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Fluorogenic naked-eye sensing and live-cell
imaging of cyanide by a hydrazine-functionalized
CAU-10 metal–organic framework†

Rana Dalapati, a Soutick Nandi,a Helge Reinsch, b Bibhas K. Bhunia,c

Biman B. Mandal, c Norbert Stock b and Shyam Biswas *a

A hydrazine-functionalized, highly stable AlĲIII) based metal–organic framework (MOF) with CAU-10 (CAU =

Christian-Albrechts-University) framework topology namely CAU-10-N2H3 (1) was specifically designed to

detect lethal CN− ions in aqueous medium. The MOF was characterized by X-ray powder diffraction, infra-

red spectroscopy, gas sorption and thermogravimetric analyses. The isophthalate ligand in CAU-10 was

functionalized by the hydrazine group to make the acidic –NH protons easily available to the CN− ions. In-

deed, the activated compound (1′) showed highly selective and sensitive responses to CN− ions over other

common anions with a detection limit of 0.48 μM. A rapid fluorescence enhancement was observed for 1′

with a large spectral shift (Δλ = 30 nm) in the presence of CN− ions in aqueous solution with the develop-

ment of visible green fluorescence under a UV lamp. Due to the excellent detection performance to CN−

by 1′ in aqueous medium, the material was further used for CN− detection in real water samples. The fluo-

rescence increment with a large blue shift is attributed to the cyanide-induced deprotonation of the –NH

group, which was confirmed by 1H NMR titration measurements. The initial photo-induced electron trans-

fer (PET) process is prohibited by this deprotonation, which causes the fluorescence enhancement. Time-

resolved fluorescence lifetime measurements suggest that 1′ can also act as a lifetime based CN− sensor.

Finally, the CN− sensing ability of 1′ inside living RAW 264.7 macrophages was demonstrated through live-

cell imaging investigations.

Introduction

A large variety of fluorescent probes has been developed dur-
ing the last twenty years for the sensing of anions. Among the
common anions present in biological systems, the cyanide
(CN−) anion is deadly towards living organisms.1 Cyanide-
induced inhibition of respiration, which is caused by strong
cyanide binding at the heme unit of cytochrome c in its active
site, leads to cytotoxic hypoxia and cellular asphyxiation.2 The
WHO (World Health Organization) recommended that the tol-
erable concentration of cyanide for drinking water is only 1.9
μM.3,4 Though a large number of fluorescent sensor materials

have been investigated so far,5 their applications for real bio-
logical or medical purposes require the use of a pure aqueous
medium. Unfortunately, the majority of conventional organic
fluorescent molecules work in a mixed-organic medium,
which restricts their real-life applications.6,7 The detection of
cyanide by fluorescent sensors in 100% aqueous medium is
still rare.8,9 Hence, the development of new fluorescent sen-
sors for CN− ions, which can work in a pure aqueous system,
is still a challenging work for environmental or medical
applications.

A large number of inorganic and organic fluorescent com-
pounds have been developed to date for detecting different
types of species.10,11 The combination of both inorganic and
organic constituents makes the metal–organic framework
(MOF) materials exceptional candidates in the area of
fluorescence-based detection. Based on the great advantages
of MOF materials, a large number of MOF materials have
been examined as fluorescence-based sensors for gaseous,
liquid and solid species.12–15

The main challenge of MOF materials for fluorescence
sensing in an aqueous environment is their relatively low hy-
drolytic stability. Therefore, the smart design of water-stable
MOFs is always desirable. Very recently, Ghosh et al. have
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reported fluorescence-based cyanide sensing in aqueous me-
dium by two MOF materials.16,17 Unfortunately, for these sys-
tems, either post-synthetic modification of the ligand or en-
capsulation of a reactive fluorescent probe is required for the
cyanide sensing. A simple, single-step synthesis procedure
would be desirable over a multi-step method for the synthesis
of the target MOF probe. To the best of our knowledge, only
one report exists so far in the case of MOF materials, where
post-synthetic modification or guest encapsulation is not re-
quired for the cyanide sensing.18 Taking into account the
above-mentioned concerns, in this work we present the prep-
aration of a hydrazine-functionalized AlĲIII) MOF with CAU-10
(CAU = Christian-Albrechts-University) topology19,20 called
CAU-10-N2H3 (1). The activated (1′) material was employed for
the fluorometric detection of lethal CN− ions in pure aqueous
medium. The MOF material shows fast response, good selec-
tivity and sensitivity towards the detection of CN− ions with
naked-eye visualization of the green fluorescence under a UV
lamp. The probe can also detect CN− ions in water samples
as well as in living cells.

Experimental section
Materials and physical measurements

All the reagent grade starting materials were obtained from
commercial suppliers. Milli-Q water was used as a medium in
all the fluorescence titration experiments. A Perkin Elmer
Spectrum Two FT-IR spectrometer was used to record Fourier
transform infrared spectra in the range of 440–4000 cm−1. The
following standard classifications were used to describe the
FT-IR absorption bands: strong (s), medium (m), very strong
(vs), broad (br), shoulder (sh) and weak (w). A Bruker D2
Phaser X-ray diffractometer working at 30 kV and 10 mA was
utilized for the collection of X-ray powder diffraction (XRPD)
patterns using Cu-Kα (λ = 1.5406 Å) radiation. A Mettler-
Toledo TGA/SDTA 851e thermogravimetric analyzer was used
to conduct thermogravimetric analyses in the temperature
range of 25–600 °C with a heating rate of 5 °C min−1 under an
air atmosphere. By employing a Quantachrome Autosorb iQ-
MP gas sorption analyser, the nitrogen sorption experiments
were accomplished at −196 °C, up to 1 bar. A Quantachrome
iSorb-HP volumetric gas sorption analyser was applied for
collecting the CO2 adsorption isotherms (up to 1 bar) at 25
°C. Before the sorption analyses, the compounds were
degassed at 100 °C overnight under dynamic vacuum. A
HORIBA Jobin Yvon Fluoromax-4 spectrofluorometer was
used to collect all the fluorescence emission spectra. To per-
form fluorescence lifetime measurements, an Edinburgh In-
struments Life-Spec II instrument was employed, which uti-
lizes the time-correlated single-photon counting method. The
FAST software of Edinburgh Instruments was used for the
fluorescence decay analysis by a reconvolution method.

Synthesis of the H2IPA-N2H3 ligand

5-Aminoisophthalic acid (3.0 g, 0.016 mole) was suspended in
30 mL water/conc. HCl (2 : 1, v/v) mixture at 0 °C. An ice-cold

solution (10 mL) of NaNO2 (0.69 g, 0.01 mole) was added to it
and the mixture was stirred for 30 min. Then, a solution of
SnCl2·2H2O (6.77 g, 0.03 mole) in conc. HCl (20 mL) was
added slowly with vigorous stirring and the reaction mixture
was allowed to stir for an extra hour. The precipitate was fil-
tered off, thoroughly washed with an excess amount of water
and then dried at 60 °C in an oven for 6 h. The purification
of the ligand was completed by column chromatography
employing ethyl acetate as the eluent. Yield: 3.02 g (0.015
mole, 93%). 1H NMR (δ, ppm, 600 MHz, DMSO-d6): 8.76 (s,
1H, –NH), 8.05 (s, 1H, Ar–H), 7.77 (s, 2H, Ar–H). 13C NMR (δ,
ppm, 150 MHz, DMSO-d6): 166.87, 146.70, 132.46, 123.06,
119.14. ESI-MS (m/z): 197.06 for [M + H]+. The NMR and mass
spectra are shown in Fig. S1–S3, ESI.†

Synthesis of [AlĲOH)ĲIPA-N2H3)]·3.4H2O·0.5DMF (CAU-10-
N2H3, 1)

For the synthesis of 1, the H2IPA-N2H3 ligand (0.20 g, 1.02
mmol), 2 M aqueous solution of AlCl3·6H2O (0.50 mL, 1.02
mmol), DMF (0.55 mL) and H2O (1.75 mL) were mixed in a
Teflon-liner and heated in a stainless steel autoclave at 120
°C for 12 h. The microcrystalline powder was filtered off and
washed repeatedly with acetone (5 mL). Then, the solid was
dispersed in water by sonication for 30 min. The dispersion
was filtered and the light orange coloured solid was dried in
an air oven at 80 °C for 6 h. Yield: 184 mg (0.77 mmol, 76%)
based on the Al salt. Anal. cald. for C9.5H17.3AlN2.5O8.9 (335.93
g mol−1): C, 33.96 H, 5.19 N, 10.42%. Found: C, 34.1 H, 4.9 N,
10.56%. FT-IR (KBr, cm−1): 3419 (br), 3079 (w), 2923 (w), 2214
(w), 1684 (s), 1635 (s), 1577 (vs), 1434 (s), 1407 (vs), 1112 (m),
1004 (w), 785 (s), 727 (s), 607 (s), 526 (m).

Activation of the as-synthesized material

We activated the as-synthesized CAU-10-N2H3 material in two-
steps. The stirring of the as-synthesized compound (200 mg)
was conducted in methanol (50 mL) at ambient temperature
for 24 h. Then, the solvent-exchanged compound was filtered
off and degassed at 100 °C for 24 h under high vacuum. The
activated form of 1 was denoted as 1′.

Pawley refinement

The cell parameters were deduced by Pawley refinement
using TOPAS software.21 The model of CAU-10-N2H3 (acti-
vated form) was generated by force field optimization using
the universal force field implemented in Materials Studio.22

The structure of the structurally related compound CAU-10-
N3 was utilized as a preliminary model.23 The cell parameters
were changed to the ones observed for CAU-10-N2H3 (acti-
vated form) and the fractional position of the metal ions was
fixed. The protons were generated using the implemented
tool and the structural model was energetically optimized.
However, no Rietveld refinement was possible which we attri-
bute to the existence of solvent molecules within the pores
and severe disorder in the structure induced by the bulky
protic groups.
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Fluorescence titration experiments

Initially, suspensions of 1′ in water having a concentration of 2
mg mL−1 were prepared by sonication to perform fluorescence
titration measurements. Then, 100 μL of the suspension was
diluted with 2900 μL of water (final concentration = 66.6 μg
mL−1) in a quartz cuvette and the solutions of different anions
(concentration = 4 mM) were added in an incremental way.

Culture and maintenance of the RAW 264.7 (macrophage)
cell line

RAW 264.7 macrophages (acquired from the National Centre
for Cell Science, Pune, India) were cultured in high glucose
Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Life
Technologies, U.S.A.) supplemented with 10% fetal bovine se-
rum (FBS; Gibco, Life Technologies, U.S.A.) and 1% strepto-
mycin–penicillin. Cells were seeded in a tissue culture flask
and maintained at 37 °C in a humidified incubator with 5%
CO2. The medium was changed on every alternate day.

Cytocompatibility assay

Cytocompatibility of probe 1′ was checked by the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrasodium bromide] (Sigma,
U.S.A.) assay following a previously described protocol.24 In
brief, RAW 264.7 macrophages (5 × 103 cells in 180 μL) were
plated in each well of a 96-well plate followed by the addition
of 20 μL of different concentrations of probe 1′ (0–100 μM).
The plates were kept for 72 h at 37 °C in a humidified incuba-
tor with 5% CO2. After incubation, wells were replenished with
fresh medium and 20 μL of MTT (prepared in a concentration
of 5 mg ml−1 in phosphate buffered saline; PBS, pH = 7.4) was
added in each well. 4 h of post incubation, 200 μL of dimethyl
sulfoxide (DMSO; Sigma, U.S.A.) was added to solubilize the
formazan crystals. Absorbance was recorded at 570 nm using a
multiplate reader (Tecan Infinite 200 Pro, Switzerland).

Live cell imaging

For live cell imaging, RAW 264.7 macrophages (1 × 104 cells
per well) were seeded in a 96-well plate and incubated at 37
°C in a humidified incubator with 5% CO2. After 24 h, 25 μM
of probe 1′ (prepared in the same cell culture media) was
added and kept for 8 h. Post incubation, cells were washed
with PBS (pH = 7.4) to remove surplus probe molecules from
the surface of cells. Prior to live cell imaging, 15 μM of NaCN
(prepared in PBS, pH = 7.4) was added to the wells and incu-
bated for 15 min. However, few wells were left without addi-
tion of NaCN to understand the effect of only probe 1′. Im-
ages were captured using a fluorescence microscope (EVOS
FL, Life Technologies, U.S.A.).

Results and discussion
Synthesis and activation

The new hydrazine-functionalized MOF, CAU-10-N2H3 (1) was
synthesized by following previous synthesis procedures docu-
mented for CAU-10-X (X = –H, –OCH3, –CH3, –NH2, –NO2,

–OH) materials.19,23 Briefly, a solvothermal reaction was
conducted at 120 °C for 12 h between AlCl3·6H2O and the
H2IPA-N2H3 ligand with a 1 : 1 molar ratio using a mixed sol-
vent system of N,N-dimethylformamide (DMF) and water. Af-
ter the reaction, the microcrystalline powder material (1) was
collected by filtration.

The solvent molecules entrapped in the pores of the as-
synthesized compound (1) were first exchanged with metha-
nol (having low boiling point and thus easily removable) mol-
ecules. Then, the solvent-exchanged 1 was heated under dy-
namic vacuum at 100 °C overnight to remove the guest
solvent molecules. The solvent-exchange of the compound
followed by thermal activation did not alter the XRPD pattern
(Fig. S4, ESI†), which suggests that the compound retained
its structural integrity throughout the activation process.

FT-IR spectroscopy

Both the as-synthesized and activated materials show very
strong absorption bands around 1580 and 1405 cm−1 in their
FT-IR spectra (Fig. S5, ESI†). These two absorption bands
arise owing to the asymmetric and symmetric carboxylate
stretching vibration of the framework IPA-N2H3 ligands, re-
spectively.25 In both IR spectra, the two sharp absorption
bands around 785 and 725 cm−1 arise from the C–H out-of-
plane vibrations of the hydrazine-functionalized ligand pres-
ent in the framework structure.26

Structure description

The XRPD patterns of the as-synthesized and thermally acti-
vated samples of compound 1 were successfully indexed,
which suggests that the compound crystallizes in the tetrago-
nal crystal system possessing a space group of I41/a (Table
S1, ESI†). The Pawley refinement unveiled a good agreement
between the assumed space group and the experimental
XRPD patterns of 1 (Fig. 1 and S6, ESI†).

The isotypic crystal structure of CAU-10-N3 was used as a
preliminary model for the structural simulation by force-field
calculation (for details, see Experimental section).23 The
framework structure of 1 is presented in Fig. 2. As revealed
from the figure, the framework of CAU-10-N2H3 is formed by
the interconnection of cis-corner sharing [AlO6] octahedra
with the hydrazine-functionalized isophthalate ligand mole-
cules. This structural connectivity leads to the formation of
helical chains (Fig. 3). Each helix is connected with four
nearby inorganic building units having an alternating rota-
tional arrangement through the coordinated isophthalate
(IPA) ligands. Two adjacent helices are related by a mirror
plane. This distinct arrangement of the inorganic building
units and ligand molecules leads to the formation of square-
shaped one-dimensional channels. The hydrazine functional
groups protrude towards the inner side of these channels.

Thermal stability

Thermogravimetric analyses were carried out to check the
thermal stability of the as-synthesized and activated materials
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under an air atmosphere in the temperature range of 25–600
°C. TG curves of both forms of the material (Fig. S7, ESI†) re-
veal that the compound exhibits thermal stability only up to
250 °C. The structural collapse of the material occurs after
this temperature due to the elimination of the coordinated
IPA-N2H3 ligands from the framework.

The first weight loss of 18.4% in the TG curve of the as-
synthesized compound in the range of 30–120 °C can be
assigned to the elimination of 3.4 guest water molecules
(calcd.: 18.2 wt%) per formula unit. In the second step, a
weight loss of 10.6% in the temperature range of 130–190 °C
can be ascribed to the removal of 0.5 DMF molecules per for-

mula unit (calcd.: 10.8 wt%). The results of
thermogravimetric and elemental analyses were utilized to
determine the chemical formula of the CAU-10-N2H3

compound.

Gas sorption properties

The permanent porosity of the activated CAU-10-N2H3 mate-
rial was checked by N2 sorption analysis (Fig. S8, ESI†). The
specific surface area (SBET) of 1′ was calculated as 61 m2 g−1

from the N2 adsorption isotherm. Thus, the compound
showed almost no porosity towards N2, which contrasts with
previously reported CAU-10-H (SBET = 635 m2 g−1) and CAU-
10-NO2 (SBET = 440 m2 g−1) materials.27 We assume that the
bulky hydrazine functional groups prohibit the free diffusion
of N2 molecules through the narrow channels.

A CO2 adsorption experiment was additionally carried out
to check the permanent porosity of 1′. The low-pressure CO2

adsorption measurement showed that the adsorption capac-
ity reached up to 1.4 mmol g−1 (Fig. S9, ESI†) at 1 bar and 25
°C. Thus, the CO2 adsorption experiment unambiguously ver-
ifies the permanent microporosity of activated 1. The CO2 ad-
sorption capacity of 1′ is comparable with those of the
existing structurally related CAU-10-X (X = –H, –OCH3, –CH3,
–NH2, –NO2, –OH) compounds.19

Fluorescence intensity based sensing of CN− ions

Due to the extreme toxicity of CN− ions, a large number of
fluorogenic probes have been developed in the past few de-
cades for the sensing of CN− ions.16,28–30 Very recently, only a
few MOF materials have been employed for the sensing of
CN− ions.18 To check the hydrolytic stability of 1′, we stirred
the MOF material in water overnight. The recovered MOF ma-
terial showed retention of its structural integrity after treat-
ment with water, which was confirmed by the XRPD analysis
(Fig. S10, ESI†). The non-toxicity and hydrolytic stability en-
couraged us to explore the applicability of the CAU-10-N2H3

material for the sensing of anions in pure aqueous medium.

Fig. 1 Final Pawley refinement plot for as-synthesized 1. The black
and red curves denote the measured and calculated XRPD patterns, re-
spectively. The difference between the experimental and theoretical
data is indicated by the blue curve, whereas the allowed Bragg reflec-
tion positions are represented by vertical bars.

Fig. 2 The simulated structure of the framework of the CAU-10-N2H3

(1) compound. Colour codes: C, black; O, red; N, blue; Al, yellow
polyhedra; H, white. Hydrogen atoms have been omitted from the
phenyl ring of the structural diagram for clarity.

Fig. 3 Helical arrangement of [AlO6] octahedra in the framework of
CAU-10-N2H3 as seen along the b-axis. Colour codes: C, black; O, red;
N, blue; Al, yellow polyhedra; H, white.
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Fluorescence titration experiments were carried out in order
to serve this purpose. Thus, the emission spectra (λex = 330
nm) of the stable aqueous suspension of 1′ were collected
upon regular incremental addition of the sodium salts of dif-
ferent anions (Cl−, I−, F−, Br−, NO3

−, NO2
−, H2PO4

−, HSO3
−,

SO4
2−, ClO4

−, PO4
3−, HSO4

−, S2O3
2−, MeO−, CN− and SCN−).

Fig. 4 shows that a drastic enhancement in the fluorescence
intensity with a large blue-shift (Δλ = 30 nm) in the emission
band was noticed only after the addition of the CN− ion. Neg-
ligible changes in the fluorescence intensity were observed
for all the other 15 potentially intrusive anions (Fig. 5 and
S11, ESI†). These observations unequivocally support that the
CAU-10-N2H3 probe is highly selective for CN− ions over other
common competing anions. Interestingly, the development
of green fluorescence was observed after the addition of CN−

solution to the aqueous suspension of 1′, which can be easily
visualized by the naked eye under a normal UV-lamp. Fur-
thermore, the XRPD pattern of 1′ was measured after the cya-
nide sensing experiment and no loss of crystallinity was ob-
served (Fig. S12, ESI†). This observation confirms the
structural integrity of the CAU-10-N2H3 material throughout
the sensing event.

Time-dependent fluorescence investigations were carried
out with different concentrations of CN− ions in order to eval-
uate the response time of 1′ for the sensing of CN− ions. We
have monitored the fluorescence intensity of the CAU-10-
N2H3 compound at a specific concentration of CN− ions up to
15 min (Fig. S13, ESI†). The studies revealed that the com-
pound showed a fast response time of approximately 2 min
after the addition of CN− solution.

For practical applications, it is desirable that the fluores-
cent probe should work effectively even in the presence of in-
trusive anions in complicated systems. To check the capabil-
ity of the MOF material for the selective sensing of toxic CN−

ions, fluorescence titration experiments were carried out with
1′ after the addition of CN− ions in the presence of other

common interfering anions present in water. From Fig. 6 and
S14–S28 (ESI†), it can be inferred that the detection ability of
cyanide by 1′ was hardly influenced by the presence of other
competitive anions. The relative fluorescence turn-on re-
sponses were found to be slightly lower with the co-existence
of some anions like F−, I−, PO4

3− and SO4
2−. The F−, PO4

3− and
SO4

2− anions also have the affinity to form hydrogen bonding
interactions with the acidic protons of receptor
molecules.31–33 Due to the competitive hydrogen bonding in-
teractions, the relative fluorescence turn-on responses with
the co-existence of these anions were found to be lower. On
the other hand, the I− ion is a well-known fluorescence
quencher. The fluorescence quenching ability of the I− ion is
probably responsible for the comparatively lower fluorescence
turn-on response. The outcomes of these fluorescence titra-
tion experiments substantiate that the hydrazine-
functionalized MOF material exhibits an exceptional selectiv-
ity towards CN− ions and the co-existence of other common
anions does not significantly interfere with the selectivity.

The limit of detection (LOD) was calculated for this fluoro-
genic probe for CN− ions. The LOD value was estimated to be
4.8 × 10−7 M (0.48 μM) (Fig. S29, ESI†) by using the following
equation at a signal-to-noise ratio of 3:34

LOD = 3σ/K

Fig. 4 Change in the fluorescence signal of 1′ with increasing addition
of 4 mM CN− solution. Inset: concentration-dependent fluorescence
signal enhancement of 1′ monitored at 405 nm.

Fig. 5 Relative fluorescence enhancement behaviour of 1′ towards
addition of different anions. Inset: naked-eye fluorogenic response of
1′ towards different anions.

Fig. 6 Enhancement of the fluorescence signal of 1′ in the presence
of an interfering anion, followed by the addition of CN− solution.
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where σ indicates the standard deviation calculated from the
initial intensity of the MOF material in the absence of CN−

solution and K stands for the slope of the linear curve which
was obtained by plotting the fluorescence intensity of 1′
against the concentration of CN− solution. The LOD value is
lower than the World Health Organization (WHO)
recommended concentration of CN− ions in drinking water (2
μM).35 The LOD value is comparable with those of the for-
merly reported fluorescent sensor materials (Table S2, ESI†).
Hence, a MOF-based water monitoring system can be devel-
oped by using the presented hydrazine-functionalized MOF
material.

Mechanism for the sensing of CN− ions

The CN− ion has the strong tendency to form hydrogen bonds
with the acidic protons of sensor molecules.36–38 Very re-
cently, we have demonstrated that the deprotonation of the
acidic –NH proton of a carbazole-functionalized ZrĲIV) MOF
by the CN− ion can be utilized for the fluorescence turn-on
sensing of the anion.18 As a control experiment,
unfunctionalized CAU-10-H MOF was treated with the CN−

ion. No obvious change in the fluorescence intensity was
recorded for the CAU-10-H MOF (Fig. S30, ESI†). This result
affirms that the hydrazine-functionalized ligand present in
the MOF system is responsible for sensing. To check the pos-
sibility of the cyanide-induced deprotonation mechanism for
the presented MOF probe, NMR titration experiments were
conducted with the free H2IPA-N2H3 ligand in DMSO-d6 upon
addition of the aqueous solution of the CN− ion.39 With in-
creasing concentration of the CN− ion, the intensity of the
peak at 8.7 ppm for the –NH proton decreased gradually and
shifted towards the up-field region of the spectrum (Fig. 7).

After the addition of three equiv. of CN− ion, the peak owing
to the –NH proton disappeared, whereas a considerable up-
field shift was observed for the peaks related to the aromatic
protons. The disappearance of the peak due to the –NH pro-
ton and the drastic up-field shift of the corresponding peak
affirm the cyanide-induced deprotonation of the –NH proton.

The cyanide induced deprotonation process can affect
the electron transfer process throughout the MOF system.
Initially, the photo-induced electron transfer (PET) process
from the hydrazine moiety to the phenyl ring suppresses
the fluorescence intensity of the MOF material. In the pres-
ence of the CN− ion, the deprotonation-induced enhance-
ment of the electron density throughout the framework pro-
hibits the PET process, thus the fluorescence intensity of
the MOF compound is enhanced. A similar fluorescence
turn-on mechanism based on the inhibition of the electron
transfer process has been proposed recently by Cao et al.
for the selective detection of SO2 gas by the amine-
functionalized MOF-5.40

Fluorescence lifetime based sensing of CN− ions

Time-resolved photoluminescence (TRPL) decay experiments
were performed with 1′ to examine its excited-state behavior
as well as feasibility to act as a lifetime-based sensor for CN−

ions. The TRPL decay profiles of the MOF probe were mea-
sured in the absence and presence of CN− ions (Fig. S31,
ESI†). The compound showed a bi-exponential decay curve
with two species with an average excited-state lifetime of 0.38
ns (Table S3, ESI†). In the presence of the CN− ion, the ampli-
tude of the longer-lived component increased at the expense
of the shorter-lived component and the average excited-state
lifetime increased to 4.16 ns. The longer-lived species arises
from the deprotonation of the –NH proton, which enhances
the rate of radiative decay and consequently boosts the fluo-
rescence intensity of the MOF material.37,40,41 The noticeable
change in the fluorescence intensity after cyanide addition
points out that the implementation of a lifetime-based fluo-
rescence sensor for toxic CN− ions can be achieved by this
MOF material.

Analysis of CN− ions in real water samples

Encouraged by the excellent selectivity and sensitivity of 1′ to-
wards CN− sensing, we investigated the ability of the probe to
detect CN− ions in tap water and drinking water samples. Ini-
tially, no CN− ion was found in either tap water or drinking
water samples. Then, cyanide was spiked in the water

Fig. 7 Stacked 1H NMR spectra of the H2IPA-N2H3 ligand upon the
addition of CN− solution in DMSO-d6 at 25 °C.

Table 1 Estimation of CN− concentrations in real water samples

Water
sample

CN− spiked
(μM)

CN− found
(μM)

Recovery
(%)

RSD
(%)

Tap water 10 9.7 97 2.1
40 39.5 98.7 1.3

Drinking water 10 10.3 103 1.8
40 40.6 101.5 1.2
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samples and the spiked samples were used for the fluores-
cence sensing experiments. The concentrations of CN− ions
in the water samples were determined from the linear curve
which is shown in Fig. S28 (ESI†). The results obtained from
these experiments are summarized in Table 1. The recovery
for the cyanide sensing experiments ranges from 97.5 to
101.3% with very low RSD (n = 3; RSD = relative standard de-
viation) values, and suggests that 1′ has enormous potential
for monitoring CN− concentration in potable water.

Live-cell imaging of CN− ions

A cellular imaging experiment was conducted to demonstrate
the CN− sensing ability of 1′ in living cells. To use the MOF
probe for cell imaging, it must be biocompatible. Therefore,
an in vitro cell viability test was carried out with RAW 264.7
cells. The cells were treated for 72 h with five varying concen-
trations (5–100 μM) of 1′. The data (shown in Fig. 8) demon-

strated the cell viability as compared to the control sample
(treated with PBS). The presence of 1′ had an almost negligi-
ble effect on cell viability. This cell viability experiment con-
firmed that the MOF probe 1′ is non-toxic to RAW 264.7 cells
and it could be used for cell imaging investigation. As
depicted in Fig. 9, the incubation of the RAW 264.7 cells with
1′ (25 μM) resulted in no fluorescence emission in the green
fluorescence channel. In contrast, when the probe-loaded
RAW 264.7 cells were treated with 15 μM CN− solution, a
bright green fluorescence signal was noticed. This observa-
tion is consistent with the results of the extracellular CN−

sensing experiment. From the results of live-cell imaging
studies, it becomes inevitable that material 1′ can be used for
monitoring cyanide toxicity inside the live cells.

Conclusions

In summary, we have shown the synthesis and systematic
characterization of a hydrazine-functionalized AlĲIII) MOF
namely CAU-10-N2H3 (1). The appropriate choice of a frame-
work structure and functional group tethered with the ligand
allowed us to utilize the material as a new sensor for the poi-
sonous cyanide anion in aqueous medium. The activated ma-
terial 1′ is capable of sensing CN− ions even in the presence
of other competitive anions present in water. The appearance
of green fluorescence under UV light upon cyanide addition
makes this material a naked-eye fluorescent sensor for CN−

ions in aqueous medium. The judicious design of a linker
molecule with the acidic –NH proton facilitates the cyanide-
induced deprotonation pathway, which leads to the fluores-
cence turn-on signal of the MOF probe. In addition, the fluo-
rescence lifetime measurements indicate that material 1′ can
also be used as a lifetime-based sensor for CN− ions. The
CAU-10-N2H3 probe shows a very low detection limit of 0.48
μM, which is lower than the allowable cyanide concentration
(2 μM) in drinking water according to the WHO. Fascinated
by the sensitive detection of CN− ions in aqueous medium,
we performed spike-and-recovery experiments, which confirm
that compound 1′ has the capability to detect cyanide in envi-
ronmental water samples. These results suggest that the
CAU-10-N2H3 material can be used for controlling the quality
of water samples. Furthermore, the live cell imaging experi-
ments unambiguously demonstrate that probe 1′ is capable
of sensing intracellular CN− ions. Hence, the probe can be
applied for monitoring cyanide toxicity in living cells.
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