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To further explore the coordination possibilities of naphthalene-based carboxylic acids, a ZnII

coordination polymer, [Zn3(L)6(bipy)2]n (1), with bulky 2-naphthol-5-carboxylate (L) and
bridging 4,40-bipyridine (bipy), was synthesized and characterized. Structural analysis reveals
that 1 is a 1-D polymeric chain with trinuclear units as nodes, which are further extended
via interchain secondary interactions, such as O–H � � �O hydrogen-bonding and aromatic
� � � �� stacking interactions, to form an overall 3-D framework. Complex 1 exhibits strong
solid-state luminescence emission at room temperature, mainly originating from intraligand
�!�* transition of L.

Keywords: ZnII complex; 2-Naphthol-5-carboxylate ligand; Crystal structure; Luminescent
property

1. Introduction

Rational design and preparation of metal–organic frameworks (MOFs) or coordination
polymers has become an exciting branch in crystal engineering and supramolecular
chemistry because of their structural diversities and potential applications in the fields
of catalysis, guest–host chemistry, optics, and magnetism [1]. An attractive target of the
research in this field is the controllable assembly of coordination polymers with desired
structures and properties [2], through appropriate choice of organic ligands as spacers,
bridges, or terminal groups with metal ions or metal clusters as nodes. Carboxylic acids
exhibit diverse coordination modes, especially for benzene- and naphthalene-based
di- or multi-carboxylic acids such as 1,2-, 1,3-, and 1,4-benzenedicarboxylic acid [3–5],
1,3,5-benzenetricarboxylic acid [6], 1,2,4,5-benzenetetracarboxylic acid [7], 1,4- and
2,6-naphthalenedicarboxylate [8, 9] as well as 1,4,5,8-naphthalenetetracarboxylate [10]
used in the preparation of various coordination polymers. However, in comparison
with the benzene- and naphthalene-based di- and multi-carboxylic acid ligands,
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investigation of monocarboxylic acid ligands with naphthalene ring skeleton such as
2-naphthol-5-carboxylic acid (HL) used here, have been less common. Introduction of
2,20-bipyridine bidentate chelating or 4,40-bipyridine linear bridging molecules into
reaction systems involving various carboxylic acids, as auxiliary co-ligands, may
generate some interesting coordination architectures [11].

In our previous work, 2-naphthol-5-carboxylic acid (HL) has been used to construct
a 3-D AgI as well as two dinuclear CdII and EuIII coordination complexes which exhibit
interesting luminescent properties [12–14]. To further explore the coordination
possibilities of naphthalene-based monocarboxylic acid ligands, we chose HL by
taking advantage of its carboxylate-bridging ability together with the steric bulk of its
naphthalene ring to construct new functional d10 coordination complexes. Herein, we
report the synthesis, structure, and luminescent/thermal properties of [Zn3(L)6(bipy)2]n
(L¼ 2-naphthol-5-carboxylate).

2. Experimental

2.1. General methods

All reagents and solvents were commercially available and used as received. IR spectra
were measured on a TENSOR 27 (Bruker) FT-IR spectrometer with KBr pellets from
4000 to 400 cm�1. Elemental analyses (C, H, and N) were performed on a Vario EL III
elemental analyzer. The powder X-ray diffraction (PXRD) was recorded on a Bruker
D8 Advance diffractometer (Cu-Ka, �¼ 1.54056 Å) at 40 kV and 30mA using a
Cu-target tube and a graphite monochromator. Intensity data were recorded by
continuous scan in a 2�/� mode from 3� to 80� with a step size of 0.02� and a scan speed
of 8�min�1. Simulation of the PXRD spectra was carried out from single-crystal data
and diffraction-crystal module of the commercially available Cerius2 program [15].
Thermogravimetric analysis (TGA) was carried out on a Perkin-Elmer Diamond SII
thermal analyzer from room temperature to 800�C under nitrogen at a heating rate of
10�Cmin�1. The emission/excitation spectra were recorded on an F-7000 (HITACHI)
spectrophotometer at room temperature.

2.2. Synthesis of 1

A mixed solution of 2-naphthol-5-carboxylic acid (HL) (0.05mmol) and 4,40-bipyridine
(bipy) (0.05mmol) in CH3OH (10mL) in the presence of excess 2,6-dimethylpyridine
(ca 0.05mL for adjusting the pH to basic condition) was carefully layered on top of a
H2O solution (15mL) of Zn(ClO4)2 � 6H2O (0.1mmol) in a test tube. Colorless, cubic,
single crystals suitable for X-ray analysis appeared at the tube wall after ca 3 weeks at
room temperature. Yield: �40% based on HL. Anal. Calcd for C86H58N4O18Zn3 (%):
C, 63.31; H, 3.58; N, 3.43. Found (%): C, 63.10; H, 3.49; N, 3.62. IR (KBr pellet, cm�1):
3305(s, br), 2540(w), 1847(w), 1632(m), 1607(vs), 1567(vs), 1513(s), 1465(m), 1417(vs),
1380(s), 1282(m), 1239(m), 1220(m), 1167(m), 1144(w), 1068(w), 1045(w), 1011(w),
977(w), 953(m), 865(w), 839(w), 810(m), 787(w), 767(w), 726(w), 661(w), 638(w),
550(w), 528(w), 499(w), 457(w).
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2.3. Crystal structure determination

A crystal of 0.28� 0.21� 0.15mm3 was examined on a Bruker Smart 1000 CCD
area-detector diffractometer at 293(2)K with Mo-K� radiation (�¼ 0.71073 Å) by !
scan mode. The program SAINT [16] was used for the integration of the diffraction
profiles. Semi-empirical absorption corrections were applied using SADABS. The
structure was solved by direct methods using the SHELXS program of the SHELXTL
package and refined by full-matrix least-squares methods with SHELXL [17]. The
non-hydrogen atoms were refined anisotropically and hydrogens were added according
to theoretical models. A summary of crystallographic data and refinement parameters is
in table 1, while selected bond lengths and angles and hydrogen-bonding geometries are
listed in tables 2 and 3, respectively.

3. Results and discussion

3.1. Synthesis and general characterization

Complex 1 was synthesized by using slow diffusion in a test tube under mild conditions
(ambient temperature and pressure). The presence of excess 2,6-dimethylpyridine is a
key point for the formation of 1, adjusting the pH to basic. IR spectra of 1 show
features attributable to each part of 1 [18]. The strong, broad band, centered at
3305 cm�1 for 1 indicates O–H stretching of hydroxyl in L. IR absorptions of

Table 1. Crystal data and structure refinement for 1.

Empirical formula C86H58N4O18Zn3
Formula weight 1631.53
Temperature (K) 293(2)

Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P�1

Unit cell dimensions (Å, �)
a 9.8719(5)
b 11.9062(11)
c 15.5073(14)
� 74.156(8)
� 82.416(6)
� 76.483(6)
Volume (Å3), Z 1700.3(2), 1
Calculated density (g cm�3) 1.593
Absorption coefficient (mm�1) 1.133
F(000) 836
Crystal size (mm3) 0.28� 0.21� 0.15
� range for data collection (�) 3.24 to 25.00
Reflections collected 11,186
Independent reflection 5822 [R(int)¼ 0.0420]
Goodness-of-fit on F2 0.973
Final R indices [I4 2�(I)] R1¼ 0.0453, wR2¼ 0.0868
R indices (all data) R1¼ 0.0767, wR2¼ 0.0946

R¼� Fo �j jFck k=� Foj j; Rw¼ ½�½wðF
2
o � F 2

c Þ
2
�=�wðF 2

o Þ
2
�
1=2.
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carboxylates are very complicated owing to coordination diversity with metal ions.
For 1, the characteristic bands of carboxylates appear at ca 1607–1567 cm�1 for the
antisymmetric stretching vibrations and at ca 1417–1380 cm�1 for the symmetric
stretching vibrations; the D	 values [D	¼ 	as(COO�)� 	s(COO�)] indicating coordina-
tion modes of carboxylate in 1 are 190 and 187 cm�1, consistent with structural features
observed in the crystal structure [19].

3.2. Crystal structure of 1

Single-crystal X-ray diffraction reveals that 1 has a 1-D ribbon-like coordination array
containing the centrosymmetric trinuclear [Zn3(L)6(bipy)2] as nodes (figure 1a). Each
asymmetric unit is composed of one and a half ZnII, three L, and one bipy. Zn(1) and
Zn(2) have different coordination spheres (figure 1a), Zn(1) is six-coordinate with a
N2O4 distorted octahedral environment formed by four oxygens from four different L
and two nitrogens from two distinct bipy. Zn(2) is five-coordinate by four oxygens from
three different L and one nitrogen donor from one bipy. Two types of coordination of
carboxylate were observed for L, 
2-�

1 : �1-bridging, and 
1-�
1 : �1. In 1, bipy serves as a

linear bridging spacer [N(1)–Zn(1)–N(2) angle: 180�]. Four carboxylates from four
distinct L interlink ZnII to generate a centrosymmetric trinuclear [Zn3(L)6(bipy)2]

Table 2. Selected bond distances (Å) and angles (�) for 1.

Zn(1)–N(1)#1 2.126(3) Zn(2)–O(4) 1.922(2)
Zn(1)–N(1) 2.126(3) Zn(2)–O(2) 1.923(2)
Zn(1)–O(3)#1 2.152(2) Zn(2)–N(2)#2 2.073(3)
Zn(1)–O(3) 2.152(2) Zn(2)–O(5) 2.079(2)
Zn(1)–O(1)#1 2.182(2) Zn(2)–O(6) 2.358(3)
Zn(1)–O(1) 2.182(2)

N(1)#1–Zn(1)–N(1) 180.0 O(3)–Zn(1)–O(1) 96.20(9)
N(1)#1–Zn(1)–O(3)#1 93.94(10) O(1)#1–Zn(1)–O(1) 180.00(9)
N(1)–Zn(1)–O(3)#1 86.06(10) O(4)–Zn(2)–O(2) 131.89(10)
N(1)#1–Zn(1)–O(3) 86.06(10) O(4)–Zn(2)–N(2)#2 92.54(11)
N(1)–Zn(1)–O(3) 93.94(10) O(2)–Zn(2)–N(2)#2 98.35(11)
O(3)#1–Zn(1)–O(3) 180.000(1) O(4)–Zn(2)–O(5) 113.35(10)
N(1)#1–Zn(1)–O(1)#1 93.66(10) O(2)–Zn(2)–O(5) 110.51(10)
N(1)–Zn(1)–O(1)#1 86.34(10) N(2)#2–Zn(2)–O(5) 100.21(10)
O(3)#1–Zn(1)–O(1)#1 96.20(9) O(4)–Zn(2)–O(6) 89.11(10)
O(3)–Zn(1)–O(1)#1 83.80(9) O(2)–Zn(2)–O(6) 97.68(10)
N(1)#1–Zn(1)–O(1) 86.34(10) N(2)#2–Zn(2)–O(6) 156.83(10)
N(1)–Zn(1)–O(1) 93.66(10) O(5)–Zn(2)–O(6) 58.30(9)
O(3)#1–Zn(1)–O(1) 83.80(9)

Symmetry codes for 1: #1
¼�xþ 1, �y, �zþ 1; #2

¼�x, �yþ 1, �zþ 1.

Table 3. Hydrogen–bonding geometry (Å, �) for 1.

D–H � � �A D–H H � � �A D � � �A D–H � � �A

O(7)–H(7B) � � �O(6)#1 0.820 1.91 2.728(1) 180
O(8)–H(8A) � � �O(9)#2 0.820 1.93 2.737(1) 168
O(9)–H(9B) � � �O(7)#3 0.820 1.93 2.751(1) 174

Symmetry codes for 1: #1
¼�xþ 2, �y, �zþ 1; #2

¼�xþ 1, �yþ 1, �zþ 2; #3
¼ x� 1, y, zþ 1.
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Figure 1. View of (a) the 1-D chain running along the [1�10] direction in 1, showing the coordination
environment of ZnII ions in 1, (b) the 2-D network, parallel to the (110) plane, formed by inter-chain
O–H � � �O hydrogen-bonds (black dashed lines), and (c) the 3-D framework, viewed along the [010] direction,
formed by inter-chain O–H � � �O hydrogen-bonds (black dashed lines) and inter-chain � � � �� stacking
(red and black dashed lines) interactions. The symmetry-related atoms labeled with the suffixes A, B, and C
are generated by the symmetry operation (�xþ 1,�y,�zþ 1), (�x,�yþ 1,�zþ 1), and (xþ 1, y� 1, z).
Some hydrogens have been omitted for clarity.
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cluster with non-bonding Zn(1) � � �Zn(2) separation of 4.021(6) Å and Zn(2) � � �
Zn(1) � � �Zn(2A) angle of 180� (A¼�xþ 1,�y,�zþ 1). The trinuclear
[Zn3(L)6(bipy)2] clusters are further linked by four donors from four different bipy to
extend into a 1-D ribbon-like chain running along the [1�10] direction (figure 1a).

Adjacent 1-D chains are further interlinked to generate a 2-D sheet, parallel to the
(110) plane, and then an overall 3-D framework, formed by the inter-chain O–H � � �O
hydrogen bonds between L ligands [O(7)–H(7B) � � �O(6)#1, O(8)–H(8A) � � �O(9)#2, and
O(9)–H(9B) � � �O(7)#3; #1¼�xþ 2,�y,�zþ 1, #2¼�xþ 1,�yþ 1,�zþ 2; #3¼
x� 1, y, zþ 1; see table 3] and � � � �� stacking interactions between parallel phenyl
rings of L with a centroid–centroid separation of 3.501 Å (figure 1b and c).

As typical aromatic carboxylates, benzene- and naphthalene-based di- or
multi-carboxylic acids have been widely used to construct metal–organic coordination
architectures. For instance, incorporating bipy as a bridging co-ligand, a 2-D polymeric
network with supertetranuclear Zn4O cores as building units, [Zn4O(ip)3(bipy)]n
(ip¼ isophthalate) [20], a 2-D ZnII-1,4-naphthalenedicarboxylate, {[Zn(bipy)(1,4-
ndc)(H2O)2] � (H2O)}n (1,4-ndc¼ 1,4-naphthalenedicarboxylate) [21], and a 1-D double
chain complex, [Zn4(1,8-ndc)4(bipy)2(en)0.5(H2O)]n (1,8-ndc¼ 1,8-naphthalenedicarbox-
ylate and en¼ 1,2-ethylenediamine) [22], have been reported. In addition, when
employing multi-carboxylates instead of dicarboxylates, to react with ZnII and bipy
under certain conditions, [Zn3(btc)2(bipy)(H2O)2]n, {[Zn(Hbtc)(bipy)(H2O)](H2O)3}n,
and [Zn(Hbtc)(bipy)(H2O)]n (btc¼ 1,3,5-benzenetricarboxylate) [23] as well as a 2-D
polymer, {[Zn2(bipy)(4btc)(H2O)2](H2O)2} (4btc¼ 1,2,4,5-benzenetetracarboxylate)
[24], have also been documented. In this work, however, 1 with L and bipy produced a
1-D ribbon-like coordination array. Our result exhibits a new example of the
coordination versatility of simple monocarboxylic acid with a bulky naphthalene ring
skeleton.

3.3. PXRD result

To confirm that the crystal structure is the representative of the bulk material, PXRD
experiment has been carried out for 1. The PXRD experimental and computer-
simulated patterns of the corresponding complexes are shown in figure 2. Although the

10 20 30 40 50 60 70 80

Experimental
 Simulated

2q (deg)

Figure 2. PXRD pattern for 1.
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experimental pattern has a few unindexed diffraction lines and some are slightly
broadened in comparison with those simulated from the single-crystal modes, it still can
be considered that the bulk synthesized materials and the as-grown crystals are
homogeneous for 1.

3.4. Luminescence

The synthesis of luminescent coordination complexes with carefully chosen ligands and
d10 metal ions can be an efficient method for the construction of luminescence materials
[25–27]. The solid-state emission spectra of 1 have been investigated at room
temperature (figure 3). Excitation of the microcrystalline sample of 1 at 385 nm
produced intense luminescence with peak maximum at 457 nm. Photoluminescent
properties of free HL and bipy were explored in our previous work [11, 12]. By
comparing the locations and profiles of their excitation/emission peaks with 1, we can
presume that the emissions are neither metal-to-ligand charge transfer (MLCT) nor
ligand-to-metal charge transfer (LMCT), because ZnII atom with d10 configuration is
difficult to oxidize or to reduce [25], and should mainly be ascribed to the intraligand
�!�* transitions of L, which are similar to those of the reported coordination
complexes with a naphthalene skeleton [14, 25]. In addition, compared with the
emission peak of HL [12], the red shift in 1may be caused by the bridging of bipy, which
effectively changes the rigidity and conjugation upon metal coordination, reducing the
loss of energy via a radiationless pathway [28].

3.5. Thermogravimetric analysis

To examine the stability of 1, TGA was performed from room temperature to 800�C
(figure 4). The weight loss curve indicates that 1 was thermally stable beyond 300�C.
Then, the framework of 1 began to decompose quickly in two consecutive steps
(at 349�C and 475�C), whose weight loss (obsd: 53.57%) can be attributed to loss of
bipy and partial L (Calcd: 54.98%). The final residue is not characterized because its
weight loss does not stop until heating ends at 800�C.

300 350 400 450 500 550 600 650

Ex=385 Em=457

Wavelength (nm)

In
te

ns
ity

 (
a.

u.
)

Figure 3. Solid-state excitation/emission spectra of 1 at room temperature.
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4. Conclusions

We have obtained a 1-D ZnII coordination polymer, [Zn3(L)6(bipy)2]n (1), with bulky

2-naphthol-5-carboxylate (L) and bridging bipy. Complex 1 can be excited directly and
emit intense luminescence at room temperature, closely related to the intrinsic structure
arrangement. Isolation of 1 is new proof of the coordination versatility of

monocarboxylates bearing a bulky aromatic skeleton, which could be used to react
with different 3d transition metal ions such as CuII, CoII, NiII, and MnII for

constructing other coordination complexes with potential magnetic properties.
Research into this possibility is underway in our laboratory.

Supplementary material

Crystallographic data (excluding structure factors) for the crystal structure reported in
this article have been deposited with the Cambridge Crystallographic Data Center and
allocated the deposition number CCDC 768607. This material can be obtained free of

charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: þ44 1223 336033; Email:
deposit@ccdc.cam.ac.uk).
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