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er based on Pb(II) metal–organic
nanotubes utilized as a H2S sensor with high
selectivity and sensitivity†

Xuelian Xin, Fangna Dai,* Fugang Li, Xin Jin, Rongming Wang* and Daofeng Sun *

The fluorescent Pb(II)–metal–organic nanotube, CD-MONT-2, which possesses a large {Pb14}

metallamacrocycle, is synthesized by a modified biphasic liquid–solid–liquid (BLSL) strategy. This strategy

takes advantage of solid cyclohexanol to avoid generation of by-products, and is suitable for producing

CD-MONT-2 on a large scale. Importantly, water-stable CD-MONT-2 can be easily made into H2S test

papers by coating a solution mixture of sodium carboxymethyl cellulose and CD-MONT-20 on glass

plates, which have the characteristics of high efficiency, rapidity, and visualization based on its

fluorescence “turn-off” response. The CD-MONT-2 based visual test papers can be used without

pretreatment and possess excellent sensitivity and stability.
Introduction

Chemical sensors have been widely utilized in various elds,
such as automation, safety, and the chemical industry. For
different sensors, their sensing principles are versatile.1 Recently,
the sensors of metal–organic complexes with excellent uores-
cence properties have attracted great attention owing to their
excellent stability, outstanding selectivity, and enhanced sensi-
tivity.2–6 As a special type of metal–organic complexes, metal–
organic nanotubes (MONTs), which are composed of metal ions
and organic ligands, exhibit potential applications in gas
adsorption and separation, luminescence detection, and catal-
ysis.7–10 Until recently, researchers have investigated their uo-
rescence sensing properties in detecting H2S. In 2014, Tang et al.
reported a nanoscale metal–organic framework for H2S detection
based on the uorescence turn-on properties arising from the
low-solubility of CuS precipitation (Ksp¼ 6.3� 10�36), which was
successfully used in living cells. This work illustrated the great
opportunity for the development of the crossover betweenmetal–
organic complexes and uorescence techniques.11

Hydrogen sulde (H2S), a toxic gas with a malodorous smell
of rotten eggs, has been known as an inammable and explosive
industrial pollutant for many years.12–16 Even a low concentra-
tion of H2S in the open air leads to metallic corrosion and is
a serious detriment to human health.2 Currently, the common
methods for H2S detection are colorimetric determination, gas
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chromatography, electrochemical assays, and sulde precipi-
tation.17–21 Lead acetate (PbAc2) test papers are widely used for
H2S detection due to their simplicity and fast response.
However, PbAc2 papers are susceptible to deterioration in air to
form PbCO3 (PbAc2$3H2O + CO2 ¼ PbCO3 + 3H2O + 2HAc),
leading to poor durability.22 As an easy and practical technique,
uorescence-based assay shows excellent application in the
detection of H2S because of its non-destructive feature, high
sensitivity, and convenience.23–25 The reported uorescent
sensors for H2S detection are mostly based on the following
mechanisms: (a) reduction of azide or nitro groups, (b) reac-
tions of nucleophilic addition and Michael addition, (c) oxida-
tion–reduction reactions of versatile selenium, and (d)
quencher (such as Ag+, Pb2+, Cu2+ and Hg2+ ions) removal.26,27

Herein, we report visual test papers based on water-stable
Pb(II)–MONTs (CD-MONT-2, which possesses a large {Pb14}
metallamacrocycle,28 reported in 2012). The CD-MONT-2 is
utilized as a H2S sensor with good selectivity and sensitivity. The
CD-MONT-2 is synthesized by a modied strategy with higher
yield and improved crystallinity. Importantly, the aqueous
solution of CD-MONT-2 and sodium carboxymethyl cellulose
(CMC) can be simply spread on glass plates to prepare test
papers,29 which have the ability of rapid and visual detection of
H2S with both efficiency and accuracy.
Experimental
Physical measurements and uorescence experiments

Fluorescence (FL) spectra were recorded on a Hitachi F-7000
uorescence spectrophotometer. Samples were excited at
330 nm with the excitation and emission slit widths of 20 and
20 nm, respectively. The emission spectra were scanned from
350 to 700 nm at 1200 nm min�1. The photomultiplier voltage
This journal is © The Royal Society of Chemistry 2017
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was set at 400 V. Powder X-ray diffraction (PXRD) data are ob-
tained on a Philips X' Pert with Cu-Ka radiation (l ¼ 0.15418
nm). Fourier transform infrared spectroscopy (FTIR) spectra
were collected on a Bruker VERTEX-70 spectrometer in the
4000–600 cm�1 region. The morphology and structure of the
prepared samples were observed by scanning electron micros-
copy (SEM, JSM-7500F) and transmission electron microscopy
(TEM, Tecnai-G20) with an accelerating voltage of 200 kV,
respectively. The X-ray photoelectron spectra (XPS) were ob-
tained with a Thermo Scientic (USA) K-Alpha electron spec-
trometer with Al-Ka (hv ¼ 1486.6 eV) radiation. The
experimental materials are shown in S1, ESI.†
Fig. 2 The preparation and H2S detection of test papers.
A modied biphasic liquid–solid–liquid (BLSL) synthesis

The synthesis of metal–organic materials containing Pb(II), Cu(II)
and Fe(III) in alkaline systems remains very difficult because of
the formation of precipitates of Pb(OH)2, Cu(OH)2, and Fe(OH)3.9

Although the import of the biphasic method (two immiscible
liquids) partly solved the issues, the wavy and unstable nature of
liquids tremendously hinders high-yield and large scale
synthesis.30,31 Based on the previously reported method,28 col-
ourless crystals of CD-MONT-2 are obtained. In this reaction,
cyclohexanol is used as a block to slow down the diffusion rate of
triethylamine, which can prevent the formation of by-products.
When repeated trials were conducted by using small vials with
a diameter of 1.6 centimeter, we found that the product seems to
have better crystallinity and higher yield at a lower room
temperature. We suggest that it results from the slower diffusion
rate of triethylamine due to the solidication of cyclohexanol
below 25.93 �C. Hence, we attempted a modied method,
“biphasic liquid–solid–liquid (BLSL)” synthesis (Fig. 1). Aer the
cyclohexanol was layered onto the H2O phase with PbCl2 and b-
CD, the vials were kept at 4 �C and then the triethylamine was
layered onto the cyclohexanol solids. The details of the procedure
to synthesize CD-MONT-2 are described in S2, ESI.† The obtained
crystals' structure was conrmed to be the same as the reported
one.28 Compared with the reported biphasic synthesis,28 solidi-
ed cyclohexanolmakes the addition of triethylamine easier, and
limits the diffusion of alkaline triethylamine to the bottom
Fig. 1 (A) Original synthesis of amplification; (B) BLSL synthesis of
amplification.

This journal is © The Royal Society of Chemistry 2017
solution which reduces the metal hydroxide by-products to
a large extent. Subsequently, the vials were sealed and heated at
110 �C for 50 hours to produce CD-MONT-2 crystals with a higher
yield (ca. 89%, mean of three replicates) and better crystallinity
(Fig. 1) in comparison to the previous report (ca. 65%, mean of
three replicates). According to the obtained structure, the
dimension of cavities in CD-MONT-2 is ca. 13.0 � 10.3 � 10.2 Å
with cyclohexanol molecules lling inside. The guest cyclo-
hexanol molecules are removed by heating at 120 �C for 1 hour to
obtain the guest-free form, CD-MONT-20. The phase purity of the
bulk product is conrmed by matching the PXRD pattern of the
as-synthesized bulk complex with that of the simulated one from
single-crystal data, and the structural integrity of the activated
CD-MONT-20 obtained by the BLSL synthetic method is also
conrmed by matching PXRD patterns (Fig. S1, ESI†). Obviously,
the features of high yield and simple operation of the BLSL
method indicate that it is more suitable for production on a large
scale.
Preparation of test papers

CD-MONT-20 shows excellent dispersion and stability in H2O,
and the method of silica gel plate preparation is used to obtain
a test paper. 100 mg powder of CD-MONT-20 were ground and
added into 10 mL 0.5% aqueous CMC to obtain a homogeneous
suspension by ultrasonication for one hour, and then the
resultant suspension was spread on clean glass plates (1.5 � 3.5
cm2) and dried overnight in the air (Fig. 2). The test papers are
conrmed by matching the PXRD pattern of the as-made test
papers, a simulated one from single-crystal data, and the
structural integrity of the activated CD-MONT-20 (Fig. S2, ESI†).
Results and discussion
Sensing behavior of CD-MONT-20

Crystals of CD-MONT-20 were ground and added into H2O (1 mg
mL�1) to form a homogeneous suspension under ultrasonic
vibration for an hour.32 Then, uorescence tests were performed
by gradually adding Na2S aqueous solution (as a H2S source) to
the aforementioned suspension with uorescence emission at
432 nm upon excitation at 330 nm. Accompanying gradual
Anal. Methods, 2017, 9, 3094–3098 | 3095
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addition of Na2S solution (1 mmol L�1), the uorescence
intensities signicantly drop, implying the obvious response to
the H2S source (Fig. 3a and the inset picture). When the
concentration of Na2S increases to the range between 100 mM
and 200 mM, the uorescence intensity of CD-MONT-20 remains
unchanged, suggesting that the sensor is saturated.

The uorescence intensities show an excellent linear
response to Na2S concentrations between 1 mM and 6 mM, as
illustrated in the inset picture of Fig. 3b (where I0 is the initial
uorescence intensity and I is the uorescence intensity aer
addition of Na2S solution, and the decrease of uorescence
intensities with gradual increment of Na2S is shown in Fig. S3†).
The limit of detection (LOD) can be calculated by using the
following equation: LOD ¼ k � s/S, where the k value is 3
(repeated times), s value is 25.73 (calculated from 11 groups of
blank test) and S value is 99.32 (based on the linear regression).
It is worth noting that the probe is highly sensitive to a low
concentration of S2�, and the detection limit for S2� is esti-
mated to be 0.78 mM.

To evaluate the specic nature of CD-MONT-20 for H2S, the
uorescence titrations of aqueous solutions of other substances
Fig. 3 (a) FL spectra of 1 mg mL�1 CD-MONT-20 in H2O treated with the
MONT-20 suspensions without and with the irradiation of a UV lamp. (b)
inorganic salts, reducing agents, amino acids and ROS, and the inset pic

Fig. 4 SEM micrographs of CD-MONT-20 test papers before (a) and (b)
90 s.

3096 | Anal. Methods, 2017, 9, 3094–3098
including salts (Na2SO4, Na2SO3, Na2CO3, NaCl, NaClO, NaAc,
NaH2PO4, KCl, KI and KBr), sulphur compounds (GSH, L-cys
and THU), reducing agents (glucose), non-thiol amino acids
(Gln and DL-Tyr), and reactive oxygen species (H2O2 and
tBuOOH)33–35 were also carried out as the same procedure with
Na2S, the full spectra are shown in Fig. S4, ESI.† The uores-
cence intensities of I0/I spectra (l ¼ 432 nm) are presented in
Fig. 3b and S5.† The results suggest that CD-MONT-20 possesses
high selectivity and sensitivity to H2S sources attributed to its
remarkable uorescence “turn-off” response.

Sensitivity and characterization of test papers

To explore the sensing properties of CD-MONT-20-based H2S
test papers, a test paper was put 0.5 cm over the top of the ask
(150 mL) lled with H2S. Compared with a blank test paper, the
one in contact with H2S turned brown, and no uorescence was
observed under the UV lamp of 365 nm within 90 s. From the
SEM images of test papers before and aer being treated with
H2S (Fig. 4), we can clearly observe the crystals of CD-MONT-20

before detection (Fig. 4a and b) and non-crystalline substances
aer coming in contact with H2S (Fig. 4c and d), indicating the
addition of different quantities of Na2S, and the inset pictures are CD-
The relative fluorescence intensity I0/I at 432 nm with 100 mM of Na2S,
ture is the excellent linear response of the fluorescence intensity.

and after (c) and (d) being treated with a continuous supply of H2S for

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 FL spectra of CD-MONT-20 and CD-MONT-20 derivatives (a);
PXRD spectra of CD-MONT-20 derivatives (b); and XPS spectra of Pb4f
(c) and S2p (d) of CD-MONT-20 derivatives.
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inexistence of CD-MONT-20. In addition, compared with lead
acetate test papers, the CD-MONT-20 test papers show a more
evident color change within 10 min when coming in contact
with the same concentration of Na2S solutions. The evident
color of CD-MONT-20 test papers remains unchanged for more
than 30 min aer the test, while the lead acetate test papers are
almost blank (Fig. 5). Therefore, the CD-MONT-20 test paper
possesses better sensitivity and long-lasting stability when
comparing with the lead acetate paper.

To explore the detection mechanism of CD-MONT-20 towards
H2S, FL, PXRD, XPS, FTIR, and TEM tests are carried out for the
solid samples of CD-MONT-20 before and aer being treated with
H2S (CD-MONT-20-derivatives). The remarkable uorescence
“turn-off” response of CD-MONT-20 to H2S (Fig. 6a) is due to the
formation of lead-containing brown compounds containing Pb4-
SO4(CO3)2(OH)2, PbCO3, PbSO3 and PbS aer coming in contact
with H2S in air, as conrmed by the PXRD results (Fig. 6b). The
XPS survey scan spectra of Pb of CD-MONT-20-derivatives clearly
display the peaks of Pb 4f7/2 with binding energies of 137.7 and
138.6 eV, and the peaks of Pb 4f5/2 with binding energies of 142.6
and 143.6 eV (Fig. 6c), which agree well with the values reported
for Pb–O and Pb–S bonds, respectively. The spin–orbit splitting is
5.0 eV and 4.9 eV for Pb–O and Pb–S bonds, respectively.
Compared with the spectrum of CD-MONT-20, the peaks of Pb–S
bonds became the main part in the spectrum of CD-MONT-20-
derivatives. Fig. 6d shows the XPS survey scan spectra of S of CD-
MONT-20-derivatives. The peaks at 162.0 eV (S 2p1/2) and 160.8 (S
2p3/2) eV match well with S2�.36–38 Other XPS spectra of Pb, C and
O of CD-MONT-20 and CD-MONT-20-derivatives are shown in
Fig. S6, ESI.† Compared with CD-MONT-20, there are several new
peaks in the spectra of C 1s and O 1s of CD-MONT-20-derivatives.
The peaks with binding energies of 286.4 and 286.1 eV are
assigned to the S–C bond, and the one with a binding energy of
Fig. 5 The color change photos ofCD-MONT-20 and lead acetate test
papers treated with different concentrations of Na2S within 10 min and
after 30 min.

This journal is © The Royal Society of Chemistry 2017
532.2 eV is attributed to the S–O bond.39,40 Moreover, the FTIR
spectra of CD-MONT-20 and CD-MONT-20-derivatives are shown in
Fig. S7.† The spectrum of CD-MONT-20-derivatives shows
absorption bands around 3391, 2924, 1634, 1027 and 855 cm�1,
among which the broad band around 3391 cm�1 can be assigned
to the bending vibrations of adsorbed water molecules and the
stretching vibrations of hydroxyl groups. The peak around 1634
cm�1 is attributed to the O–H bending vibrations of adsorbed
water and hydroxyl groups,41 and the peak around 1027 cm�1 is
ascribed to the stretching vibrations of C–O–C and C–O bonds.
The new broad peaks around 1368 cm�1 and 1108 cm�1 originate
from CO3

2� and Pb–S bonds, respectively.42 The TEM images
provide more details about the structural evolution (Fig. S8, ESI†).
The low-magnication TEM images show that the CD-MONT-20-
derivatives are splotchy and poly-crystallized, and the corre-
sponding SAED (selected area electron diffraction) pattern indi-
cates the non-crystalline feature of the brown compounds.43 These
results further demonstrate that the ability of CD-MONT-20 as
a H2S sensor arises from the transformation of CD-MONT-20 to
inorganic substances.
Conclusions

In summary, we report a modied biphasic liquid–solid–liquid
(BLSL) strategy to prepare Pb(II)–MONTs of CD-MONT-20, which
presents an evident orescence “turn-off” response to H2S. The
BLSL strategy is an improvement to biphasic synthesis which
provides a higher yield and is signicantly applicable to the
large-scale production of metal–organic complexes. Moreover,
CD-MONT-20 can be utilized for fabricating visual H2S test
papers by smearing it on glass plates with a water solution of
sodium carboxymethyl cellulose, and the test papers possess
good selectivity and sensitivity to H2S sources. The CD-MONT-20

visual test papers are easy to use and have good stability and
sensitivity. We suggest that the remarkable uorescence “turn-
off” response originates from the decomposition of CD-MONT-
20 into uorescence silent species.
Anal. Methods, 2017, 9, 3094–3098 | 3097
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