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crystal structures, fluorescence sensors,

and ion exchange with mercury(II)
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Two new coordination complexes, [Zn(IA)2(phen)] (1) and [Zn(IA)2(4,4
0-bipy)]n �C2H5OH (2)

(IAH¼ indole-3-acetic acid, phen¼ 1,10-phenanthroline, 4,40-bipy¼ 4,40-bipyridine), have
been prepared and characterized by single-crystal X-ray diffraction. Complex 1 is mononuclear
and 2 presents a 1-D zigzag chain, in which 4,40-bipy connects the Zn(II) ions. Both complexes
show fluorescence emissions and exhibit fluorescence quenching when Hg2þ ions are present.
ICP, EDS, and SEM experiments reveal that zinc in both complexes can be exchanged by toxic
mercury ions.

Keywords: Crystal structure; Indole-3-acetic acid; Fluorescence; Cation exchange

1. Introduction

Many metals exist in the form of coordination compounds in living organisms and play
roles in life. For example, heme is an iron complex; chlorophyll is a magnesium
complex; vitamin B12 is a cobalt complex. Construction of new complexes with

biological activity has been a great focus. There also exist many heavy metal elements
which are deadly to organisms.

Mercury is highly toxic with accumulative and persistent character in the

environment, even at very low concentrations [1]. Thus, detecting the distribution
and content of mercury is important to prevent risk. Development of methods for the
detection of mercury with high efficiency is important. Several techniques, such as
colorimetric [2], fluorogenic [3, 4], redox-active [5, 6] methods, and chemodosimeter,
have been reported. These methods offer good limits of detection and wide linear
ranges. However, most of these techniques necessitate the use of sophisticated
apparatus and intricate preparation. Among the various methods to monitor mercury
ions under environmental conditions, fluorescence chemosensors are widely regarded as
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one of the most effective ways with visual effects, greater sensitivity, and simple
equipment. A number of fluorescence Hg2þ sensors, such as small molecules [7], gold
nanoparticles [8], DNAzymes [9], protein [10], oligonucleotide [11], and polymers [12],
have been reported. However, most of these sensors suffer from poor water solubility
and require complex processes, expensive instrumentation and are even harmful to the
environment [13–15]. Therefore, development of accessible and new Hg fluorescent
sensors is still very important.

In this work, we present two new complexes, [Zn(IA)2(phen)] (1) and [Zn(IA)2
(4,40-bipy)]n �C2H5OH (2), which are assembled from Zn2þ and indole-3-acetic acid
(IAH), phen, and 4,40-bipy. Both can detect Hg2þ with high selectivity and sensitivity,
and also introduce the useful trace element zinc and IAH, beneficial for the growth of
the plants. Through ICP and EDS experiments, we find that Zn(II) in 1 and 2 could be
exchanged for Hg2þ.

2. Experimental

2.1. General information and materials

IAH, phen, and 4,40-bipy were of reagent quality obtained from commercial sources
and used without purification. IR data were recorded on a BRUKER TENSOR
27 spectrophotometer with KBr pellets from 400 to 4000 cm�1. Elemental analyses
(C, H, and N) were carried out on a FLASH EA 1112 elemental analyzer.
Luminescence spectra were measured on powder samples at room temperature using
a F-4500 HITACHI Fluorescence Spectrophotometer. Metal ion was measured by an
IRIS Advantage ICP (TJA, USA). Field emission scanning electron microscopy (SEM)
and energy-dispersive X-ray spectrometry (EDS) were conducted on a JSM-6490
scanning electron microscope.

2.2. Synthesis of the complexes

2.2.1. Synthesis of 1. An ethanol solution (2mL) containing IAH (0.02mmol), which
was adjusted to pH¼ 7.5 using 0.01mol dm�3 NaOH, was added into an aqueous
solution of ZnSO4 (0.01mmol) with stirring at room temperature. After 3 h, an ethanol
solution of 1,10-phenanthroline (0.01mmol) was added. The mixture was stirred for a
further 30min and filtered. Pale-yellow block crystals were generated in 2 weeks at
room temperature after the filtrate was quietly placed in a dark environment. Yield is
38%. Anal. Calcd for C32H24N4O4Zn (%):C, 64.66; N, 9.43; H, 4.04. Found (%):
C, 64.62; N, 9.38; H, 4.08. IR (KBr, cm�1): 3395(m), 3172(m), 1594(s), 1457(w),
1426(m), 1381(m), 1231(w), 940(w), 846(s), 762(m), 745(s), 723(s), 648(w).

2.2.2. Synthesis of 2. The synthesis of 2 is similar to that of 1 except for 4,40-bipy
substituting for phen. Pale-yellow block crystals suitable for X-ray diffraction
were obtained in 7 days at room temperature in 45% yield. Anal. Calcd for
C32H30N4O5Zn (%): C, 62.34; N, 9.09; H, 4.87. Found (%): C, 62.36; N, 9.07;

2924 X. Xue et al.
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H, 4.80. IR (KBr, cm�1): 3208(m), 1612(s), 1536(m), 1490(m), 1417(s), 1216(m), 1015(m),
981(w), 858(w), 809(m), 727(w), 643(m), 619(s).

2.3. X-ray crystallography

The data for 1 and 2 were collected on a Rigaku Saturn 724 detector with graphite-
monochromatic Mo-K� radiation (�¼ 0.71073 Å). A single crystal suitable for X-ray
diffraction was selected and mounted on a glass fiber at 291(2)K. The data were
integrated using the CrystalClear-SM 1.3.6 SP3r6 program with intensities corrected for
Lorentz-polarization effects [16]. Absorption corrections were applied by using the
MULTISCAN program. The non-hydrogen atoms were refined anisotropically.
Hydrogens were generated geometrically and hydrogens bonded to carbons were
allowed to ride on their parent carbon. The final cycle of full-matrix least-squares
refinement was based on observed reflections and variable parameters. All calculations
were performed using the SHELX 97 Crystallographic software package [17].
Crystallographic parameters and structural refinement for 1 and 2 are summarized in
table 1. Selected bond lengths and angles of the two complexes are listed in table 2.

2.4. Selective activities of 1 and 2

Standard water solutions of 1.0� 10�5mol dm�3 metal ions were prepared from
chloride salts of Naþ, Kþ, Mg2þ, Ca2þ, Cr3þ, Mn2þ, Fe3þ, Co2þ, Ni2þ, Cu2þ, Cd2þ,

Table 1. Crystal data and structural refinement of 1 and 2.

Complex 1 2

Empirical formula C32H24N4O4Zn C32H30N4O5Zn
Formula weight 593.94 615.97
Temperature (K) 291(2) 291(2)
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
Unit cell dimensions (Å, �)
a 12.300(5) 18.024(4)
b 12.552(5) 8.8120(18)
c 17.673(7) 18.516(4)
� 90 90
� 105.971(6) 98.37(3)
� 90 90
Volume (Å3), Z 2623.3(18), 4 2909.5(10), 4
Calculated density (Mgm�3) 1.504 1.406
Absorption coefficient (mm�1) 0.984 0.892
F(000) 1224 1280
Crystal sizes (mm3) 0.22� 0.21� 0.18 0.25� 0.22� 0.16
R(int) 0.0832 0.0419
Data/restraints/parameters 4883/0/370 5097/0/380
Goodness-of-fit on F2 1.081 1.018
Final R indices [I4 2�(I)] R1¼ 0.0499 R1¼ 0.0581

wR2¼ 0.0779 wR2¼ 0.1513
R indices (all data) R1¼ 0.1347 R1¼ 0.0628

wR2¼ 0.1481 wR2¼ 0.1560

R1¼ [|Fo|� |Fc|]/|Fo|.
wR2¼ [w(F2

o �F2
c )

2]/[w(F2
o)

2]1/2.

Indole-3-acetic acid 2925
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and Hg2þ, and nitrates of Agþ and Pb2þ. Standard solutions of Hg2þ at different
concentrations were obtained by serial dilution of 1.0� 10�5mol dm�3 HgCl2 solution.
A 1.0� 10�5mol dm�3 stock solution of 1 or 2 was prepared by dissolving them in
DMF and then diluting in water. The ratio of DMF and H2O is 1 : 100 (v/v). The
aforementioned solution of Hg2þ and 1 or 2 stock solution are titrated in a 1/1 (v/v)
ratio for subsequent fluorescence measurement. The solution samples were measured in
a 1.00 cm quartz cell. Chloride salts of Agþ and Pb2þ are not soluble in water, so we
used nitrates. We also investigated the influence of anions on fluorescence of 1 or 2. The
results revealed that NO3

� and Cl� did not influence the fluorescence.

3. Results and discussion

3.1. Synthesis

Self-assembly of IAH with metal ions in the dark is an effective route for the growth of
single crystals of coordination complexes containing indole-3-acetate. IAH is easily
decomposed by light, heat, and oxygen, with a complicated photoisomerization
reaction, generating a new rose-colored material [18]. If the mixture of IAH and metal
ions in ethanol was under light, it rapidly yields brown precipitate, whose composition
cannot be identified. Thus, crystals suitable for X-ray crystallography for 1 and 2 were
grown by slow evaporation of their methanol solutions in the dark.

Only when bipyridine-based ligands (4,40-bipy or phen) were added, IA� could be
induced to form 1 and 2. Reported crystal structures based on indole-3-acetate only
include [Pb(IA)2(phen)] [19] and 1-D chain [Co(IA)2(4,4

0-bipy)(H2O)2] � 4H2O [20], both
of which also include auxiliary ligands phen and 4,40-bipy, respectively. There is no
reported crystal structure of a coordination complex with only IA� and metal ions,
although many metal indole-3-acetate coordination complexes have been synthesized
and found to possess interesting properties [21, 22].

Both complexes are air stable for long times and soluble in DMF or DMSO, but not
soluble in common organic solvents, such as MeOH, EtOH, MeCN, and THF.

3.2. The crystal structures of 1 and 2

Single-crystal X-ray diffraction reveals that 1 crystallizes in the monoclinic space group
P21/c. The overall view and labeling of the atoms in 1 are displayed in figure 1.

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

Complex 1

Zn(1)–O(2) 1.965(5) Zn(1)–N(1) 2.084(5)
Zn(1)–O(3) 1.959(4) Zn(1)–N(2) 2.092(5)
O(3)–Zn(1)–O(2) 129.7(2) O(3)–Zn(1)–N(2) 105.67(19)
O(3)–Zn(1)–N(1) 107.20(19) O(2)–Zn(1)–N(2) 114.7(2)
O(2)–Zn(1)–N(1) 107.7(2) N(1)–Zn(1)–N(2) 80.8(2)

Complex 2

Zn(1)–O(1) 1.938(3) Zn(1)–N(3) 2.073(3)
Zn(1)–O(3) 1.953(3) Zn(1)–N(4) 2.076(3)
O(3)–Zn(1)–N(3) 95.15(11) O(1)–Zn(1)–N4) 97.34(13)
N(3)–Zn(1)–N(4) 116.69(12) O(1)–Zn(1)–N(3) 105.80(13)
O(3)–Zn(1)–N(4) 103.64(12) O(1)–Zn(1)–O(3) 139.53(13)

2926 X. Xue et al.
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Complex 1 is mononuclear and its structure looks like a butterfly, similar to that of
[Pb(IA)2(phen)] [19]. Each Zn(II) is coordinated by two IA and one phen, featuring a
slightly distorted tetrahedral geometry. The bond lengths of Zn–O are 1.958(4) and
1.964(5) Å and Zn–N are 2.090(5) and 2.082(5) Å. In 1, the phen chelates Zn2þ and the
two IA ligands lie on both sides of the phen with angle of 51.973� between them. Both
IA ligands in 1 are almost coplanar with dihedral angle of 0.807�, respectively, so does
the phen with dihedral angle of 0.416�. In the solid state of 1, there exist N–H � � �O
hydrogen-bonding interactions involving oxygen and nitrogen from IA, and the
N–H� � �O distance is 2.834 Å, shorter than reported N–H � � �O hydrogen bonds [23].
The existence of the hydrogen bonds makes the structure more stable.

Complex 2 is a 1-D zigzag chain polymer of [Zn2(IA)4] bridged by 4,40-bipy, similar
to that of [Co(IA)2(4,4

0-bipy)(H2O)2] � 4H2O [20]. It crystallizes in the monoclinic space
group P21/c (figure 2). As shown in figure 3 [24], each Zn(II) has a distorted tetrahedral
geometry with two oxygens from two IA and one nitrogen from one 4,40-bipy with the
average Zn–O and Zn–N bond lengths at 1.945 and 2.076 Å, respectively. The Zn(II)
ions are bridged by 4,40-bipy, forming � � �Zn � � � 4,40-bipy � � �Zn � � � 4,40-bipy � � � zigzag
chain, in which the Zn � � �Zn distance is 11.189 Å. In the chain, the two pyridyl rings in
4,40-bipy ligand are strictly coplanar (the dihedral angle is 0�), while the benzopyrrole
rings of IA are not coplanar with a dihedral angle of 0.692�.

As shown in figure 4, the chains are arranged with intermolecular interaction parallel
in the ab plane leading to pseudo structural sheets. These pseudo structural sheets are
parallel and stack along the c-axis with a rotation; the packing mode of the chains is
shown in figure 4(b). The 1-D chains lying in adjacent consecutive sheets extend along
two different directions and directly complete high-dimensional supramolecular
assembly through N–H � � �O hydrogen bonds from IA ligands in adjacent chains.
The length of N–H � � �O hydrogen bonds is 2.817 Å, shorter than that of 1, and the
angle of N–H � � �O is 152.2�. Furthermore, free lattice C2H5OH resides in adjacent
sheets and are hydrogen-bonded to IA (O–H � � �O¼ 2.885 Å), which suggests strong
intermolecular interactions.

Figure 1. ORTEP view of 1 with full-labeling scheme. The ellipsoids enclose 30% of the electronic density.

Indole-3-acetic acid 2927
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IAH has nitrogens and carboxylates, which are favorable to coordinate to metals,
terminal monodentate, bidentate, and O,O0-bridging. Supramolecular structures may be
formed by �–� interactions between indole rings. Thus, one can expect IAH to be an
asymmetric bridging ligand coordinating with metal ions forming 1-D or high-
dimensional structures. However, IAH is terminal in 1 and 2, as well as [Pb(IA)2(phen)]
[19] and [Co(IA)2(4,4

0-bipy)(H2O)2] � 4H2O [20], rather than end-to-end bridging groups
since the nitrogen of indole is not involved in coordination; only one oxygen in IA
ligand is involved in coordination. Nitrogens in phen and 4,40-bipy are better donors
than that of indole ring in IA, thus two nitrogens in phen and 4,40-bipy coordinated
with zinc, but nitrogen in indole does not coordinate [25].

Figure 2. ORTEP view of 2 with full-labeling scheme. The ellipsoids enclose 30% of the electronic density
(lattice ethanols have been omitted for clarity).

Figure 3. The 1-D zigzag chain of 2 (lattice ethanols have been omitted for clarity).

2928 X. Xue et al.
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3.3. Selective luminescent responses of 1 and 2 to various metal ions

The investigation of fluorescence response behaviors showed that both 1 and 2

exhibited satisfactory fluorescence emissions in DMF/H2O solution, giving the same

emission maximum at 360 nm.
The fluorescence behaviors of 1 and 2 toward different metal ions were investigated

by interaction with 1.0� 10�5mol dm�3 of alkali (Naþ, Kþ), alkaline earth (Mg2þ,
Ca2þ), and transition-metal ions (Mn2þ, Cr3þ, Fe3þ, Ni2þ, Cd2þ, Co2þ, Cu2þ, Hg2þ,
Agþ), and Pb2þ. Upon addition of different cations, the emission spectrum exhibits
excellent fluorescence selectivity toward Hg2þ, namely fluorescence quenching, while
other metal ions only caused slight intensity changes (figure 5a). The fluorescence
behavior of 2 toward the metal ions was similar to that of 1, also generating effective
recognition of Hg2þ (figure 5b).

The fluorescence response behavior of the two complexes on Hg2þ has been
investigated. Figure 6 shows fluorescence spectra of 1 (a) and 2 (b)

(1.0� 10�5mol dm�3) in aqueous solution upon addition of Hg2þ from 1.0� 10�6 to
10� 10�6mol dm�3. They both show a gradual decrease in fluorescence as the
concentration of Hg2þ increased from 1.0� 10�6 to 10� 10�6mol dm�3, indicating that
the fluorescence emission of the complexes was quenched by the addition of Hg2þ.
Generally, the design of fluorescent chemosensors is based on photo-induced electron/
energy transfer (PET) [26], metal–ligand charge transfer (MLCT) [27], intramolecular
charge transfer (ICT) [28], excimer/exciplex formation [29], guest-induced changes in

the rigidity of the host molecules [30–32], etc. We consider that the quenching effect of
fluorescence may be attributed to ligand–metal charge transfer (LMCT) mechanism in
which electronic charge is transferred from the complex toward the metal ion [33].
In our experiment, the electronic charge of the complexes (N and O) transferred to

Figure 4. The packing mode of 1-D infinite chains of 2 viewed from (a) b and (b) c directions (hydrogens
have been omitted for clarity).

Indole-3-acetic acid 2929
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Hg2þ (d-orbital) and the electronic charge of the complexes was redistributed in an
excited state, which resulted in fluorescence quenching of the complexes [34].

Moreover, the detection limits for Hg2þ were found to be 1.0� 10�5mol dm�3 for 1
and 2, both of which exhibit Hg2þ-specific fluorescence quenching over various
competitive cations, including alkali and alkali earth, first-row transition metals and
heavy metals. To the best of our knowledge, metal–organic complexes are rarely
reported as fluorescence probes for selective detection of Hg2þ. Most Hg2þ-selective
fluorescence sensors are designed as organic compounds, such as calixarene [35], crown
ethers [36, 37], hydroxyquinolines [38, 39], azines [40], cyclams [41, 42], and rhodamine
compounds [43, 44], which contain nitrogen, oxygen, and sulfur to coordinate Hg2þ.
However, some of these sensors have drawbacks in terms of synthetic difficulty, high
cost of starting materials or lack of selectivity. In comparison, 1 and 2 can be easily
synthesized and show high sensitivity and selectivity toward Hg2þ over a wide range
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of metal ions, making the two complexes practical Hg2þ-selective fluorescence sensors
in aqueous systems.

3.4. Hg2Y-exchanged products of 1 and 2

To better understand the behavior of the two complexes with Hg2þ, we immersed
10.0mg block crystals of as-synthesized 1 and 2 into an aqueous solution of
0.01mol dm�3 mercury chloride (10 cm3). Both 1 and 2 do not dissolve in water.
After 1 month, the immersed block crystals of 1 break into opaque slivers and 2

changed into very fine needles.
EDS measurements were carried out on the Hg-exchanged products of 1 and 2. The

SEM and EDS results, depicted in figures 7 and 8, show that the detected surface and
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Figure 6. The emission response of (a) 1 and (b) 2 (both in 1.0� 10�5mol dm�3) to different concentrations
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average interior atom ratios for carbon, nitrogen, oxygen, chlorine, zinc, and mercury
are 73.63%, 8.97%, 3.02%, 9.39%, 0.29%, and 4.70%, respectively (for 1); 79.75%,
1.98%, 4.22%, 8.36%, 0.18%, and 5.51%, respectively (for 2). Obviously, zinc contents
decreased dramatically from 11.0% (according to elemental analyses) to 0.29% (for 1)
and from 10.6% (according to elemental analyses) to 0.18% (for 2), and there were high
mercury contents in both cation-exchanged products of 1 and 2. To ascertain the
cation-exchanged mechanism, we determined the concentration of zinc ion in aqueous
solution by ICP. It was found that the concentrations of zinc ion increased from 0.0 to
49 and 68 ppm in 1 and 2, respectively. Thus, it can be confirmed that 1 and 2 could
adsorb mercury ions by ion-exchange mechanism.

Considering the fluorescence quench of 1 and 2 with addition of Hg2þ, we determined
the fluorescence of Hg-exchanged products of 1 and 2. The result was as anticipated as

Figure 7. (a) SEM and (b) EDS for the surface and interior after substitution of 1 with mercury ion.
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both exchanged products have no fluorescence, consistent with the selective luminescent
responses of 1 and 2 to mercury. Cation-exchange reaction between zinc and mercury
can also occur in solutions, resulting in change of fluorescence intensity of 1 and 2.

4. Conclusion

Two new and simple fluorescence sensors of zinc(II) complexes for Hg2þ detection have
been designed and structurally characterized that have advantage of sensitivity,
selectivity, and synthetic simplicity. Hg2þ-selective fluorescence quenching of 1 and 2

were observed in aqueous dimethylformamide solutions with detection limit of
1.0� 10�5mol dm�3. EDS and ICP results show that the zinc ions in the two complexes
can exchange mercury from solution and release zinc, which is helpful to the
environment. Considering beneficence to the plants and high sensing specificity for
Hg2þ over other cations, the two complexes are expected to have applications to meet

Figure 8. (a) SEM and (b) EDS for the surface and interior after substitution of 2 with mercury ion.
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the detection requirements of an Hg2þ assay in environmental fields. Further research
on cation-exchange reactions is underway in our laboratory.

Supplementary material

Crystallographic data reported in this article have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication. CCDC numbers are
778970 for 1 and 778971 for 2. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.htm (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; Fax: þ44 1223 336033).
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