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Abstract

Two new Dawson-based phosphotungstates (H,en)o sH[Cu(en),(H,0)],{[Cu(en),](x;-P,W7,CuQg;)} - 8H,0 (1) (en = ethylenediamine)
and [4,4'-H,bpyl,{[Cu(4,4'-bpy);][Cu(4,4'-bpy)s(H,0),],[Cu(4,4' -bpy)]|[o-P, W 1506215} - 6H,O (2) (4,4'-bpy = 4,4-bipyridine) have been
hydrothermally synthesized and structurally characterized. 1 crystallizes in the triclinic space group P—1 with a = 11.7626(17),
b =13.246(2), ¢ = 29. 350(5)A o= 87.355(5), p = 79.583(5), y = 66.993(3)°, V = 4138. 3(11)Az Z =2, GOF = 1.089, R; = 0.0563 and
wR, = 0.1505, whereas 2 belongs to the orthorhombic space group [ba2 with a = 22.277(8), b=47.04(2), c=22. 153(8)A
V' =23215(17) A3, Z =4, GOF = 1.051, Ry =0.0627 and wR, = 0.1477. 1 consists of a 1-D linear chain structure constructed from
monocopper'-substituted Dawson polyoxoanions, while 2 represents the first 2-D sheet-like structure with a (4,4)-connected topological

net built up from plenary Dawson-type polyoxoanions and Cu"-4,4'-bpy complex cations in polyoxometalate chemistry.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The widespread contemporary interest in the design and
syntheses of inorganic—organic hybrid materials reflects
their intriguing structural features and surprising composi-
tional variability as well as their extensive theoretical and
practical application in such fields as catalysis, absorption,
electric, optical and magnetic materials [1-7]. Recently,
polyoxometalates (POMs), as one kind of significant metal
oxide clusters, have been widely employed as important
molecular building blocks to construct inorganic—organic
hybrid materials [8—13]. Hitherto, the most employed POM
candidates are the saturated Keggin-type polyoxoanions,
which can be formulated as [XM,04]"" (X=PV, As",
SiV, Ge!Y or B M=Mo"!, WYl or NbV), partly because
the charge density of the surface oxygen atoms on them
can be increased either by reducing some metal centers
or replacing higher-valent metal centers with lower-
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valent metal centers [14]. Such typical examples include
[Ni(phen);][PMo3"Mo3 Ou{Ni(phen)}o] [15], [Ni(2,2'-bpy)s]i s
[PW1gW3 040Ni(2,2'-bpy)>(H,0)] [16] and [4,4'-H,bpy]
[Cu(4,4'-bpy),[HPCuMo;;039] [17]. To date, the saturated
Keggin-type POM candidates have been extensively
investigated to lead to a family of inorganic-organic
hybrid materials containing 0-, 1-, 2- and even 3-D
structures assembled from saturated Keggin polyoxoanions
and metal-organic cations [18-25]. For example, [Ni(4,4'-Hbpy),
(4.4'-bpy)(H>0)](SiW1,040) - 6H,0 (0-D) [21], {[Cu(4.4"-bpy)]s
[HSiM012040]} - 1.5HO  (1-D)  [23],  {[Cu(4,4"-bpy)l4
[SiW12040]} - 3H,O  (2-D) [23] and [Ag(4,4'-bpy)](OH)
{[Ag(4,4'-bpy)L,[PAgW,040]} - 3.5H,0 (3-D) [24]. In con-
trast, the investigation on inorganic—organic hybrid mate-
rials based on saturated Dawson-type polyoxoanions
([X>M1506]" (X =PY or AsY; M = Mo"" or W¥!) remain
much less developed [6,26-30]: only several examples such
as  [{Ce(DMF)4(H20)3}{Ce(DMF)4(H20)4}(P2W5062)] -
H,O (1-D) [6], [{La(DMF)s(H,0)} {La(DMF), 5(H>0), 5}
(P2W15062)] (1-D) [6], [Gd(DMF)6(H20):]2[P2W15062] -
4DMF -2H,0 (0-D) [26], [Ce(NMP);(H,0)s][Ce(NMP);
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(H20)4][(P2W5062)] - 4H,O - (0-D)  [26],  [{Gd(DMF)}
{Gd(DMF);}(P,W3045)]- 0.5SDMF (1-D) [26], Hjs[Sm
(H20)s]o.s[Sm(DMF)s(H,O)  (P2W,50¢2)] - DMF - 3H,0
(1-D) [27], [{Cus2.4-Hbpy)s}As:Mo,g0o] - 2H,0 (1-D)
[28], [Cu'(en)(2,2-bpy)l;  [PaW50¢2]-3H,O  (0-D)
[29],  [Zn(phen)>(H,0),][{Zn(phen),}{Zn(phen),(H,0)}
{P2Wi5062}]- 8HO  (1-D) [30] and [Cd(phen),(H-0)]
[{Cd(phen),}{Cd(phen)(H>0)3}{P>W50,}] - 4H,O  (1-D)
[30]. Thus it can be seen that these saturated Dawson-type
compounds are 0- or 1-D structures. In addition, several
monovacant Dawson-type compounds have been reported
in 2001 and 2006 [31,32], such as [Cu(en),(OH>)],[H»en]
[{Cu(en)>P,CuW7,0¢]- 5H,O (1-D) [31], [Cu(en)>(OH»)]
[Cu(en),]o.s[Haen]o s[{Cu(en)o} P,CuW 7,0¢;] - SHLO (1-D) [31],
KNas[Nds (H:0)1o(PaW17061)]- 1THO (0-D) [32], (H50)
[Nds(H;0)17(P;W1706)]- 6.75H,0 (0-D) [32], (4.4’ Habpy),
[Ln, (HyO)o(PoW170¢1)]-nH,O (Ln = Nd, La, Eu) (2-D)
[32]. To the best of our knowledge, only one 2-D inorganic—
organic hybrid structure based on saturated Dawson-
type  polyoxoanions  (NHy)s(4.4-Hybpy)[Cu'(4.4-bpy)};
[P,W50¢5]> - 10H,O has been recently reported by Jin et al.
[29]. Therefore, the exploration and construction of high-
dimensional Dawson-type compounds remain a long-standing
challenge for synthetic chemists, and further research is
necessary to enrich and develop this branch. Currently, we
are exploiting the reaction of lacunary POM precursors with
transition-metal (TM) cations under hydrothermal conditions
and have obtained a class of novel inorganic—organic hybrid
polyoxotungstate (POTs) [[Ni(L)s],[{Nie(u3-OH)3(L)3—,
(H2O0)¢ + 2,1 (B-0-XW9034)] - yH,O (L = organodiamines,
X=P",  Si'") and  [{Nis(u-OH);0x(dap)s(H20)s}
(B-a-PWoO34)][{Nig(13-OH);(dap)3(H20)6} (B-2-PWO34)]
[Ni(dap),(H-O),]-4.5H>,O based on a single trivacant
Keggin fragment capped by a hexa-Ni"" or hepta-Ni'' unit
[33,34]. Moreover, we have also obtained a family of
inorganic-organic hybrid tetra-TM" sandwiched POTs
with discrete or 2-D structures [35-37]. Meanwhile, two
novel hexa-Cu'' substituted POTs [Cug(us-OH)s(en)s
(H20)3(B-2-PW40O34)] - THO [34] and [Cu(dap),{[Cu(dap),
(H>O)]5[Cug(dap)>(B-a-SiWgOs4),]} - 4H,O [38] were also
isolated. Furthermore, three unprecedented octa-Cu' sand-
wiched POTs [Cu(dap)(H,0);]o[{Cug(dap)4(H,0),}(B-o-
SiW9034)5] - 6H,O [34] and [Cu(H,0),]H,[Cug(dap)4(H20),
(B-0-XW4014)5] (X = Si"V, Ge") [39] have been separated
in our lab. As a part of our recent work, in the present
paper, we report two Dawson-based phosphotungstates
(Hzen)o sH[Cu(en)>(H,0)L{[Cu(en),](-PoW17CuOg))} - 8HLO
(1) and  [44-H;bpyl{[Cu(d.4-bpy)s][Cu(4.4-bpy)s(H,0)a1;
[Cu(4.4-bpy)[[0-P,W 5042} - 6H,O (2). 1 contains a 1-D
linear chain constructed from monocopper-substituted Daw-
son polyoxoanions, where the 1-D chain architecture is
almost the same to those in [Cu(en),(OH,),[Hen][{Cu(en),}
P,CuW 7,06 ]- SHYO (3) [31] and [Cu(en),(OHo)L[Cu(en),]o s
[Hzen]oj[{cu(en)z}PzCllW17061] . 5H20 (4) [31], while 2 repre-
sents the first 2-D sheet-like structure with a (4,4)-connected
topological net built up from plenary Dawson-type polyox-
oanions and Cu'4.4-bpy complex cations in the POM

chemistry. In 2, there are three crystallographically unique
copper ions (Cul, Cu2 and Cu3). Interestingly, the
[a-P2W18062]6_, Cul and Cu3 ions arrange in the helical
distribution motif along the [100] direction generating the
helical chain structures. Adjacent two helical chains have
the opposite handedness.

2. Experimental
2.1. Materials and physical measurements

The lacunary POM precursors K ,[o-H,PoW15,044] - 24H-O
and Na,[o-P,W;5056] - 24H,O were prepared according to the
literature [40] and their purities were identified by IR spectra.
All other chemicals were obtained from commercial sources
and used without further purification. Infrared spectra of solid
samples were obtained as KBr pellets on an ABB Bomen MB
102 FT-IR spectrometer in the 4000-400cm™" region. C, H
and N elements were determined on a Vario EL III elemental
analyzer. Thermogravimetric analyses (TGA) were performed
on a Mettler TGA/SDTAR851 thermal analyzer in flowing air
atmosphere with a heating rate of 10°Cmin~" in 30-900 °C.
ESR spectra were recorded at room temperature and at 77 K
on a Bruker ER200-D-SRC spectrometer operating at X-band
(9.4 GHz).

2.2. Synthesis of compounds 1 and 2

2.2.1. Synthesis of (Hsen)ysH[Cu(en),(H>0) ],
{[Cu(en);](0;-P;W;;CuOs;)} - 8H>0 (1)

A mixture of CuCl,-2H,O (0.170g, 1.00mmol),
Klz[OC-HzP2W12048] 24H20 (0364 g, 0.09 mmol), ethyle-
nediamine (0.05mL, 0.74mmol), glacial acetic acid
(0.05mL, 0.87mmol) and H,O (5mL, 278 mmol) was
stirred for 3 h, sealed in a 20 mL Teflon-lined stainless steel
autoclave with about 25% filling, kept at 80 °C for 5 days
and finally cooled to room temperature. The green lamellar
crystals of 1 were filtered out, washed several times
with distilled water and dried at ambient temperature.
The crystals were collected mechanically. Yield: 25% based
on K12[OC-H2P2W12048] . 24H20 Anal. calcd (0/0) for
C13N13H74O71CU4P2W17: C, 313, H,149, N, 3.65. Found
(%): C, 3.24; H, 1.65; N, 3.48.

2.2.2. Synthesis of [4,4-H,bpy ]>{[Cu(4,4'-bpy)s]
[Cu(4,4-bpy ) 4(H20),]>[ Cu(4,4'-bpy) ] [0-P2 W ;15062 ] 2} -
6H,0 (2)

A mixture of CuCl,-2H,0 (0.085g, 0.50 mmol), Naj,
[2-P,W5056]-24H,O  (0.216g, 0.05mmol), 4,4-bpy
(0.078 g, 0.50 mmol) and H>O (5mL, 278 mmol) was stirred
for 5h, sealed in a 20mL teflon-lined stainless steel
autoclave with about 25% filling, held at 160 °C for 5 days
and finally cooled to room temperature. The cyan needle
crystals of 2 were filtered, washed several times with
distilled water and dried at ambient temperature. The
crystals were collected mechanically. Yield: 35% based on
N3.12[OC-P2W15O56]'24H20. Anal. caled (OA)) for C140H136
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Fig. 1. The molecular structural unit of 1 with the selected atomic labeling
scheme. The free diprotonated [Hoen]*" ion, water molecules of crystal-
lization and hydrogen atoms are omitted for clarity. Two disordered
positions in the [o,-P,W17,CuOg;]*~ polyoxoanion are shown in purple. The

atom with “A” in the label is symmetrically generated (A: —1+x, y, z).

Table 1

Crystal data and structural refinement parameters for compounds 1 and 2

1

2

Empirical formula C13H74N13071CU4P2W|7 C140H136N280134P4CU4W36

Formula weight
Crystal system
Space group
a(A)

b (A)

cA)

o (deg)

B (deg)

7 (deg)

v (A%)

z

Dc (gem™3)

p (mm™")

T (K)

0 (deg)

Limiting indices

Crystal size (mm)
Data/restrains/
params

No. of reflns
collected

No. of
independent reflns
GOF on F?

Final R indices
[/>2e(D)]

R indices (all data)

4990.27
Triclinic
P—1
11.7626(17)
13.246(2)
29.350(5)
87.355(5)
79.583(5)
66.993(3)
4138.3(11)
2

4.005

24.672
293(2)
2.01-27.50
—15<h<15
—17<k<17
—38</<36

0.40 x 0.07 x 0.02
18,057/6/1056

31,039
18,057

1.089
R, =0.0563
WR, = 0.1505

R, =0.0764
WR, = 0.1657

11351.41
Orthorhombic
Iba2
22.277(8)
47.04(2)
22.153(8)

90

90

90
23215(17)

4

3.248

18.239
293(2)
2.03-25.00
—26<h<26
—55<k<55
—22<1<26

0.20 x 0.07 x 0.04
18.812/115/1472

72,131
18,812

1.051
R, =0.0627
WR, = 0.1477

R, =0.0684
WR; = 0.1518

“Ri = SIF|=|F [ IF, |, wRy = [ Iw(Fo-Fo) /S Iw(Fo) 1.

CugN»0134PsWsg: C, 14.81; H,1.21; N, 3.46. Found (%):
C, 14.94; H, 1.31; N, 3.38.

2.3. X-ray crystallography

A single crystal with the dimensions 0.40 x 0.07 x
0.02mm? for 1 and 0.20 x 0.07 x 0.04 mm? for 2 was glued
on a glass fiber. Intensity data were collected at 293K on a
Rigaku Saturn 70 CCD diffractometer for 1 and a Rigaku
Mercury 70 CCD diffractometer for 2 with graphite-
monochromated MoKa radiation (4= 0.71703 A) at
293 K. Intensity data were corrected for Lorentz and
polarization effects. Both structures were determined by
direct methods and refined by full-matrix least-squares
using the SHELXTL-97 package [41]. All 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.
In the [o-P,W7CuOg,]¥~ polyoxoanion of 1, a copper is
disordered over two opposite tungsten positions (see the
two positions shown in purple polyhedra in Fig. 1) and
each position is occupied by half copper' and half
tungsten" ', which leads to having one copper ion in a [¢-
P,W,;CuO¢*~ polyoxoanion. This disordered phenom-
enon is constantly encountered in POM chemistry
[31,42-45]. Crystal data and structural refinement parameters

Table 2
Selected bond lengths (A) for 1 and 2

1 2
Cu(1)-N(1) 2.009(19) Cu(1)-N(@2)® 1.980(7)
Cu(1)-N(2) 2.027(17) Cu(1)-N(1) 2.044(7)
Cu(1)-N(3) 2.040(17) Cu(1)-N(3) 2.041(4)
Cu(1)-N(4) 2.04(2) Cu(1)-N(3)° 2.041(4)
Cu(1)-O(1W) 2.335(19) Cu(1)-0(35) 2.488(1)
Cu(2)-N(@8) 1.982(17) Cu(1)-0(35)° 2.488(1)
Cu(2)-N(5) 2.011(19) Cu(2)-N(7) 2.008(5)
Cu(2)-N(7) 2.034(15) Cu(2)-N(4) 2.034(5)
Cu(2)-N(6) 2.059(17) Cu(2)-N(5) 2.061(5)
Cu(2)-0(52) 2.604(12) Cu(2)-N(9) 2.058(5)
Cu(2-0330* 2.636(15) Cu(2)-O(1W) 2.253(4)
Cu(3)-N(©) 1.99(3) Cu(2)-0(2W) 2.919(1)
Cu(3)-N(10) 1.997(19) Cu(3)-N(11) 1.960(7)
Cu(3)-N(12) 2.003(18) Cu(3)-N(12)° 2.000(7)
Cu@3)-N(11) 2.021(19) Cu(3)-N(13) 2.042(4)
Cu(3)-0(2W) 2.52(2) Cu(3)-N(13)F 2.042(4)
P(1)-0O(48) 1.514(13) Cu(3)-0(11) 2.656(1)
P(1)-0(40) 1.517(12) Cu(3)-O(11)E 2.656(1)
P(1)-0(36) 1.536(12) P(1)-0(28) 1.530(3)
P(1)-O(54) 1.577(12) P(1)-0(21) 1.540(4)
P(2)-0(27) 1.512(12) P(1)-O(16) 1.544(4)
P(2)-0(16) 1.524(11) P(1)-0(3) 1.570(4)
P(2)-0(20) 1.550(12) P(2)-0(37) 1.532(4)
P(2)-O(5) 1.585(12) P(2)-0(45) 1.550(3)

P(2)-0(51) 1.547(4)

P(2)-O(57) 1.601(3)

Symmetry transformations used to generate equivalent atoms: A: x—1, y,
z;Bix,—y+1,z+0.5,C: —x+1,—y+1,z;D: x, —y+1,z—0.5; E: —x +2,
—y+1, z.
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of 1 and 2 are presented in Table 1. Selected bond lengths
(A) for 1 and 2 are displayed in Table 2.

3. Results and discussion
3.1. Synthesis

Recently, the introduction of hydrothermal methods in
the field of POMs has led to a plethora of extended
materials, which are inaccessible or not easily obtainable
under conventional aqueous solution conditions
[13,31,46-48]. Thus, we are exploring the hydrothermal
route for making such extended Dawson-based materials
using lacunary POM precursors as starting materials.
The successful syntheses of 1 and 2 depend on two
different POM precursors under hydrothermal conditions.
1 was obtained by virtue of hexavacant [o-H,P,W1,045]'>~
precursor at 80°C while 2 was synthesized based on
trivacant [0-P,W,50s¢]'?~ precursor at 160°C. It is
worth pointing out that 1 and 2 experienced the
transformation between different lacunary polyoxoanions.
In the formation of 1, the transformation of hexavacant
[oc-H2P2W12048]12*—>monovacant [ocl-PQWnOél]lO* must
have happened. In fact, Contant [40] has systematically
studied the transformations between different lacunary
Dawson phosphotungstate anions and observed that
[OC-H2P2W12048]127 could be isomerized to [OCI-P2W17O61]107
under the acidic condition. Recently, Pope et al. reported that
[PsW450154]*~ could be transformed into [o-PaW 701"~
at higher pH value while it could be transformed into
[0-P,W5062]°~ at lower pH value [49]. It should be noted
that 2 contains plenary [0-P>W306]°” polyoxoanions,
although the reaction was carried out using trivacant
[0-P,W5056]'>~ polyoxoanion as the starting material. The
phenomena that the plenary [0-P,W30¢,]®~ polyoxoanion
loses tungsten atoms in the reaction have been previously
observed. For example, the [0-P,W 306]°" polyoxoanion
can be degraded into the [4-P;W;sOs¢]'>~ polyoxoanion
under the basic condition [40]. In contrast, the phenomena
that the trivacant [4-P;W,sOs¢]'>~ polyoxoanion obtains
tungsten atoms in the reaction have been also observed in our
exploring the reaction of [oc-P2W15O56]12_ polyoxoanions
with Cu®" jons. For instance, we found the transformation
of [0-P;W5056]'>™ = [01;-PaW706]'°~ in the formation of
[Cu(en)>(OH,){[Cu(en)>|,[Cu(en)>-(OH,)|[Cu(en)][o;-Pa W7
CuOg ]} - 3H,0. Many experimental results have proved that
both [OC-P2W18062]6_ and [O(-P2W15056]12_ polyoxoanions
can be mutually transformed under the basic or acidic
conditions [50]. Notice that 1 and 2 cannot be synthesized by
[al-PZWnOGl]'O* and [oc-PZW18062]6* precursors, respec-
tively, under hydrothermal conditions.

3.2. Structural description
Compound 1 consists of a 1-D linear chain structure

constructed from monocopper'-substituted Dawson [o;-
P,W,,CuOg*~ polyoxoanions while 2 exhibits a novel

2-D extended structure containing plenary Dawson
[-P,W5062]°~ polyoxoanions. The [o-P,W,CuOg; ¥~
polyoxoanion can be viewed as a derivative of the parent
[0-P,W3065]°~ polyoxoanion by removal of a belt W =0,
group and then inhabited by a Cu" atom. The parent
[-P>W 5062]°~ polyoxoanion with a virtual Ds, symmetry
can be described as a fusion product of a couple of
[¢-PW,O5,]*~ units derived from the well-known o-Keggin
[¢-PW ,040]>~ polyoxoanion by removal of a set of
three corner-sharing WOg octahedra [31,32]. In
[OCI-P2W17CUO61]87 in 1 and [OC-P2W18062]67 in 2, the
M-O (M=WV""or Cu") distances can be divided into four
groups according to the numbers and types of oxygen
atoms: (1) There are 17 for 1 and 18 for 2 terminal O atoms
which are only bonded to one M atom, the M—O distances
vary from 1.699(13) to 2.036(16)A for 1 and 1.671(4) to
1.741(5) A for 2. (2) There are 36 O atoms which are shared
by two M atoms. The M-O distances range from 1.815(11)
to 2.016(13) A for 1 and 1.823(5) to 2.014(4) A for 2. (3)
There are 6 O atoms which are combined with one P atom
and two M atoms. The M-O distances are between
2.299(12) and 2.384(11)A for 1 and between 2.318(3) and
2.402(3)1& for 2. (4) There are 2 O atoms which are
coordinated to one P atom and three W atoms. The W-O
distances are in the range of 2.366(10)-2.400(11) A for 1
and 2.355(3)-2.420(4) A for 2. Except for M-O bond
lengths related to two disordered positions in 1, these bond
lengths are within the normal ranges and in close
agreement with those described in the literatures [27,29].
The M-O distances related to two disordered positions
(labeled as W17 and WI18) in 1 are in the range of
1.887(12)-2.387(12) A for W17 and 1.923(11)72.406(13)10%
for W18, respectively, which further confirms that two
disordered positions are simultaneously occupied by the
Cu" and WY' elements.

Compound 1 crystallizes in the triclinic space group
P—1. The formula unit consists of one monocopper'-
substituted Dawson [¢;-P,W7,CuOg,]*~ polyoxoanion, one
[Cu(en),]*" cation, two [Cu(en),(H,0)]*" cations, a half
discrete [Hoen]*" ion, one proton and eight lattice water
molecules (Fig. 1). It should be noted that 1 is somewhat
different from [Cu(en)z(OHz)]z[Hzen][{Cu(en)z}PzCuW17061] .
SHO (3) [31] and [Cu(en)y(OHp)L[Cu(en)slos [Haenlos
[{Cu(en),;}P,CuW7,0¢]- SHO (4) [31] though they all
contain the 1-D chain structures with the same connection
motif. Comparing 1 with 3, the most obvious discrepancy
between them is that their cell constants are completely
distinct: 1 crystallizes in the triclinic space group
P—1 with a = 11.7626(17), b = 13.246(2), ¢ = 29.350(5) A,
o= 87.355(5), p=179.583(5), y=166.993(3)° and V=
4138.3(11)1&3; whereas 3 belongs to the triclinic space
group P—1, a =11.710(4), b = 13.228(4), ¢ = 28.161(8) A,
o =90.58(2), =95.76(2), y =112.52(2)° and V = 4004
(2) Al Comparing 1 with 4, although both have similar cell
constants (triclinic, P—1, a=11.724(3), b= 13.239(3),
c= 29.571(6)013‘, o= 89.30(1), #=79.36(1), y = 66.70(1)°,
V' =4134(2) A* for 4), the type of the charge balance
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cations and the number of lattice water molecules are
different: there are 1 [Cu(en),]*", 2 [Cu(en),(H,O)]*",
0.5 [Hoen]?", 1 H" and 8 lattice water molecules in 1 while
there are 1.5 [Cu(en),]* ", 2 [Cu(en),(H,0)**, 0.5 [Haen]* "
and 5 lattice water molecules in 4. From the aforementioned
analysis, because in 1 there exist 1 H" charge countercation
rather than 0.5 [Cu(en),]*" cation and 8 rather than 5
lattice water molecules, these differences directly lead to the
difference of the o angle (o= 87.355(5)° for 1 and
o =89.30(1)° for 4). As a result, albeit both structures
contain the 1-D chain structures with the same connection
motif, 1 and 4 are crystallographically and chemically
different. Furthermore, the synthetic conditions of 1 and 4
are quite distinct: 1 was prepared by the hydrothermal
reaction of a mixture of CuCl,-2H,O (0.170g), K,
[-H,P,W 5045] - 24H,0 (0.364 g), en (0.05mL), glacial acetic
acid (0.05mL) and H,O (SmL, 278 mmol) at 80 °C for 5 days,
in contrast, 4 was made by the hydrothermal reaction of NaF
(0.2g), Cu(NO);-3H,0O (0.26g), en (1.5g), Na,WO,-2H,0O
(1.50 g), H3PO, (0.78 g, 85%) and H,O (20mL) at 140 °C for
18 days. In addition, since 1 was synthesized under the acidic
conditions, it is common that one proton can be used to act
as the charge balance cation. Moreover, this phenomenon
is constantly encountered in POM chemistry [17,51,52].
Adjacent [o;-P,W7,CuO¢]*~ polyoxoanions are intercon-
nected through a common bridging oxygen atom and
a bridging [Cu2(en),]*" cation to generate an infinite
1-D linear chain parallel to the a-axis (Fig. 2). The bridging
oxygen atom connects two opposite positions of the
Dawson polyoxoanion occupied by Cu'' and WY! with
the occupancy of one half. This situation is similar to those
in 3 [31], 4 [31] and [ETJg[PW;;MnOs3¢]-2H,O [44]. In
[ET[s[PW11MnOs] - 2H,O [44], the two positions linking to
the bridging oxygen atom are occupied by Mn'! and WY!
with an occupancy of one half. It should be noted that
the two disordered sites are in the “belt” positions of the
[ot1-PoW,,CuOg, ]2~ polyoxoanion in 1. This is different
from [Me>,NH,]g[PoW7C00Og;]- 11H,0, in which a cobalt
atom occupies a “cap” position of the [P,W;;C00¢*~
polyoxoanion [53]. To the best of our knowledge, this chain
architecture mode by a common bridging oxygen atom and
a bridging [Cu2(en),]*" cation in 1 is very rare in POM
chemistry and similar to those observed in 3 [31], 4 [31] and
[{Cu(en),}3(a-PW{;CuO39Cl)] - 6H,O [54]. The two discrete

Fig. 2. The infinite 1-D linear chain parallel to the « axis in 1 constructed
from monocopper-substituted Dawson polyoxoanions [o;-P,W,CuOg, ¥~
through common bridging oxygen atoms and bridging [Cu2(en),]*"
cations. Two disordered positions in the [o;-PsW;7CuOg;]*~ polyoxoanion
are shown in purple.

[Cul(en)»(H,0))*" and [Cu3(en),(H,O)]* " cations adopt a
five-coordinate square pyramidal geometry defined by four
nitrogen atoms from two en ligands and one water oxygen
atom [Cu-N: 1.99(3)-2.04(2)A and Cu-O: 2.335(19)-
2.52(2) A]. The [Cu2(en),]** cation employs an six-
coordinate octahedral configuration built by four nitrogen
atoms from two en ligands and two terminal oxygen atoms
from two [ocl—P2Wcl7CuO61]8_ polyoxoanions [Cu-N:
1.982(17)-2.059(17) A and Cu-O: 2.604(12)-2.636(15) A].
The bond valence sum (BVS) calculations are performed to
identify the oxidation states of the copper ions in 1 and 2.
The BVS values of Cul, Cu2 and Cu3 ions in 1 and 2 are
1.76, 1.75 and 1.77 for 1 and 1.79, 1.74 and 1.78 for 2,
respectively, revealing that the oxidation state of each
copper ion is +2. These results are in good consistence
with their square pyramidal and octahedral coordination
geometries.

Compound 2 crystallizes in the orthorhombic space
group Iba2. Structural analysis indicates that the molecular
structural unit of 2 is composed of one [Cu(1)(4,4’-bpy)]**
cation, two [Cu(2)(4.4-bpy)s(H,O),]*" cations, one
[Cu(3)(4,4-bpy);]* " cation, two [a-P,W 504,]°" polyox-
oanions, two discrete diprotonated [4,4-H,bpy]* * ions and
six lattice water molecules (Fig. 3). In 2, there are three
crystallographically unique copper ions (Cul, Cu2 and
Cu3), each of which plays different special roles in the
construction of the 2-D extended structure. The weak long
Cu-O interactions will be considered because the evident
Jahn-Teller effect of the copper' ion in the crystal field
leads to the elongation of Cu-O distances [54-57].
The [Cu(1)(4,4’-bpy)]*" cation is six-coordinate octahedral
geometry defined by four nitrogen atoms from four
4,4-bpy ligands and two terminal oxygen atoms from
two [0-P,W504,]®~ polyoxoanions. The Cu-N and Cu-O
distances are in the range of 1.980(7)—2.044(7)1& and
2.488(1) A, respectively. The [Cu(2)(4,4-bpy)s(H,0).]*"

eceerece
NZOR0E

Fig. 3. The asymmetric unit of 2 with the selected atomic labeling scheme.
The free diprotonated [4,4’—H2bpy]2+ ion, water molecules of crystal-
lization and hydrogen atoms are omitted for clarity. Atoms with “A-D”
in their labels are symmetrically generated (A: 1—x, 1—y, z; B: 1—x, y,
0.5+z C: 2—x, 1—y, z; D: 2—x, y, —0.5+2).
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cation is also six-coordinate octahedral geometry defined
by four nitrogen atoms from four 4,4’-bpy ligands and two
water oxygen atoms [Cu-N: 2.008(5)—2.061(5)A and
Cu-0O: 2.253(4)-2.919(1) A]. The coordination environ-
ment of the [Cu(3)(4,4-bpy);]* " cation [Cu—N: 1.960(7)—
2.042(4)A and Cu-O: 2.656(1)A] is similar to that of
the [Cu(1)(4,4-bpy)]*" cation. It is of interest that each
[0-P>W 5062]°~ polyoxoanion acts as a bidendate ligand to
combine one [Cu(3)(4,4-bpy);]*" cation with one
[Cu(1)(4,4'-bpy)]*" cation in 2.

It is noteworthy that Cul ions construct a 1-D linear
cationic chain [Cu(1)(4,4'-bpy)],>"" by the bridging role of
4,4'-bpy ligands. Similar 1-D linear cationic chains formed
by copper ions and 4,4-bpy ligands have been seen
previously in several Keggin-based [17,23,58] and one
Dawson-based [29] POMs. For example, in [Cu'(4,4"-bpy)]s
[PMo}aMoYO4{Cu"(2,2"-bpy)}], the monocopper-capped
Keggin polyoxoanions [PMo)aMoyO.{Cu'(2,2'-bpy)}]*~
are linked by the 1-D linear cationic chains [Cu'
(4.4 -bpy)],” " to construct a 2-D network [58]. For 2, a
couple of [0-PaW 506%™ polyoxoanions in a staggered
pattern join to the Cul ion via a terminal oxygen atom in
both sides of each Cul ion (Fig. 4). Two symmetrically
related [Cu(2)(4,4-bpy)s(H,O),]* " cations link to a
[Cu(1)(4,4-bpy)]*" cation via two rigid 4,4'-bpy bridges
(Fig. 5). The architecture fashion of the Cu3 ions is very
similar to that of the Cul ions and also form a 1-D linear
cationic chain [Cu3(4,4-bpy)],>"" through the 4.4"-bpy
ligands. More fascinatingly, the most striking structural
feature is that [0-P,W,306,]®~ polyoxoanions function as
bidendate ligands to connect adjacent [Cul(4,4-bpy)],>" "
and [Cu3(4,4-bpy)],”"" linear cationic chains together
constructing a 2-D extended structure (Fig. 6). Although
a 2-D inorganic-organic hybrid (NHy); (4,4-H,bpy)
[Cu'(4,4"-bpy)];[PaW15062]> - 10H,O  built by saturated
Dawson-type polyoxoanions and copper(/)-4,4'-bpy
cations has been recently reported [29], 2 still represents
the first 2-D inorganic—organic hybrid POM con-
structed from saturated Dawson-type polyoxoanions and
copper(I)-4,4'-bpy cations. Topologically, the 2-D ex-

Fig. 4. The connection motif of the linear [Cu1(4,4’—bpy)],12”+ chain and
[0-P,W504,]°~ polyoxoanions. The blue and green [a-PoW306]%”
polyoxoanions highlight the staggered pattern. The [Cu(2)(4,4'-bpy)s
(H,0),]** cations linking to the [Cul(4,4'-bpy)],>" " chain are omitted for
clarity.

Fig. 5. The connection motif of the linear [Cul(4, 4’—bpy)]ﬁ”+ chain and
[Cu(2)(4,4-bpy)s(H,0),]* " cations. The [a-PaW,306]°~ polyoxoanions
linking to the [Cu1(4,4’—bpy)];‘i'”r chain are omitted for clarity.

[Cul(4,4-bpy)];"*,
[Cu3(4, 4/-bpy)],2l”+ chains and [¢-P,W,306]°~ polyoxoanions. The Cul
and Cu3 symbols represent [Cul(4,4-bpy)]*"* and [Cu3(4,4"-bpy)]"+
chains, respectively. The monodendate 4,4'-bipy ligands on Cul and Cu3

cations are omitted for clarity.

Fig. 6. The 2-D structure constructed from

tended structure of 2 can be simplified to a bimodal
4-connected net. In this simplification, Cul atoms act as
one kind of the 4-connected nodes and Cu3 atoms function
as the other kind of the 4-connected nodes. The ratio of
two kinds of nodes is 1:1. By a close insight into the
arrangement of adjacent 4-connected topological sheets,
the distribution of sheets is in the ~ABAB— arrangement
mode and the spacing of the interlayers is ca. 26.0 A
(Fig. 7). The void gaps between sheets are filled with
4,4'-bpy and lattice water molecules. Interestingly, the
[-P>;W 5062]°~, Cul and Cu3 ions arrange in the helical
distribution motif along the [100] direction generating the
helical chain structures. Adjacent two helical chains have



J-W. Zhao et al. | Journal of Solid State Chemistry 181 (2008) 637645 643

Fig. 7. The ~ABAB- packing mode of the 4-connected topological sheets.
The blue and red balls represent Cu3 and Cul nodes, respectively.

the opposite handedness (Fig. 8). Similar phenomenon is
very rare in the POM chemistry [34,39,59].

Though both 2 and (NH);(4,4-H,bpy)[Cu'(4,4'-bpy)];
[PoWi50¢5]> - 1I0H,O [29] employ the inorganic—organic
hybrid 2-D extended structure, seven obvious differences
in structure are present owing to their different construc-
tion modes and crystallographic symmetries: (a) The
former crystallizes in the orthorhombic space group Iba2
whereas the latter belongs to the triclinic space group P—1.
(b) There are three crystallographically unique Cu”" ions
in the former while four crystallographically unique Cu ™"
ions exist in the latter. (c) All the Cu?" ions in the former
are six-coordinate octahedral geometry while the coordina-
tion geometries of the Cu™ ions in the latter have three
types (two-coordinate linear geometry, three-coordinate
T-shaped geometry and four-coordinate tetrahedral geo-
metry). (d) Two types of Cu’" ions (Cul and Cu3)
participate in the construction of two 1-D linear cationic
chains [Cu(4,4'-bpy)]," " in the former while three types of
Cu " ions (Cu2, Cu3 and Cu4) take part in the formation of
three 1-D linear cationic chains [Cu(4,4-bpy)],"" in the
latter. (¢) The [0-P,W,304,]°" polyoxoanion acts as a
bidendate ligand in the former whereas a tetradendate one
in the latter. (f) From the topological point of view, the 2-D
structure of the former belongs to the (4,4)-connected
topological network, in contrast, the 2-D structure of the
latter is the (3,4)-connected topological network. (g) The
arrangements of the [a—P2W]3062]6_, Cul and Cu3 ions
along the [001] direction in the former result in the helical
chains with the opposite handedness, however, there is no
helical chain in the latter.

3.3. IR spectra

In the IR spectra of 1 and 2, there are four characteristic
asymmetric vibration bands resulting from the Dawson-type
polyoxoanion, namely, vao(W=0y), vas(W—0y), vos(W-0,)
and v,(P-0O,). Comparing to the IR spectra of 2 and
o-HgPoW 1306, - nH,O [27], the P-O vibration band and the

Fig. 8. The arrangement of the helical chains built by the [4-P,W30¢,]°~,
Cul and Cu3 ions along the [100] direction in a unit cell and adjacent two
helical chains having the opposite handedness. The blue, yellow and red
balls represent Cul, Cu3 and [0-PsW 15045]®~ moieties, respectively.

W-0O, vibration band in 1 both split into three bands,
namely, v,(P-0O,): 1124, 1080 and 1040cm™'; Vas(W=0,):
798, 770 and 746 cm™". This splitting of vibration bands is
related to the lower symmetry of the [o;-P,W;7CuQOg,]*~
polyoxoanion resulting from the encapsulation of a Cu'' ion
into the vacant site of the [0;-PoW;70¢]'°~ polyoxoanion.
In addition, the W =0, and W-Oy, vibration bands appear
at 943 and 903 cm™ ", respectively. The stretching bands of
the -NH, and ~CH, groups are observed at 33203250 cm ™!
and 3050-2950cm~' are indicative of the presence of
en in 1. Comparing the IR spectrum of 2 to that of
a-HgP>W 1306, - nH,O [27], the W =0, vibration band has a
red-shift from 961 to 955cm™!, the W-O,, vibration band
also has a red-shift from 913 to 903 cm ™!, while the W-O,
vibration band has a blue-shift from 780 to 786cm™"'. The
P-O,, vibration band appears nearly identical to that of the
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parent acid a-HgP>W;30g5 - nH,O [27]. These results indicate
that the polyoxoanions in 2 are some distorted due to the
coordination effects of copper-4,4-bpy cations [6,26],
which are confirmed by the result of the crystal structure.
The vibration peaks between 1600 and 1400cm™' are
indicative of the presence of the 4,4'-bipy group in 2. The
phenomena of red-/blue-shifts of the characteristic vibration
bands of 1 and 2 display strong interactions between
the polyoxoanions and copper-organic complexes in the
solid state.

3.4. Thermogravimetric analysis

Compounds 1 and 2 undergo a two-step loss weight
process from 30 to 900 °C (Fig. 9). For 1, the weight loss of
2.83% during the first step from 30 to 282 °C involves the
loss of 8 lattice water molecules (calcd 2.88%). On further
heating, the second weight loss is 9.27% between 282 and
900 °C, corresponding to the removal of 0.5 diprotonated
[Hoen]*" ion, 6 coordinated en ligands and 2 coordinated
water molecules and the dehydration of 1 proton (calcd
8.88%). For 2, the first weight loss is 1.04% in the range of
30-121°C, corresponding to the loss of 6 lattice water
molecules (caled 0.95%). The second weight loss of 19.95%
between 121 and 900 °C is attributed to the removal of 4
coordinated water molecules, 2 diprotonated [4,4'-H,bpy]* "
ions and 14 coordinated 4,4'-bpy ligands (calcd 20.22%). The
observed experimental values are in excellent consistence
with the theoretical values.

3.5. Electron spin resonance (ESR) spectra

X-band powder ESR spectra of 2 recorded at room
temperature and 77K are depicted in Fig. 10. At room
temperature, the ESR spectrum displays an anisotropic
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Fig. 9. The TGA curves of 1 and 2 measured in flowing air atmosphere
with a heating rate of 10°Cmin~" in 30-900 °C.
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Fig. 10. X-band powder ESR spectra of 2 recorded at room temperature
and 77K. The thick and thin solid lines represent the room temperature
and 77 K spectral lines, respectively.

broad resonance at ca. 3400 G with the line width
AHpp = 900 G. When the temperature is lowered to 77K,
the intensity of this spectrum somewhat increases and stays
at g = 2.15, indicative of the presence of the expected
copper™ ion in 2 [60]. The principal value of the g tensor is
typical of the copper' ions in the octahedral environment
with the unpaired electron on the d,,_, orbital. The line
width AHpp remains unchanged at room temperature
and 77K, indicating that the spin—spin relaxation process
competes and is comparable to the magnitude order of the
spin—lattice relaxation process. These indicate an overall
relaxation time almost is temperature independent [61].

4. Conclusion

Two Dawson-based phosphotungstates (H,en)y sH[Cu(en),
(H;0){[Cu(en)a](z-PaW17CuOg)} - 8H,0 (1) and [4.4-
H,bpylo{[Cu(4.4'-bpy);][Cu(4.4'-bpy)a(H20)>].[Cu(4.4'-bpy)]
[2-P,W3O¢>]5} - 6H-O (2) have been hydrothermally synthe-
sized and structurally characterized by IR spectra, elemental
analysis, TGA and single-crystal X-ray diffraction. 1 con-
tains a 1-D linear chain constructed from monocopper'-
substituted Dawson polyoxoanions [o;-PoW,CuOg ¥,
while 2 represents the first 2-D sheet-like structure with a
(4,4)-connected topological net built up from plenary
Dawson-type polyoxoanions and Cu'-4,4-bpy cations in
the POM chemistry.
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Appendix A. Supplementary materials

CCDC 658565 and 658566 for 1 and 2 contain the
crystallographic data for this paper. These data can be

obtained free of charge via www.ccdc.cam.ac.uk/data_

request/cif or from the Cambridge Crystallographic Data
Center, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
+441223336033; e-mail: deposit@ccdc.cam.ac.uk).
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