crystal packing of compound 4 along a-axis.

596, 518, 431 and 405cm ™', 1; 983, 758, 702, 622, 537 and 452cm™", 2; 994, 765, 716,
635, 548 and 463cm ™', 3; 998, 763, 716, 632, 553 and 461 cm ™', 4; The characteristic
absorption bands of organonitrogen ligands occur at 1583, 1518, 1425, 1143,
1108cm™", 1; 1047, 1368, 1587, 2951, 3139 and 324lcm™', 2; 1522, 1421, 1144,
1092cm ™', 3; 1591, 1521, 1424, 1142, 1090cm ™', 4; The IR data show that the
VV=0:m bands in compounds 3 and 4 are at higher energy than that in 2 and more
similar to the V=0, reported in literature [18b].

The TG curves (see Supporting Information from figures S12 to S15) for
compounds 1-4 also support their chemical compositions. All the weight losses of the
six complexes are attributable to the loss of coordination water, the decomposition of
organoamine ligands and the sublimation of As,Os. In the curve of compound 1, the
first weight loss is in the range of 301-342°C and the second weight loss at 345-596°C.
The whole weight loss 53.30% is in agreement with the calculated value 55.08%.
The sample does not lose weight at temperatures higher than 635°C. Three continuous
weight losses at 45-529°C are observed in compound 2. The whole weight loss of
47.39% is in agreement with the calculated value 44.93%. The sample does not lose
weight at temperatures higher than 529°C. Compounds 3 and 4 have similar TG curves
with three-weight losses at about 40-120°C, 345-413°C, 438-520°C, and the whole
weight loss of 57.39%, 3 and 53.37%, 4 are in agreement with the calculated values
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59.55%, 3 and 57.87%, 4. The samples do not lose weight at temperatures higher than
507 and 519°C.

The redox behaviors of 1 and 4 were investigated by cyclic voltammetry in 1 M
H,SO,, shown figure S18. A CHI 660 Electrochemical Workstation connected to a
Digital-586 personal computer was used for control of the electrochemical measure-
ments and for data collection. A conventional three-electrode system was used. The
working electrodes were compounds 1 and 4 bulk-modified carbon paste electrodes,
respectively. A SCE was used as reference electrode and Pt gauze as a counter electrode.
In the potential range 2000 to —1500 mV, two redox peaks appear and the mean peak
potentials Ej = (Epy+ Epe)/2 are 833(1) and —494(1I) mV in compound 1; 883(I)
and —596(I1) mV in compound 4. The redox peaks I-I' and II-II' are attributed to
V(V)/V(V), As(V)/As(III), respectively.

4. Conclusions

In this article, we have prepared and structurally characterized four arsenic-vanadate
complexes. The successful synthesis of [Cu(phen)](As'O4)(VY;0,)(H,0) which contains
a new vanadium oxide building blocks provides another model for the {MxLy/V/As/O}
(M =transition metal, L =organic ligand) system. Changing the pH, the organic—
inorganic complexes containing arsenic-vanadate cluster [As"'sV'V,,] were obtained.
As for compounds 2-4, the pH value of the reaction system is very important.
Furthermore, the successful syntheses of these six novel arsenic—vanadium derivatives
prove again the advantages of hydrothermal techniques in designing new kinds of
structural organic—inorganic hybrid solids. Also, utilizing this inorganic arsenic—
vanadium as building block to prepare more favorable models for material science may
be possible.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC reference numbers 290616, 293712,
295521 and 295522. These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; Fax: C44 1223/336 033; Email:
deposit@ccdc.cam.ac.uk).
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