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Abstract

Employing 4,40-bipyridine as a bridged ligand, a new three-dimensional (3-D) hybrid zinc phosphate [Zn2(HPO4)2(4,4
0-bipy)] � 3H2O

has been prepared under hydrothermal conditions and characterized by single crystal X-ray diffraction. This compound crystallizes in the

monoclinic space group C2/c, with cell parameters, a ¼ 21:188ð4Þ Å, b ¼ 10:229ð2Þ Å, c ¼ 9:0656ð18Þ Å, b ¼ 90:21ð3Þ1, V ¼ 1964:8ð7Þ Å3

and Z ¼ 4. The connectivity of the ZnO3N and HPO4 tetrahedra results in a 2-D neutral layer that with interesting 4,82 net along the bc

plane. Furthermore, the 4,40-bipyridine molecule links the 4,82 net into a 3-D structure. The water molecules sit in the middle of the

channels and interact with the framework via hydrogen bonds. The compound exhibits intense photoluminescence at room temperature.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, many researchers have used a hybrid approach
to the syntheses of inorganic–organic open frameworks, in
which an organic ligand is combined with an inorganic one,
owing to their interesting structural chemistry and potential
applications in catalysis, absorbent, and ion exchangers [1–8].
As compared with inorganic ligands such as phosphate and
phosphite, the organic ligands have large sizes and a wide
variety of means of connection. Accordingly, in this system, a
number of zinc phosphates with neutral frameworks have
been prepared under hydrothermal condition [9–11]. Lii et al.
reported the first metal phosphate incorporating isonicotinate
ligand, Zn(HINT)(HPO4). Its structure consists of 2-D
neutral sheets of Zn(HPO4) with the dipolar isonicotinate
ligand being coordinated to zinc as a pendent group [9]. More
recently, four new zinc phosphates were synthesized in the
presence of D-histidine, 1-methylimidazole, 1,4-bis-(imidazol-
1-ylmethyl)benzene, and 1,2-bis(imidazol-1-ylmethyl)benzene,
respectively [10]. Each structure is constructed from four-ring
e front matter r 2005 Elsevier Inc. All rights reserved.
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secondary building units that consist of two tetrahedral zinc
atoms and two tetrahedral phosphate groups. A study of the
literature about inorganic–organic hybrid compounds shows
that 4,40-bipyridine (4,40-bipy) is a good candidate for
assembly these compounds, therefore we extended our
research into the zinc/4,40-bipy/H3PO4 system [12–19]. In
previous work, a novel 3-D zinc fluorophosphates: Zn2(4,4

0-
bipy)(PO3F)2 synthesized under the presence of the fluoride
ion has been reported [20]. The fluoride ion not only acts as a
mineralizer, but also participates in the formation and
structure of the final compound. Herein, in this paper we
report another 3-D compound [Zn2(HPO4)2(4,4

0-bi-
py)] � 3H2O pillared by 4,40-bipy which was synthesized under
hydrothermal conditions but without the fluoride ion.

2. Experimental

2.1. Synthesis and characterization of [Zn2(HPO4)2(4,40-

bipy)] � 3H2O

All chemicals and solvents used in the syntheses were of
reagent grade and used as purchased from Beijing without
further purification. Compound 1 were prepared from a
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Table 1

Crystal data and structure refinement parameters for [Zn2(HPO4)2(4,4
0-

bipy)] � 3H2O

Empirical formula C10H16N2O11P2Zn2
Formula weight 532.93

Temperature 293(2)K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group C2/c

a (Å) 21.188(4)

b (Å) 10.229(2)

c (Å) 9.0656(2)
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mixture of 5ZnO � 2CO2 � 4H2O (0.567 g, 1mmol), H3PO4

(0.34ml, 5mmol), 4,40-bipy (0.960 g, 5mmol), and distilled
water (10mL) with a molar composition of 1:5:5:555. The
mixture was sealed in a 23mL capacity of Teflon-lined
stainless steel autoclave under autogenous pressure, and
heated at 160 1C for 120 h. After cooling colorless crystals
for single crystal X-ray diffraction (XRD) were obtained.
The yield was 85%, based on Zn. The pH of the reaction
mixture before hydrothermal reaction was 2.1. Attempts to
synthesize the arsenate analogue under similar reaction
were failed.
b (deg) 90.21(3)

Volume (Å3) 1964.8(7)

Z 4

Calculated density (mg/m3) 1.802

Absorption coefficient (mm�1) 2.659

F (000) 1072

Crystal size (mm) 0.26� 0.24� 0.21

y range (deg) 4.16–27.46

Limiting indices �27php27, �13pkp13, �10plp11

Reflections collected/unique 9318/2219 [R(int) ¼ 0.0270]

Completeness to y ¼ 30:02 98.7%

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2219/1/143

Goodness-of-fit on F2 1.169

Final R indices [I42s(I)] R1 ¼ 0:0274, wR2 ¼ 0:0809
R indices (all data) R1 ¼ 0:0306, wR2 ¼ 0:0823
Largest diff. peak and hole

(e Å�3)

0.496 and �0.362

Table 2
2.2. General methods

The elemental analyses were performed on a Perkin-
Elmer 2400 element analyzer. The inductively coupled
plasma (ICP) analysis was carried out on a Perkin-Elmer
Optima 3300DV ICP instrument. The infrared (IR)
spectrum was recorded within the 400–4000 cm�1 region
on a Nicolet Impact 410FTIR spectrometer using KBr
pellets. Thermogravimetric analysis (TGA) was carried out
on a Perkin-Elmer TGA 7 thermogravimetric analyzer in
N2 with a heating rate of 10 1Cmin�1. The powder XRD
patterns were recorded (Bragg–Brentano) on a Siemens
D5005 diffractometer by using CuKa radiation
(l ¼ 1:5418 Å) with a graphite monochromator. The step
size was 0.021 and the count time was 4 s.
Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) for [Zn2(HPO4)2(4,4

0-bipy)] � 3H2O

Atom x y z U(eq)a

Zn(1) 2766(1) 4303(1) 700(1) 27(1)

P(1) 2219(1) 6574(1) 2633(1) 27(1)

O(1) 2705(1) 6009(2) 1585(2) 34(1)

O(2) 2161(1) 4159(2) �916(2) 39(1)

O(3) 2626(1) 2999(2) 2154(2) 51(1)

O(4) 1543(1) 6430(3) 1940(2) 53(1)

O(1W) 1492(1) 6553(3) �931(2) 49(1)

O(2W) 283(4) 5215(10) �510(12) 58(2)

O(3W) 201(3) 6411(8) 2772(11) 48(2)

N(1) 3625(1) 4234(2) �285(2) 33(1)

C(1) 3946(2) 3135(3) �549(4) 54(1)

C(2) 4485(2) 3102(3) �1392(4) 56(1)

C(3) 4714(1) 4248(3) �2024(3) 33(1)

C(4) 4385(2) 5385(3) �1740(4) 44(1)

C(5) 3847(2) 5334(3) �870(4) 46(1)

aU(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.
2.3. Structure determination

A suitable colorless single crystal with dimensions
0.26� 0.24� 0.21mm was glued to a thin glass fiber and
mounted on a Siemens Smart CCD diffractometer
equipped with a normal-focus, 2.4-kW sealed-tube X-ray
source (graphite-monochromatic MoKa radiation
(l ¼ 0:71073 Å) operating at 50 kV and 40mA. The
experiment was conducted at room temperature. Data
processing was performed using the SAINT processing
program [21]. The total number of measured reflections
and observed unique reflections were 9318 and 2219,
respectively. Intensity data of 2219 independent reflections
(�27php27, �13pkp13, �10plp11) were collected in
the o-scan mode. The structure was solved in the space
group C2/c by direct methods and refined on F2 by full-
matrix least squares using SHELXTL97 [22]. The zinc and
phosphorus atoms were first located, whereas the carbon,
nitrogen, and oxygen atoms were found in the difference
Fourier maps. All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms residing on the 4,40-
bipy molecules were placed geometrically. The crystal-
lographic data and details on the refinements for the
compound are summarized in Table 1. Atomic coordinates
and displacement parameters is listed in Table 2.
3. Results and discussion

The experimental powder XRD pattern of the bulk
product is in good agreement with the simulated one on the
basis of the single-crystal structure, as shown in Fig. 1,
suggesting the phase purity of the as-synthesized samples.
ICP analysis for the product gave the contents of Zn
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Fig. 2. The building block unit including the asymmetric unit present in

the structure (50% thermal ellipsoids).
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Fig. 1. Simulated and experimental powder X-ray diffraction patterns of

the compound.

Table 3

Selected bond lengths (Å) and angles (deg) for [Zn2(HPO4)2(4,4
0-

bipy)] � 3H2O

Zn(1)–O(3) 1.899(2) C(4)–C(5) 1.390(4)

Zn(1)–O(1) 1.925(2) O(3)–Zn(1)–O(1) 109.6(1)

Zn(1)–O(2) 1.949(2) O(3)–Zn(1)–O(2) 111.4(1)

Zn(1)–N(1) 2.033(2) O(1)–Zn(1)–O(2) 109.7(1)

P(1)–O(3)#1 1.507(2) O(3)–Zn(1)–N(1) 115.0(1)

P(1)–O(1) 1.517(2) O(1)–Zn(1)–N(1) 106.0 (1)

P(1)–O(2)#2 1.519(2) O(2)–Zn(1)–N(1) 104.7(1)

P(1)–O(4) 1.570(2) O(3)#1–P(1)–O(1) 107.5(1)

N(1)–C(5) 1.331(4) O(3)#1–P(1)–O(2)#2 112.6(1)

N(1)–C(1) 1.336(4) O(1)–P(1)–O(2)#2 114.3(1)

C(1)–C(2) 1.376(4) O(3)#1–P(1)–O(4) 109.9(1)

C(2)–C(3) 1.393(4) O(1)–P(1)–O(4) 109.5(1)

C(3)–C(4) 1.380(4) O(2)#2–P(1)–O(4) 102.9(1)

Symmetry transformations used to generate equivalent atoms: #1: �x+

1/2, y+1/2,�z+1/2; #2: x, �y+1, z+1/2.

Fig. 3. A View of the 2-D neutral zinc phosphate layer along the bc plane

showing the 4,82-net sheet. Green, ZnO3N tetrahedral; Pink, PO4

tetrahedra.
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24.11wt% (calculated (calcd.) 24.54%) and P 11.23wt%
(calcd. 11.62%), indicating a Zn:P ratio of 1:1. Elemental
analyses were consistent with the theoretical values, calcd.
for the product: C, 22.54%; H, 3.02%; N, 5.26%. Found:
C, 22.15%; H, 2.96%; N, 5.17%. The IR spectrum of the
compound showed the vibrations of O–H and C–H bands
at �3500 and 3000 cm�1, and the bands at 1613, 1531,
1482, and 1385 cm�1 were assigned to the pyridine ring-
stretching vibrations [17,23]. The intense bands in the range
1145–982 cm�1 were attributed to the asymmetric and
symmetric stretching vibrations of P–O groups [24–26].

The compound crystallizes in the monoclinic space
group C2/c with a ¼ 21:188ð4Þ Å, b ¼ 10:229ð2Þ Å,
c ¼ 9:0656ð2Þ Å, b ¼ 90:21ð3Þ1. Selected bond lengths and
angles are listed in Table 3. As shown in Fig. 2, the
asymmetric unit of it contains 16 unique non-hydrogen
atoms, including one zinc atom, one phosphorus atom,
seven oxygen atoms, five carbon atoms, and one nitrogen
atom. The zinc center coordinates to three oxygen atoms
with Zn–O bond lengths in the range 1.899(2)–1.949(2) Å
(av. 1.924 Å) and one Nitrogen atoms from 4,40-bipy with
Zn–N bond length 2.033(2) Å. The O–Zn–O angles are in
the range 109.6(1)–111.4(1)1 (av. 110.21) and the O–Zn–N
angles are in the range 104.7(1)–115.01(1)1 (av. 108.31),
which are typical of zinc in the tetrahedral environment.
Each phosphorus atom links three adjacent Zn atoms via
bridging oxygen. The P–O distances are in the range
1.507(2)–1.570(2) Å (av. 1.528 Å) and O–P–O bond angles
are in the range 107.5(1)–114.3(1)1 (av. 109.51). The
terminal P(1)–O(4) linkage with a distance of 1.570(2) Å
is an –OH group. Bond valence sum calculations on the
framework agree with the above results [27].
As shown in Fig. 3, the connectivity of the strictly

alternating ZnO3N and HPO4 tetrahedra results in a 2-D
neutral layer along the bc-plane. The neutral layer with
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Fig. 4. Crystal structure of [Zn2(HPO4)2(4,4
0-bipy)] � 3H2O viewed along

the [001] (a) and [010] (b) directions. Water and hydrogen atoms are

omitted for clarity. Green, ZnO3N tetrahedral; Pink, PO4 tetrahedra.
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Fig. 5. The TGA curve of [Zn2(HPO4)2(4,4
0-bipy)] � 3H2O.
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Fig. 6. Solid state excitation-emission spectrum of [Zn2(HPO4)2(4,4
0-

bipy)] � 3H2O at room temperature.
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4- and 8-membered rings formed by T atoms (T ¼ Zn, P)
can be best described in term of a 4,82 network (each nodal
Zn or P atom participates in one 4-ring and two 8-rings),
which are stacked along [100] direction in an AAAA
sequence. A similar 4,82 network to this compound has
been reported in the hybrid zinc/H3PO3 system, which
contains right-handed and left-handed Zn–O–P helical
chains linked together by oxygen atoms, but in the title
compound there are no helical chains [23]. Furthermore,
the 4,40-bipyridine molecule links the 4,82 net into a 3-D
structure (Fig. 4), giving rise to channels along the [001]
and [010] directions. The channel along [001] has dimen-
sions 7.8� 6.6 Å, Fig. 4(a); for [010] direction is 9.1� 3.9 Å,
Fig. 4(b). The 4,40-bipy ligand is nearly planar with the two
pyridyl rings twisted by 18.31. The distance between the
least-squares planes of adjacent 4,40-bipy ligands is 9.06 Å,
indicating the presence of weak intermolecular aromatic
interaction. The water molecules sit in the middle of the
channels and interact with the framework via hydrogen
bonds.

The initial TGA, performed under flowing N2, as shown
in Fig. 5, exhibits two weight loss stages in the temperature
ranges 110–350 and 420–540 1C, corresponding to the
concomitant release of composed water (Calcd.: 9.01%;
Found: 10.67%) and the decomposition of 4,40-bipy groups
(Calcd.: 33.79%; Found: 32.34% ), respectively. The whole
weight loss (43.01%) is in good agreement with the
calculated (42.80%). At 800 1C, the amorphous phase
recrystallized mainly into a Zn2P2O7 phase (JCPDS: 73-
1648) with some other phase, which was confirmed by
powder XRD analysis. To examine the thermal stability of
the compound in the release of guest water molecules, a
sample of the compound was heated in a thermal
gravimetric apparatus at 350 1C for 2 h. Power XRD
measurements for the dehydrated product showed that the
structure collapsed.
The photoluminescence spectrum of the compound was

measured in the solid state at room temperature (Fig. 6).
On excitation at 207 nm, the emission spectrum for the
compound shows a main peak at 365 nm and a shoulder at
about 339 nm. The strong emission band at 365 nm is
attributable to the p*-n transitions of the organic ligand,
because a similar emission band at about 369 nm has also
been observed on excitation at 254 nm for 4,40-bipy. The
emission at 339 nm can be assigned to ligand-to-metal
charge transfer. The strong fluorescent emission of the
compound makes it a potentially useful photoactive
material, since it is thermally stable and insoluble in
common polar and non-polar solvents.

4. Conclusions

A new 3-D hybrid zinc phosphate [Zn2(HPO4)2(4,4
0-

bipy)] � 3H2O have been prepared under hydrothermal
conditions and characterized by single crystal XRD. The
connectivity of the ZnO3N and HPO4 tetrahedra results in
a 2-D neutral layer that with interesting 4,82 net along the
bc plane, which are further linked by the 4,40-bipyridine
molecule into a 3-D structure. The water molecules sit in
the middle of the channels and interact with the framework
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via hydrogen bonds. The compound shows intense photo-
luminescence at room temperature. Further research of this
system may focus on the replacement of zinc and 4,40-bipy
with other transition metals and multidentate pyridyl
ligands to prepare novel neutral porous compounds and
explore their valuable properties.
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