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ABSTRACT: A hexaphenylbenzene-based receptor 3 has
been synthesized that forms a fluorescent spherical aggregate
in mixed aqueous media due to its aggregation-induced
emission enhancement attributes. These fluorescent spherical
aggregates show ratiometric response toward cyanide ions via
nucleophilic addition and undergo deaggregation to form
smaller nanoaggregates. In addition, the solution-coated paper
strips of 3 can detect cyanide ions in the range of ∼2.6 ng/cm2,
thus, providing a simple, portable, and low-cost method for
detection of cyanide ions in aqueous media. Receptor 3 also
behaves as a set−reset memorized sequential logic circuit with
chemical inputs of CN− ions and trifluoroacetic acid or H+ (pH ≤ 3).
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■ INTRODUCTION

Among various anions, cyanide is one of the most toxic
inorganic anions to living organisms, and consequently, its
release into the environment is harmful.1 Absorption of cyanide
through the lungs, gastrointestinal tract, and skin can lead to
convulsions, loss of consciousness, and eventually death.2

Further, the binding of cyanide to the iron species in
cytochrome-c oxidase reduces the activity of this enzyme and
inhibits oxygen utilization by cells.3 It is known that 0.5−3.5 mg
per kg of body weight is lethal for humans.4 According to the
World Health Organization (WHO), water having cyanide
concentrations lower than 1.9 μM are acceptable for drinking.5

Recent studies have shown that the poisonous cyanide
concentration in the blood of fire victims is ca. 20 μM.6

Unfortunately, the use of cyanide ions cannot be avoided due
to its widespread applications in various industrial processes,
such as gold mining,7 electroplating, metallurgy, and production
of organic chemicals and polymers, e.g., nitriles, nylon, and
acrylic plastics.8 Keeping in view the utility of cyanide ions in
day-to-day life, there is a great need for receptors that can
selectively detect cyanide ions by simple spectral analysis. In
this context, various types of fluorometric9 and colorimetric10

CN− selective receptors have been reported11−18 based on the
mechanism of coordination,19 hydrogen-bonding interac-
tions,20,21 nucleophilic addition reactions,22−26 and metal−
cyanide affinity27−29 (displacement approach). Among various
types of chemosensors reported so far, the reaction based
chemosensors showing ratiometric response toward cyanide are
advantageous due to their high selectivity and sensitivity.

Ratiometric responses are attractive because the ratio between
the two emission intensities can be used to measure analyte
concentration and provide built-in correction for environmental
effects and stability under illumination. Thus, reaction based
chemosensors showing ratiometric responses toward cyanide
ions are highly desirable. However, there are many more
reports in the literature about reaction based chemosensors
showing ratiometric response toward cyanide ions,30−32 but
most of the reported reaction based chemosensors suffer from
several limitations, such as poor selectivity, require high
temperature or basic medium, slow response toward cyanide
ions,33,34 high detection limits, risk of releasing HCN,35

irreversibility (based on reaction), and require an organic
environment to function.36,37 Thus, development of a
quick,38,39 facile, reversible and ratiometric reaction based
fluorogenic sensor, which works in aqueous media with low
detection limit, is still a challenge.40,41

Our research work involves the development of fluorogenic
chemosensors for selective detection of different types of
analytes.42−45 Recently, we reported a hexaphenylbenzene
(HPB) derivative 1 (Chart 1) appended with β-naphthol
moieties that showed aggregation-induced emission enhance-
ment (AIEE) phenomena in mixed aqueous medium to form
spherical nanoaggregates.20 These nanoaggregates undergo
further self-assembly to form the modulated nanorods in the
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presence of cyanide ions.20 The supramolecular aggregates
contain hydroxyl groups on their outer surface on which the
cyanide ions are adsorbed through H-bonding interaction,
which facilitates the formation of modulated nanorods. In
continuation of this work, we are now interested in preparation
of a hexaphenylbenzene derivative appended with amide
moieties as amides are known to interact with anions through
hydrogen bonding between anions and amide −NH groups. On
the other hand, amides are also susceptible to nucleophilic
attack on carbonyl carbon.22,46 Keeping this in mind, we
designed and synthesized HPB derivative 3 having amide
moieties in which the electrophilicity of the carbonyl carbon is
enhanced by the presence of a −CF3 group in its vicinity. We
believed that HPB derivative 3 would exhibit AIEE47−49

characteristics due to the presence of a hexaphenylbenzene
moiety20,44 and the aggregation process could be further
facilitated due to formation of intermolecular hydrogen bonds
(−N−H···OC−) between adjacent molecules. Further, we
envisioned that this intermolecular hydrogen bonding in HPB
derivative 3 could be interrupted in the presence of analytes,
which may lead to a change in the photophysical properties of
supramolecular aggregates. To our pleasure, aggregates of HPB
derivative 3 in aqueous medium undergo deaggregation in the
presence of CN− ions and show fast, selective “ratiometric” and
“naked eye” response toward cyanide ions. We believe that this
is one of the best reaction based ratiometric and colorimetric
chemosensors for CN− ions among all the chemosensors
reported in the literature.50 Furthermore, this is the first report
where aggregates of hexaphenylbenzene derivative 3 serve as a
ratiometric chemosensor for cyanide ions in aqueous media. In
addition, the suitability of 3 for a paper strip assay provides a
simple and selective method for the detection of cyanide in
aqueous medium at the nanogram level.
Further, on the basis of the fluorescence behavior of receptor

3 with cyanide ions and TFA (H+), a sequential logic circuit has
been designed. Sequential logic circuits are the functions of

both past and present inputs, operate via the feedback loop in
which one of the outputs of the device acts as input, and are
memorized as “memory function”. The design of such signaling
devices is of great significance as they can perform molecular
level logic operations analogous to those executed by their
macroscopic analogues.

■ RESULTS AND DISCUSSION

The reaction of hexaphenylbenzene derivative 220 (0.05 g, 0.07
mmol) with an excess of trifluoroacetic anhydride, in glacial
acetic acid (5.0 mL), furnished a brown-colored solid
compound 3 (0.045 g, 71% yield),51 mp > 280 °C (Scheme 1).
The structure of compound 3 was confirmed from its

spectroscopic and analytical data (Supporting Information,
Figures S19−S22). The 1H NMR spectrum showed a singlet at
10.33 ppm corresponding to −NH, six doublets at 7.68, 7.62,
7.43, 7.17, 7.02, and 6.94 ppm, and one quartet at 7.34 ppm
and one multiplet at 6.78−6.86 ppm corresponding to aromatic
protons. The 13C NMR spectrum showed a peak at 161.47 ppm
due to the carbonyl carbon and a signal at 101.78 ppm
corresponding to the −CF3 carbon and peaks at 141.63, 141.55,
141.33, 140.90, 138.36, 137.48, 136.81, 132.95, 132.59, 132.33,
132.26, 132.20, 129.03, 128.91, 127.58, 127.44, 127.37, 126.04,
125.55, and 121.57 ppm corresponding to different types of
aromatic carbons. The ESI-MS mass spectrum of compound 3
showed a parent ion peak at m/z = 947.3027 [M + K]+. The IR
spectrum of compound 3 showed stretching bands at 1717
cm−1 corresponding to the −CO group and 3403 cm−1

corresponding to the −NH group. These spectroscopic data
corroborate the structure 3 for this compound.
The UV−vis spectrum of receptor 3 in ethanol exhibits a

strong absorption band at 282 nm. On addition of water
content up to 80% (volume fraction) to the solution of 3 in
ethanol, the intensity of entire absorption spectra is gradually
increased with the appearance of a level-off tail in the visible
region (400−500 nm) that is attributed to the Mie scattering
due to formation of aggregates (Figure 1A). The fluorescence
spectrum of compound 3 in ethanol exhibits a weak emission
band at 380 nm (Φ = 0.011) when excited at 282 nm.
However, with increasing percentage of water fraction up to
80% (volume fraction) to the solution of 3 in ethanol (Figure
1B), a gradual enhancement in the emission intensity and
quantum yield (Φ = 0.153) is observed (Supporting
Information, Figure S2B).
Further, the increase in fluorescence intensity of compound 3

is also observed with increasing fraction of triethylene glycol
(TEG) (Supporting Information, Figure S1). The concen-
tration-dependent fluorescent spectra also show the enhance-
ment in the emission intensity (Supporting Information, Figure

Chart 1. HPB Derivative 120

Scheme 1. Synthesis of Hexaphenylbenzene-Based Derivative 3
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S2A). We performed concentration-dependent 1H NMR
studies that show the downfield shift of 0.23 ppm

corresponding to −NH protons and an average upfield shift
of 0.10 ppm for HPB protons (Supporting Information, Figure

Figure 1. (A) UV−vis spectra of compound 3 (5 μM) showing the variation of absorbance in water/ethanol mixture (0−80% volume fraction of
water in ethanol). (B) Change in fluorescence spectra of compound 3 (5 μM) showing the variation of intensity in water/ethanol mixture (0−80%
volume fraction of water in ethanol); λex = 282 nm.

Figure 2. (A) UV−vis spectra of compound 3 (5 μM) showing the response to the CN− ion (0−250 equiv) in H2O/EtOH (8:2, v/v) mixture
buffered with HEPES; pH = 7.05. (B) Color change of 3 solution in H2O/EtOH (8:2, v/v) mixture on addition of CN− ions. Photographs of SEM
images (C and D) before and (E and F) after the addition of 250 equiv of CN− ions in aggregates of 3 in H2O/EtOH (8:2, v/v) solution.

Figure 3. (A) Fluorescence spectra of compound 3 (5 μM) showing the response to the CN− ion (0−250 equiv) in H2O/EtOH (8:2, v/v) mixture
buffered with HEPES; pH = 7.05, λex = 282 nm. (B) Change in fluorescence from blue to green before and after the addition of CN− ions to 3 in
H2O/EtOH (8:2, v/v) mixture (under 365 nm UV light). (C) The normalized fluorescence intensity at 380 and 485 nm. (D) The change in
fluorescence intensity at 380 and 485 nm with the concentration of cyanide ions added.
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S15). The SEM images (Figure 2C,D) of compound 3 in H2O/
EtOH (8:2, v/v) showed the presence of aggregates of an
average particle size of 1.3 μm (Supporting Information, Figure
S16A,B), which, hence, clearly support the AIEE characteristics
of the molecule.
Since amides are known to interact with anions, we studied

the binding ability of HPB derivative 3 toward different anions
(CN−, SCN−, F−, Cl−, Br−, I−, NO3

−, H2PO4
−, ClO4

−,
CH3COO−, and OH−) using UV−vis and fluorescence
spectroscopy. Upon gradual addition of cyanide ions (0−250
equiv) to the solution of 3 (5 μM) in H2O/EtOH (8:2, v/v), a
gradual decrease in absorbance intensity of the band at 282 nm
was observed with the appearance of two new absorption bands
at 332 and 250 nm along with the formation of two isosbestic
points at 265 and 310 nm, respectively (Figure 2A). These
results are accompanied by the color change from colorless to
yellow (Figure 2B) on addition of CN− ions to the solution of
3 (5 μM) in H2O/EtOH (8:2, v/v). Under the same conditions
as used above for CN− ions, we also tested the UV−vis
response of compound 3 to other anions, such as SCN−, F−,
Cl−, Br−, I−, NO3

−, CH3COO
−, ClO4

−, OH−, and H2PO4
−, but

no change in the absorbance (Supporting Information, Figure
S4) behavior was observed in the presence of these anions.
In the fluorescence spectrum, on addition of cyanide ions to

the solution of aggregates of HPB derivative 3, the fluorescence
maxima at 380 nm gradually decreased and a new band
appeared at 485 nm with an isoemissive point at 455 nm
(Figure 3A). These spectral changes are accompanied by the
color change of the solution of 3 from blue to green within 5
min of mixing cyanide ions (365 nm UV light, Figure 3B) in a
H2O/EtOH (8:2, v/v) mixture. The fluorescence quantum
yield of the 3-CN− adducts was calculated to be 0.14 (at 485
nm). Further, by considering the change in fluorescence
intensity at 485 nm (I485) and at 380 nm (I380), a 5.5-fold (I485/
I380) emission enhancement at 485 nm was observed in the case
of the 3-CN− adduct (Scheme 2). We also carried out the

fluorescence studies of compound 3 in the molecular state with
CN− ions in pure ethanol, but the fluorescence (I485/I380)
enhancement was only 2-fold (Supporting Information, Figure
S5). Therefore, we performed all the studies of compound 3 in
the H2O/EtOH (8:2, v/v) solvent system.
Further, we also studied the effect of pH on the fluorescence

behavior of the 3-CN− adduct; the original fluorescence and
UV−vis spectra were restored on the addition of trifluoroacetic
acid (TFA) (Supporting Information, Figure S3A,B).19

Furthermore, after the addition of 5 equiv of TFA to the
3+CN− mixture in THF-d8/D2O (2:8), the −N-H proton
reappears at 10.34 ppm with an average downfield shift of 0.22
ppm for all aromatic protons and a new signal appeared at 5.22
ppm corresponding to HCN released in the reaction medium
(Supporting Information, Figure S11). These results show the
reversibility of the probe in strongly acidic conditions (pH ≤ 3)
(Scheme 2) (Supporting Information, Figure S3C). The
ratiometric response of derivative 3 toward CN− ions was
studied by a fluorescence quenching efficiency plot,52 which is
linear with the increase in concentration of CN− ions up to 150
equiv with a Stern−Volmer constant (Ksv) of 7.8464 × 103 M−1

(Supporting Information, Figure S8). The detection limit53 of
CN− using compound 3 as a fluorescence sensor has been
found to be 11 nM53 (Supporting Information, Figure S9). This
detection limit is better than the detection limit of cyanide
sensors reported in the literature.50 Further, the detection limit
of TFA for the compound 3+CN− adduct has been found to be
95 nM53 (Supporting Information, Figure S10).
The selectivity of CN− ions over other anions, in particular

fluoride, is important because most of the chemosensors
reported for cyanide ions suffer from interference from other
anions, especially fluoride ions.54,55 Under the same conditions
as used above for CN− ions, we also tested the fluorescence
response of compound 3 to other anions, such as SCN−, F−,
Cl−, Br−, I−, NO3

−, OH−, CH3COO
−, ClO4

−, and H2PO4
−, but

no significant change in emission (Figure 4A, series a) behavior

Scheme 2. Probable Mechanism of Reaction Based Probe 3 with CN− and TFA
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was observed in the presence of these anions. Further, to check
the practical applicability of aggregates of 3 as a CN− sensor, we
carried out competitive experiments in the presence of 250
equiv of CN− in the presence of other anions at 500 equiv; no
significant variation in the fluorescence intensity was observed
(Figure 4A, series b). Aggregates of 3 can also detect cyanide
ions in blood serum containing CN− ions (Supporting
Information, Figure S6) and real water samples, including tap
water (Supporting Information, Figure S7A), local ground
water (Supporting Information, Figure S7B), and boiled water
spiked with the solution of sodium cyanide.
The interaction between anions and derivative 3 has also

been studied by the time-resolved fluorescence spectroscopy
(Figure 4B).56 In the absence of anions, derivative 3 exhibits a
single-exponential lifetime (τ = 1.46 ns) in H2O/EtOH (8:2, v/
v), whereas, in the presence of cyanide ions, the fluorescence
decay of derivative 3 is bi-exponential. This suggests the
formation of two distinct species, consisting of the anion bound
3-CN− adduct form (τ1 = 1.91 ns) and free derivative 3 (τ2 =
0.37 ns). Further, in addition of cyanide ions, the shorter
component amplitude gradually decreases (τ2 = 0.15 ns) and

the new longer component amplitude increases (τ1 = 2.54 ns).
On further addition of TFA to the 3-CN− adduct, the decay
curve revived with a single-exponential lifetime (τ = 1. 39 ns).
The recognition ability of 3 toward various anions (SCN−,

F−, Cl−, Br−, I−, CN−, NO3
−, CH3COO

−, ClO4
−, and H2PO4

−)
in the form of their corresponding tetrabutylammonium salts
(TBA+) was also investigated by cyclic voltammetry (CV) in
CH2Cl2:CH3CN (1:1) solution containing 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPF6) as a supporting
electrolyte57,58 (Supporting Information, Figure S13). The free
receptor 3 shows a reversible one-electron redox wave with a
half-wave potential (E1/2) value of ∼−94 mV. Upon addition of
5.0 equiv of CN− ions to the solution of 3, a cathodic shift
(ΔE1/2) of ∼−48 mV was observed due to the interaction
between cyanide and 3.59 In the presence of CN− ions, due to
transfer of electron density from anion to the receptor 3, the
HOMO energy level of the 3-CN− adduct is increased and the
LUMO energy level is decreased, therefore, narrowing the
HOMO−LUMO energy gap from 3.4 to 3.02 V. This
narrowing down of the HOMO−LUMO energy gap is

Figure 4. (A) Fluorescence response of 3 (5.0 μM) to various anions (250 equiv) in H2O/EtOH (8:2, v/v) mixture buffered with HEPES; pH =
7.05; λex = 282 nm. Bars represent the emission intensity ratio (I485/I380) (I380 = initial fluorescence intensity at 380 nm; I485 = final fluorescence
intensity at 485 nm after the addition of anions). (a) Blue bars represent selectivity (I485/I380) of 3 upon addition of different anions. (b) Red bars
represent competitive selectivity of receptor 3 toward CN− ions (250 equiv) in the presence of other anions (500 equiv). (B) Exponential
fluorescence decays of 3 on addition of CN− ions measured at 485 nm. Spectra were acquired in H2O/EtOH (8:2, v/v) mixture buffered with
HEPES; pH = 7.05; λex = 375 nm.

Figure 5. (A) 1H NMR titration of compound 3 with CN− ions and TFA in THF-d8/D2O (2:8). (B) 13C NMR titration of compound 3 with CN−

ions in THF-d8.
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responsible for the large Stokes shift observed in the emission
spectrum.22

We also carried out 1H NMR, 13C NMR, FT-IR, and ESI-MS
studies to get insight into the binding interactions between
CN− ions and 3 (Figure 5). The signal corresponding to the
−N-H proton at 10.33 ppm gradually disappeared, and an
average upfield shift of 0.21 ppm was observed corresponding
to all aromatic protons (Supporting Information, Figure S11)
in the 1H NMR spectrum on addition of 10 equiv of CN− ions
to the solution of receptor 3 in THF-d8/D2O (2:8).20 In the
13C NMR spectrum (Figure 5B) of 3 in the presence of CN−

ions, the signal at 161.47 ppm corresponding to the carbonyl
carbon disappeared with the appearance of two new signals at
114.58 and at 92.67 ppm corresponding to −CN and −C-O−

carbons and a signal corresponding to the −CF3 carbon shifted
slightly upfield from 101.78 to 98.84 ppm (Supporting
Information, Figure S12).60 In the FT-IR spectrum, after the
addition of CN− ions to compound 3, the peak corresponding
to the −CO group at 1717 cm−1 disappeared and two new
bands appeared observed at 2156.48 and 1279 cm−1

corresponding to −CN and −C-O− moieties, respectively.
Further, the band corresponding to the −N-H group shifted

from 3403 to 3223 cm−1 due to hydrogen bonding with the
electronegative oxygen atom (Supporting Information, Figure
S23). The ESI/MS spectrum of the 3-CN− adduct shows a
molecular ion peak at 512.576 corresponding to the [M + 2CN
+ 2H + Na + K]2+ complex (Supporting Information, Figure
S24).
These spectroscopic studies suggest the nucleophilic addition

of CN− ion to the carbonyl group, which leads to disruption of
closely packed aggregates, thus, resulting in fluorescence and
UV−vis spectral changes. This inference is supported by the
SEM and powder X-ray diffraction (XRD) studies. The self-
aggregation of derivative 3 was modulated in the presence of
CN− ions. The deaggregation behavior on addition of CN−

ions in receptor 3 can also be explained by the XRD analysis.
The powder XRD analysis of derivative 3 displays a broad halo
peak at 2θ = 20.8° with a d spacing of 4.27 Å, indicating π−π
stacking within the molecules61−64 (Supporting Information,
Figure S14). The SEM images of compound 3 in H2O/EtOH
(8:2, v/v) showed the presence of aggregates of an average
particle size of 1.3 μm (Supporting Information, Figure
S16A,B). The concentration-dependent 1H NMR spectra
show the downfield shift of 0.25 ppm (corresponding to
−NH protons) and an average upfield shift of 0.10 ppm for

Scheme 3. Probable Schematic Presentation of 3-CN− Adduct Formation

Figure 6. (A−C) Images showing the naked eye color change and (D−F) images showing the fluorescence change under the UV lamp at 365 nm of
paper strips coated with chemosensor 3 in response to CN− ions (10−3 M) and TFA (10−3 M).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500903d | ACS Appl. Mater. Interfaces 2014, 6, 5930−59395935



HPB protons (Supporting Information, Figure S15). These
results suggest the presence of π−π stacking within the
derivative 3 in which the molecules are stacked together and
amide groups are involved in H-bonding on the surfaces of the
aggregates (Scheme 3).65 On the other hand, the XRD analysis
of the 3-CN− adduct shows a broad peak at 2θ = 9.7° with a
higher d spacing value of 9.1 Å, thus, indicating the loosely
arranged molecules. In the presence of CN− ions, the −NH
hydrogen are no longer free for intermolecular H-bonding,
showing the disruption of closely packed aggregates to form
discrete smaller aggregates (Scheme 3). The SEM images of the
3-CN− adduct in H2O/EtOH (8:2) also show the disruption of
closely packed aggregates to form dispersed smaller nano-
aggregates (Figure 2E,F) of an average particle size of 200 nm
(Supporting Information, Figure S16C,D). The dynamic light
scattering (DLS)49 studies clearly show that, in the presence of
CN− ions, the closely packed aggregates (average diameter of
particles = 1.3 μm) are deaggregated to smaller aggregates
(average diameter of particles = 200 nm) (Supporting
Information, Figure S17). These smaller aggregates show the
emission maxima at 485 nm in the fluorescence spectrum. The
smaller-sized aggregates are known to emit strongly in the
fluorescence spectrum.66

We also prepared paper strips by dip-coating a solution of 3
on Whatman filter paper, followed by drying the strips under
vacuum. A solution containing Bu4NCN in H2O/EtOH (8:2)
(10−3 M) was sprayed onto the strip by writing “GNDU”, and
the solvent was evaporated in air. A green fluorescent image

with yellow spots appeared on the regions exposed to cyanide
ions (Figure 6). For erasing, an ethanol solution of TFA (10−3

M) was sprayed onto the strip, the green fluorescent cyanide
image disappeared, and the blue fluorescence revived in the
cyanide exposed area. We performed the paper strip test in an
aqueous solution of cyanide ions. Green fluorescent spots of
different concentrations were formed, which show that the
regulation of the stimulating behavior of 3 is practically
applicable by varying the concentration of CN− even up to the
level of 10−6 M (Supporting Information, Figure S18). Further,
when a 10 μL volume of 1 × 10−6 M CN− solution is spotted
on the filter paper strips covering an area of 1 cm2, ∼2.6 ng of
CN−, a detection limit of ∼2.6 ng/cm2 is obtained.67 This
means 3 can detect cyanide in a pure water sample at very low
concentration, which makes derivative 3 a powerful tool for the
detection of cyanide in practical applications.
Recently, the development of sequential logic devices

involving the alteration of chemically encrypted information
into fluorescent signals has emerged as an active research area
of unconventional computing.68,69 Sequential logic circuits70

are essential for the realization of memory devices capable of
storing information and operating through the feedback loop
where one of the outputs of the device functions as the input
and is memorized as “‘memory element”’. Thus, depending
upon the different chemical inputs (CN− and TFA/H+) and
fluorescent signals as outputs (λemis = 380 and 485 nm),
sequential logic circuits are constructed. The two chemical
inputs CN− and TFA/H+ (pH ≤ 3) are designated as In C and

Figure 7. Table 1 is the Truth Table for sequential logic circuit A, where 0 = Off and 1 = On signals. (A) Sequential logic circuit displaying memory
units with two inputs (In C and In H) and two outputs (380 and 485 nm). (B) Reversibility of fluorescence spectrum of 3 (5 μM) in the presence of
CN− ions and TFA in H2O/EtOH (8:2, v/v); λex = 282 nm. (C) Schematic representation of the reversible logic operations for memory element
possessing “write−read−erase−read” functions.
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In H, respectively. The threshold values of fluorescence
intensities specified at Output-1 (380 nm) and Output-2
(485 nm) are 150 and 90, respectively. Fluorescence intensities
higher than the threshold values are assigned as “1” and
intensities lower than the threshold values are assigned as “0”,
corresponding to the “on” and “off” states of the readout
signals, respectively. First, we constructed a logic circuit with
two inputs (In C and In H) and two outputs (Figure 7A)
measured as the fluorescence emissions at 380 nm (Output-1)
and 485 nm (Output-2). The truth table (Figure 7, Table 1)
reveals various combinations of inputs for “Output-1” and the
sequential logic circuit of “Output-1” emission representing the
set/reset element that corresponds to the memory device. The
sequential logic operations are presented by two inputs: reset
(In C) and set (In H) as a function of the memory element
(Figure 7C). The reversible and reconfigurable sequences of
set/reset logic operations in a feedback loop demonstrate the
memory feature with ‘‘write−read−erase−read’’ functions
(Figure 7C) through the output signals at 485 and 380 nm.
The reset input (In C = 1) results in the fluorescence off at 380
nm, and this encoded information is “read” out in the system as
“erased” and saved as “Output-1 = 0” and ‘‘Output-2 = 1’’. The
stored information was “written” by the set input (In H = 1)
with the fluorescence on at 380 nm and off at 485 nm, and the
system writes and saves “Output-1 = 1’’ and ‘‘Output-2 = 0’’.
Further, the write−erase cycles were performed on receptor 3
through “on−off” fluorescence intensity (at 485 and 380 nm)
with good rewritable characteristics as well as visual
fluorescence changes by adding CN− and TFA/H+ in alternate
sequence (Figure 7B).

■ CONCLUSION
In conclusion, we designed and synthesized an AIEE-active
HPB-based receptor 3 for selective detection of cyanide ion in
an aqueous medium. A unique colorimetric and ratiometric
fluorescent response to cyanide is realized through the
formation of the 3-CN− adduct via nucleophilic addition of
CN− ions to the highly electron-deficient amide moiety in an
aqueous environment. The ∼2.6 ng/cm2 detection level with
high sensitivity achieved by using disposable filter paper based
test strips provides a simple and low-cost protocol for the on-
site instant detection of cyanide ions in aqueous phase. Further,
aggregates of 3 behave as a reversible reaction based system for
the ratiometric detection of CN− ions and TFA/H+. In
addition, these aggregates mimic the functions of a set−reset
memorized sequential logic circuit with inputs of CN− and
TFA/H+ ions (pH ≤ 3).

■ EXPERIMENTAL SECTION
Materials and Reagents. All reagents were purchased from

Aldrich and were used without further purification. THF was dried
over sodium and benzophenone as an indicator. UV−vis studies were
performed in THF, absolute ethanol, distilled water, and HEPES
buffer (0.05 M) (pH = 7.05).
Blood Serum. A real blood sample of a medically fit person was

used for the experiment, and all physiological conditions were
maintained. The blood serum was isolated by centrifugation of the
fresh blood sample of a healthy volunteer after fasting at 4000 rpm for
20 min at 4°C. The stock solution of blood serum was prepared by
dissolving 100 μL of serum in 1 mL of a solution of HEPES buffer
(0.05 M) at pH = 7.05.
Instrumentation. UV−vis spectra were recorded on a SHIMAD-

ZU UV-2450 spectrophotometer, with a quartz cuvette (path length: 1
cm). The cell holder was thermostated at 25°C. The fluorescence

spectra were recorded with a SHIMADZU-5301 PC spectrofluorim-
eter. UV−vis spectra were recorded on a Shimadzu UV-2450PC
spectrophotometer with a quartz cuvette (path length: 1 cm). The cell
holder was thermostated at 25 °C. The scanning electron microscope
(SEM) images were obtained with a field emission scanning electron
microscope (SEM JEOL JSM-6610LV). The FT-IR spectra were
recorded with a VARIAN 660 IR Spectrometer. The dynamic light
scattering (DLS) data were recorded with a Malvern Instruments
Nano-ZS. The time-resolved fluorescence spectra were recorded with a
HORIBA time-resolved fluorescence spectrometer. 1H and 13C were
recorded on a BRUKER-AVANCE-II FT-NMR-AL400 MHz spec-
trophotometer using CDCl3, THF-d8, D2O as solvent, and
tetramethylsilane, SiMe4, as internal standards. Data are reported as
follows: chemical shifts in ppm, multiplicity (s = singlet, br = broad
signal, d = doublet, t = triplet, m = multiplet), coupling constants J
(Hz), integration, and interpretation. Silica gel 60 (60−120 mesh) was
used for column chromatography.

Quantum Yield Calculations. Fluorescence quantum yield was
determined by using an optically matching solution of diphenylan-
thracene (Φfr = 0.90 in cyclohexane) as standard at an excitation
wavelength of 373 nm, and quantum yield is calculated using the
equation

Φ = Φ × −
−

× ×
−

−
N
N

D
D

1 10
1 10

A L

A Lfs fr
s

2

r
2

s

r

r r

s s

Φfs and Φfr are the radiative quantum yields of sample and the
reference, respectively, As and Ar are the absorbance of the sample and
the reference, respectively, and Ds and Dr are the respective areas of
emission for sample and reference. Ls and Lr are the lengths of the
absorption cells of sample and reference, respectively. Ns and Nr are
the refractive indices of the sample and reference solutions (pure
solvents were assumed, respectively).

UV−vis and Fluorescence Titrations. The concentration of
HEPES buffer (pH = 7.05) is 0.05 M. For each experiment, we have
taken 3 mL of a solution that contains a solution of derivative 3 in 15
μL of THF diluted with 585 μL of EtOH and 2.4 mL of HEPES buffer
(0.05 M, pH = 7.05). UV−vis and fluorescence titrations were
performed with 5.0 μM solutions of ligand (15 μL of THF is used to
dissolve) in H2O/EtOH (8:2, v/v). Typically, aliquots of freshly
prepared standard solutions (10−1 M to 10−3 M) of tert-butyl
ammonium salt (tBu4N

+X−), where X = CN−, F−, Cl−, Br−, I−,
NO3

−, CH3COO
−, ClO4

−, and H2PO4
−, are used, and trifluoroacetic

acid (TFA) in EtOH and freshly prepared standard solutions (10−1 M
to 10−3 M) of metal perchlorates [M(ClO4)x; M = Zn2+, Hg2+, Cu2+,
Fe2+, Fe3+, Co2+, Pb2+, Ni2+, Cd2+, Ag+, Ba2+, Mg2+, K+, and Na+; x =
1−2] in EtOH were added to record the UV−vis and fluorescence
spectra. In titration experiments, each time, a 3 mL solution of
compound was filled in a quartz cuvette (path length: 1 cm) and
spectra were recorded.

Synthesis of HPB Derivative 3. To a solution of hexaphe-
nylbenzene-based derivative 220 (0.05 g, 0.07 mmol) in glacial acetic
acid (5.0 mL) was added an excess of trifluoroacetic anhydride, in ice-
cold conditions, and the resulting reaction mixture was stirred at room
temperature for 1 h. The reaction mixture was then poured into ice-
cold water for precipitation.51 The brown-colored solid was filtered
and washed with water to furnished compound 3 (0.045 g, 71% yield)
mp. > 280 °C (Scheme 1). The structure of compound 3 was
confirmed from its spectroscopic and analytical data (Supporting
Information, Figures S19−S22). 1H NMR (400 MHz, THF-d8): δ =
10.33 (s, 2H, −NH), 7.68 (d, J = 8, 2H, ArH), 7.62 (d, J = 8, 4H,
ArH), 7.43 (d, J = 8, 4H, ArH), 7.34 (q, J = 9.2, 2H, ArH) , 7.17 (d, J =
8, 6H, ArH), 7.02 (d, J = 8, 2H, ArH), 6.94 (d, J = 8, 4H, ArH), 6.78-
6.86 (m, 12H, ArH). 13C NMR (THF-d8, 100 MHz): δ = 161.47,
141.63, 141.55, 141.33, 140.90, 138.36, 137.48, 136.81, 132.95, 132.59,
132.33, 132.26, 132.20, 129.03, 128.91, 127.58, 127.44, 127.37, 126.04,
125.55, 121.57, 101.78. ESI-MS mass spectrum of compound 3
showed a parent ion peak, m/z = 947.3027 [M + K]+. The IR
spectrum of compound 3 showed stretching bands at 1717 cm−1

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500903d | ACS Appl. Mater. Interfaces 2014, 6, 5930−59395937



corresponding to the −CO group and 3403 cm−1 corresponding to
the −NH group.
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