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Abstract

A Zn(II)-based coordination polymer [Zn;(L),(dpp),], (1) has been solvothermally constructed from a combination of a
multifunctional Schiff base 3,5-dibromosalicylaldehyde salicylhydrazone (H,L) and 1,3-di(4-pyridyl)propane (dpp). The
photoluminescence properties of the complex have been exploited to use 1 as a dual detection probe for the selective sens-
ing of Cu®* and 2,4,6-trinitrotoluene (TNT) in the aqueous phase from among a variety of cations and a pool of aromatic
nitro compounds, respectively. Competitive fluorometric experiments involving mixtures of cations or nitro compounds
established 1 as an efficient and selective sensor for both Cu®* and TNT in aqueous solutions. The limits of detection for
Cu** and TNT in aqueous solutions were found to be 1.05 and 49.9 pM, respectively. Additionally, the activity of complex
1 as a photocatalyst for degradation of rhodamine B has been investigated.

Introduction

With the development of extensive industrialization, water
contamination and associated environmental problems have
attracted serious concern [1-3]. Efficient detection of haz-
ardous metal ions and nitroaromatic compounds (NACs) has
been extensively studied over the past few decades [4—6].
Detection of Cu?" ion is important because short- or long-
term exposure to high levels of Cu®** can lead to Wilson’s
disease, Alzheimer’s disease, gastrointestinal disorders and
liver/kidney damage [7]. The U.S. Environmental Protection
Agency has set the safe limit of Cu®* ion in drinking water at
1.3 ppm (~ 20 pM) [8]. On the other hand, rapid and selec-
tive detection of NACs such as 2,4,6-trinitrotoluene (TNT)
has also become a challenging issue in recent times. TNT is
one of the most commonly used nitroaromatic explosives,
besides being a major source of water pollution resulting
from the production of landmines [9, 10].
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Coordination polymers (CPs) are a class of materials fab-
ricated through the assembly of metal nodes/clusters and
organic ligands to generate multidimensional frameworks
[11]. CPs have recently undergone rapid development, not
only for their aesthetic structures and topological networks
but also for diverse applications in the areas of heteroge-
neous catalysis, gas storage, gas separation, drug delivery,
and molecular sensing [12—16]. Currently, some sophisti-
cated instrumental techniques such as gas chromatography
and spectrophotometry can be used for quantitative detec-
tion of Cu®* and NACs, but with several drawbacks such as
high cost, technical procedures, and sometimes inefficiency
[17-19]. Comparatively, fluorescent sensors offer an alterna-
tive method for rapid and efficient detection of pollutants.
Recently, based on the electron-deficient characteristics of
NAC:s and the photoinduced electron transfer (PET) quench-
ing mechanism, lanthanide and d'% metal node-based lumi-
nescent coordination polymers (LCPs) have been designed
as efficient fluorescent chemosensors for the detection of
NAC:s in the vapor/liquid phase with good sensitivity and
ease of operation [20-27]. Luminescence-based methods
have been widely used for detection of TNT [28-31] as
well as Cu®* [32-34]. However, aqueous-phase detection
of Cu>*/TNT by LCPs is relatively limited in the literature,
perhaps because of the chemical instability of LCPs in the
respective analyte solutions [26, 35-38]. In our continu-
ing quest to devise new LCP sensor materials [39, 40], we
here report a hydrazone-based Zn(II) coordination polymer
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as a dual detection fluorosensor for selective and sensitive
detection of Cu** and TNT. Thus, a one-dimensional coor-
dination polymer [Zn;(L),(dpp),], (1) with good aqueous
chemical stability has been synthesized and characterized.
The intrinsic luminescence properties of this d'’-based LCP
have been utilized for competitive sensing of Cu>* and TNT
from among a variety of cations and NACs, respectively.
Furthermore, the potential application of 1 as a photocatalyst
for the degradation of rhodamine B under UV irradiation has
also been investigated.

Experimental
Materials and methods

All the chemicals were of commercial origin and used with-
out further purification. Elemental analyses were obtained
with an Elementar vario EL cube analyzer. Powder X-ray
diffraction (PXRD) data were collected on a Bruker Advance
X-ray diffractometer with Cu-Ka radiation (1=1.5418 A)
at 50 kV, 20 mA with a scanning rate of 5°/min and a step
size of 0.02°. FTIR spectra were measured on KBr pel-
lets using a Nicolet Impact 750 FTIR spectrometer in the
range of 400-4000 cm™~!. Thermogravimetric analysis was
performed with an STA 409PC Luxx Netzsch instrument
under an N, atmosphere from room temperature to 750 °C
at a heating rate of 10 °C/min. Solid-state UV-Vis spectra
were recorded using a Shimadzu UV-3101PC spectrometer
with BaSO, as a reference. Photoluminescence (PL) spectra
were recorded at room temperature utilizing an RF-5301PC
spectrofluorophotometer. The photocatalytic activity studies
were carried out with a Shimadzu UV-Vis 2501PC record-
ing spectrophotometer.

X-ray crystallography

The single-crystal X-ray diffraction data were collected
on a Bruker SMART APEX diffractometer equipped with
graphite monochromated MoKa radiation (4=0.71073 A),
using an w-scan technique. The intensities were corrected
for absorption effects using SADABS. The structure was
solved with SHELXS-97 and refined with SHELXL-97 [41].
All the hydrogen atoms were generated geometrically and
refined isotropically using a riding model. All non-hydrogen
atoms were refined with anisotropic displacement param-
eters. Crystallographic details are listed in Table 1, while
selected bond dimensions are listed in Table S1. CCDC
1497314 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/structures.
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Table 1 Crystal data and structure refinement information for 1

Parameter 1

Formula Cs4Hy,Br,Zn;NgOg
Formula weight 1414.71
Crystal system Orthorhombic
Space group Ibca

Crystal color Yellow

ad) 20.933 (4)
b(A) 22.611 (4)
c(A) 23.069 (4)
a(®) 90.00

Q) 90.00

7 (©) 90.00

V(A% 10,919 (3)

Z 8

Dc (g/em?) 1.721

u (mm™") 4292

F(000) 5600

6 Range (°) 2.32-25.01
Reflections collected 26,865/4810
Goodness-of-fit on F? 1.020

Ry, wR, (I>26(I))*
R;, wR, (all data)®

‘R, = ¥ (F,-F.)/ X (F,)

wky = {3 [w(r-r2)] 2 (12}

0.0420, 0.1202
0.0699, 0.1402

Synthesis of [Zn;(L),(dpp),],

A mixture of Zn(NO;),-6H,0 (0.029 g, 0.1 mmol),
3,5-dibromosalicylaldehyde salicylhydrazone (0.042 g,
0.1 mmol), 1,3-di(4-pyridyl)propane (0.016 g, 0.1 mmol),
DMF (3 mL) and methanol (3 mL) was stirred for 30 min
in air. The resulting solution was placed in a Teflon-lined
stainless steel vessel (25 mL) and heated at 140 °C for 72 h,
and then slowly cooled to room temperature. Yellow block
crystals of complex 1 were obtained (yield 58% based on
Zn). Anal. Calcd (%) for C5,H,,Br,NqO¢Zn;, C, 45.82; H,
2.99; N, 7.92. Found C, 45.34; H, 3.02; N, 7.96. IR (cm™):
3058 (m); 2936 (m); 1606 (vs); 1523 (vs); 1450 (v); 1371
(vs); 1222 (m); 1153 (m); 816 (v); 752 (v); 700 (m).

Stability experiments

The aqueous chemical stability of complex 1 was investi-
gated by soaking the material in aqueous solutions with pH
values ranging from 4 to 10 (adjusted using HCI and NaOH).
Approximately 50 mg of LCP 1 was dispersed into a 25-mL
scintillation vial containing the respective aqueous solution
to make a suspension. After soaking for 12 h, LCP 1 was
removed by centrifugation, washed thoroughly with distilled
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water and diethyl ether, and dried under vacuum. PXRD data
for the recovered solid samples were recorded to confirm the
chemical stability.

Photocatalytic method

The photocatalytic experiments were performed as follows.
A sample of LCP 1 (50 mg) was dispersed in an aqueous
solution of rhodamine B (50 mL, 10 mg/L) under stirring
in the dark for 30 min to ensure the establishment of an
adsorption—desorption equilibrium. The suspension was
then exposed to UV irradiation from an Hg lamp (250 W)
and kept under continuous stirring during irradiation for
100 min. Samples of 5 mL volume were removed every
10 min and separated by centrifugation for analysis by
UV-Vis spectrometer. A control experiment was also per-
formed under the same conditions, but without adding any
catalyst.

Sensing experiments

For the detection of Cu®* and TNT, fluorimetric experiments
were performed with LCP 1 dispersed in aqueous solutions
of metal salts (1x 1072 M) or NACs (2x 107> M). For
detection and sensing studies, mixtures of AI**, Zn>*, Ca**,
Mg?*, Ni*t, Mn?*, Cd**, Pb**, K*, Na*, Lit, Ag*, and Cu®*
and different NACs, namely 4-nitrotoluene (4-NT), 2-nitro-
toluene (2-NT), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitro-
toluene (2,6-DNT), 1,3-dinitrobenzene (1,3-DNB) and TNT,
were chosen. Generally, a finely ground sample of LCP 1
(3 mg) was added to a screwed vial containing an aqueous
solution of cations/nitroaromatics (3 mL). The suspension
was then ultrasonically agitated for 30 min before detec-
tion. The emission spectrum of each sample was recorded
in the range of 400-700 nm upon excitation at 360 nm, and
the fluorescence intensity at 495 nm was monitored. All of
the titrations were carried out in triplicate to establish the
consistency of the results. The quenching efficiency was
calculated as [({;—D)/I,] X 100%, where I, and [ are the fluo-
rescence intensities before and after interaction with the
analytes.

Results and discussion
Crystal structure of LCP 1

Single-crystal X-ray diffraction analysis reveals that LCP 1
crystallizes in the orthorhombic crystal system with the Ibca
space group and features a one-dimensional chain structure.
The formula unit contains three independent Zn(II) atoms
(2%xZnl1, Zn2), two fully deprotonated L3~ ligands, and
two 1,3-di(4-pyridyl)propane ligands. LCP 1 is a trinuclear

Zn(II) complex with two bridging dpp ligands. As illustrated
in Fig. 1a, the two types of Zn(II) center have a five-coor-
dinate tetragonal pyramidal geometry and a four-coordinate
distorted tetrahedral geometry, respectively. Znl is coordi-
nated by one phenol oxygen atom, one salicyloyl oxygen
atom and one hydrazine nitrogen atom from one L ligand,
plus two nitrogen atoms from two chelating 1,3-di(4-pyridyl)
propane ligands, forming a ZnN,O, configuration. It is note-
worthy that the salicyloyl-O atom of the L ligand depro-
tonates and enolizes during complexation to bond through
carbonylate-O. The square base for Znl is formed by O(1),
0O(2), and N(1) from the NOO donor (L) ligand; the fourth
position is occupied by N(3) of the dpp ligand. The apical
position is occupied by N(4A) of another dpp ligand. Zn2
is coordinated by two phenol oxygen atoms and two hydra-
zine nitrogen atoms from two different L ligands. The bond
lengths [Zn—-0=1.891 (3)-2.050 (3) A]; [Zn—-N =2.006
(4)-2.074 (4) A] and angles [X-Zn-X (X=N, 0)=76.27
(13)°-160.02 (14)°] are in the normal ranges [42].

In LCP 1, two nitrogen atoms from two 1,3-di(4-pyri-
dyl)propane ligands are coordinated with Znl in a bridg-
ing mode to produce an infinite extending 1D zigzag chain
(Fig. 1b). These 1D chains are connected by 77—z interac-
tions (the distance between the centroids of two adjacent
3,5-dibromobenzene rings is 3.497 z&) to produce a two-
dimensional layer structure (Fig. 1c). Adjacent 2D layers
are further connected by z—z interactions to give rise to a
three-dimensional supramolecular framework (Fig. 1d).

FTIR and TGA analysis of 1

Comparison of the FTIR spectra (Fig. S1) revealed that
the o(N-H) band observed at 3239 cm™! for the free Schiff
base was absent from the spectrum of complex 1, indicating
deprotonation of the NH group of the Schiff base upon com-
plexation. The v(C=0) band observed at 1651 cm™! for the
free Schiff base was also absent for LCP 1, indicating enoli-
zation of the C=0 group with concomitant coordination to
the zinc centre. The observation of a new v(C—0O)~ band for
complex 1 in the range of 1370-1360 cm™! confirms bond-
ing of the ligand to zinc through phenolate O. The v(C=N)
band observed at 1610 cm™! in the spectrum of the free
Schiff base has undergone a redshift in LCP 1, suggesting
coordination of the azomethine N. New bands at 760-700
and 570-510 cm™! in the spectrum of LCP 1 can be tenta-
tively assigned to v(Zn—0O) and v(Zn-N), respectively.

TGA was carried out to ascertain the thermal stability of
LCP 1 (Fig. S2). The TGA curve shows no obvious weight
loss until 315 °C. The loss of two 1,3-di(4-pyridyl) pro-
pane ligands is then observed in the range of 315-390 °C
(observed, 29.5%; calculated, 28.0%). Subsequent decom-
position of the Schiff base ligand results in the complete
structural collapse of 1.
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Fig. 1 a The coordination environment of Zn(Il) in 1; b view of the 1D chain along the a-axis; ¢ view of the 2D layer constructed by z— interac-
tions from adjacent chains (pink dotted line represents the z—x interactions; d the 3D framework of 1. (Color figure online)

Fluorescence properties

The solid-state luminescence properties of LCP 1 and the
free Schiff base were investigated at room temperature
(Figure S3). LCP 1 exhibits a strong emission at 507 nm
upon excitation at 360 nm, with a slight blueshift relative
to the free Schiff base (4., =513 nm). The emission peaks
of both can be attributed to z*—z and/or z*—n transitions.
We further examined the luminescence of 1 dispersed in
common solvents, as shown in Figure S4. The spectra
of suspensions of 1 in different solvents exhibited broad
peaks with emission maxima ranging from 483 to 498 nm,
with the highest luminescence intensity observed in DMF
dispersion and the lowest in the case of nitrobenzene; i.e.,
nitrobenzene showed the highest fluorescence quenching.
Upon excitation, energy transfer from the organic ligand
to the nitrobenzene might take place, resulting in the
observed fluorescence quenching [43]. Interestingly, LCP
1 showed strong luminescence when dispersed in water,
which inspired us to check its aqueous chemical stabil-
ity. As shown in Fig. S5, after soaking in a broad range
of pH media for 12 h, no noticeable changes appeared in
the PXRD patterns, indicating excellent aqueous stabil-
ity. This in turn suggests the use of LCP 1 as a promising
candidate for the aqueous detection of analytes.

@ Springer

Fluorescence studies for Cu?* detection

In light of the excellent photoluminescence and chemical sta-
bility of LCP 1, its sensing and detection capability toward
different metal ions in aqueous solution was investigated. A
suspension of 1 in water was prepared by adding 3 mg of
1 to 3 mL of an aqueous solution containing 1x 1072 M of
M(NO;). (M=AI*, Zn?*, Ca’*, Mg?*, Ni**, Mn**, Cd**,
Pb?*, K*, Na*, Li*, Ag™, and Cu®") and then ultrasonically
agitating for 30 min before detection. The luminescence
properties were studied by recording fluorescence spectra
in the range of 400-700 nm upon excitation at 360 nm.

As depicted in Fig. 2a, among the metal ions chosen for
detection in water by 1, AI**, Zn>*, and Li* showed slight
increases in the emission intensity, while the rest of the met-
als showed varying degrees of quenching, with Cu>* almost
completely quenching the emission band. The marked dif-
ference between Cu®t and other cations encouraged us to
investigate the ability of 1 to act as a selective chemosensor
for Cu*. Thus, competitive experiments were conducted by
addition of 1.5 mL of Cu>* (2x 1072 M) to 1.5 mL of aque-
ous solutions of other metal ions (1 X 1072 M). As depicted
in Fig. 2b, the response of 1 toward Cu®" was almost unaf-
fected in the presence of other metal ions. These results
confirm that LCP 1 could be used for selective detection of
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Fig.2 a Fluorescence response of 1 to various cations in the water; b
the selective detection of Cu?* by 1 in the presence of other cations in
the water; ¢ emission spectra of 1 in different concentrations of Cu?*

Cu?* in water from among the above-mentioned cationic
series. In order to evaluate the sensitivity of LCP 1 for Cu?t,
fluorometric titration of varying concentrations of aqueous
Cu®* (5-800x 10> M) against a suspension of 1 in water
was carried out. As shown in Fig. 2c, the emission intensity
gradually decreased with incremental addition of Cu**.

The quenching efficiency was calculated by fitting the
fluorescence intensity ratio versus concentration of Cu** to
the Stern—Volmer (SV) equation,

(Io/1) =1 + Key[Q]

where [ and / are the emission intensities of the suspension
of 1 before and after addition of Cu*, respectively, [Q] is
the molar concentration of Cu®*, and Kgy is the quench-
ing constant. As demonstrated in Fig. 2d, the SV plot was
nearly linear over the added Cu®* concentration range
(0-100x 107> M), and the calculated quenching constant
value is K, =9.7 x 10> M~! with a linear fit coefficient value
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ions in the water (excited at 360 nm); d the Stern—Volmer plot of 1
versus Cu’* concentrations

of 0.993. The limit of detection (LOD) was calculated to be
1.05 pM on the basis of 3 o/m [44]. It should be pointed out
that aqueous-phase detection of Cu>* by LCPs has rarely
been reported. Known examples of detection of aqueous
Cu”* by LCPs are listed in Table S2. Evidently, the Kgy of
LCP 1 is much higher than those of known MOF-based sen-
sors for aqueous Cu** detection and the LOD in the present
investigation is also comparable to previous reports.

TNT detection studies

The strong emission of LCP 1 in water suspension and its
thermal and aqueous stability prompted us to investigate
the sensing of nitroaromatic compounds in aqueous media,
which has relevance to environmental and security issues.
The fluorescence behavior of 1 in the presence of NACs was
therefore examined. As shown in Fig. 3a, all of the NAC
analytes reduced the emission band of 1 to a certain extent,
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Fig.3 a Fluorescence response of 1 to various nitroaromatics in the
water; b the selective detection of TNT by 1 in the presence of other
nitroaromatics in the water; ¢ emission spectra of 1 in different con-

and significant quenching of up to 93.8% was observed for
TNT. The quenching percentages were calculated using the
formula:

Quenching (%) = [(I, —1)/I,] % 100%

and found to be in the following order: TNT > 1,3-
DNB > 2,6-DNT > 2,4-DNT > 2-NT > 4-NT. Since high
specificity is crucial for most probes to be applied in real
sample detection, we further studied the fluorescence
quenching of 1 by TNT in the presence of other nitroaro-
matic compounds. As desired, no significant changes of
fluorescence intensity were observed in the experiments in
which other nitroaromatic compounds were added to the
TNT-containing system (Fig. 3b).

Fluorescence quenching titrations with different TNT con-
centrations were conducted with an excitation wavelength
of 360 nm at room temperature. Upon incremental addi-
tion of 0.1, 0.2, 0.3, 0.4, 0.6, and 1.2 mM TNT to an aque-
ous suspension of 1, the observed fluorescence quenching
was 29, 56, 69, 77, 86, and 92%, respectively (Fig. 3c). The
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photoluminescence quenching efficiency can be quantita-
tively explained using the SV equation. As shown in Fig. 3d,
TNT displays a good linear SV relationship (R?=0.989) in
the concentration range of 0.1-1.2 mM and the calculated
quenching constant value is K, =1.154 X 10* M~!. As seen
in Table S2, the Ky of 1 is comparable to those of previ-
ously reported MOF-based sensors. The LOD was calculated
to be 49.9 pM on the basis of 3 o/m [44]. As is well known,
fast and simple regeneration methods are important concerns
for recyclable performance. Hence, we immersed LCP 1 in
an aqueous solution of 10> M TNT for 30 min, after which
the solid was separated by centrifugation and washed sev-
eral times with distilled water and diethyl ether. After three
cycles of repeated fluorescence measurements, the lumines-
cence intensity of the recycled sample was well consistent
with the original one (Fig. 4a). Furthermore, PXRD patterns
(Fig. 4b) confirmed that the sample retained its crystallinity
after these experiments. Since the PXRD patterns demon-
strate no collapse of the crystalline structure, the lumines-
cence quenching of 1 caused by analytes may result from
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energy loss caused by the collisions between the framework (© 00
and analytes [45].
Photocatalytic activity 05
The photocatalytic activity of LCP 1 was evaluated by the Q 10
photodegradation of rhodamine B (RhB) in aqueous solution 95
under irradiation with a 250 W Hg lamp. The degradation 154
ratio of RhB was monitored by observing the intensity of
the characteristic absorption band with time. The absorp-
tion intensity of RhB decreased gradually over time in the 207 -
presence of LCP 1 (Fig. 5a), with 87.0% degradation after L T .y X X
100 min of UV irradiation for 100 min. For the sake of com- t/min

parison, a control experiment (without the use of catalyst 1)
was also carried out (Fig. 5b). The degradation of RhB was
merely 14.3% after 100 min under similar reaction condi-
tions in the absence of LCP 1. The UV-Vis diffuse reflec-
tance spectra confirm that 1 can be activated by ultraviolet
radiation (Fig. S6). The band gap energy was estimated to be
2.41 eV according to the Kubelka—Munk function (Fig. S7).
This suggests that UV radiation promotes an electron from
the HOMO to the LUMO of LCP 1, which then abstracts
an electron from water to give an -OH radical. Meanwhile,
the electron of the LUMO may reduce O, to O,~ which can

Fig.5 a UV-Vis absorption spectra of the RhB solution during the
decomposition reaction under 250 W Hg lamp irradiation in the
presence of 1; b photodegradation of RhB solution with the change
in A/A, of 1, and the control experiment without any catalyst; ¢ the
Langmuir-Hinshelwood plot of 1 against irradiation time

also give -OH. The generated -OH radicals then oxidize RhB
[46, 47].

In order to evaluate the recycling potential of CP 1 as
a photocatalyst, the repeated photocatalytic degradation of
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a constant RhB concentration was investigated. The deg-
radation percentages of RhB showed no significant reduc-
tion when the photocatalyst 1 was used three times in the
same procedures, being 87.2, 86.5, and 85.1% for the three
times. The kinetics of RhB photocatalytic degradation by
1 can be described by the Langmuir-Hinshelwood model
as expressed by In(C/C,)) = —kt (k= apparent reaction rate
constant). C, is the initial concentration of RhB, t is the
reaction time, and C is the concentration of RhB at time
t. A plot of In(Cy/C) versus irradiation time (f) is approxi-
mately linear and approximates a first-order kinetic process
(Fig. 5¢), with a calculated apparent rate constant k value of
1.91x 1072 min~",

Conclusions

In summary, using 3,5-dibromosalicylaldehyde salicylhy-
drazone and 1,3-di(4-pyridyl)propane, we have prepared a
new functional CP 1, which can be used for the selective
and sensitive detection of both Cu?* and TNT in aqueous
solution through fluorescence quenching. LCP 1 exhibited
exceptional thermal and chemical stability in aqueous solu-
tions with a wide range of pH values (4-10). Notably, the K
and LOD values of 1 toward Cu?* and TNT are comparable
to those reported for MOF materials to date. The high stabil-
ity and recyclability of 1 for the degradation of RhB make it
an outstanding candidate in the field of photocatalytic deg-
radation of organic pollutants.
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