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Halogen bond triggered aggregation induced
emission in an iodinated cyanine dye for ultra

sensitive detection of Ag nanoparticles in tap water
and agricultural wastewater
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Aggregation induced emission (AIE) has emerged as a powerful method for sensing applications. Based on

AIE triggered by halogen bond (XB) formation, an ultrasensitive and selective sensor for picomolar detection

of Ag nanoparticles (Ag NPs) is reported. The dye (Cyl) has an iodine atom in its skeleton which functions as

a halogen bond acceptor, and aggregates on the Ag NP plasmonic surfaces as a halogen bond donor or

forms halogen bonds with the vacant w orbitals of silver ions (Ag®).

Formation of XB leads to

fluorescence enhancement, which forms the basis of the Ag NPs or Ag™ sensor. The sensor response is

linearly dependent on the Ag NP concentration over the range 1.0-8.2 pM with an LOD of 6.21 pM (¢ =

3), while for Ag* it was linear over the 1.0-10 puM range (LOD =
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2.36 uM). The sensor shows

a remarkable sensitivity for Ag NPs (pM), compared to that for Ag* (uM). The sensor did not show any

interference from different metal ions with 10-fold higher concentrations. This result indicates that the

DOI: 10.1039/c8ra04186e

rsc.li/rsc-advances and wastewater samples.

1. Introduction

The photophysical properties of organic and inorganic mole-
cules have motivated researchers’ interest throughout time. In
particular, luminescence, which is the radiative state of mole-
cules absorbing light, has been used extensively in different
applications such as molecular logic gates,"” sensors,*™ organic
thermometers,® and cellular imaging.>” However, luminescence
has some disadvantage such as stability and aggregation
induced quenching (AIQ). The latter dominates at high
concentrations or in the solid state. On the other hand, in some
molecules luminescence increases upon aggregation, which is
known as aggregation induced emission (AIE). AIE-based
materials have been used in different applications such as
pharmaceutical analysis,® biomedical applications,®'® and bio-
logical imaging."** The molecular forces behind AIE were
mainly ascribed to the restriction of intramolecular rotation
(RIR), twisted intramolecular charge transfer (TICT), J-aggregate
dyes, and hydrogen bonds (HB)."* However, halogen bond (XB)
induced emission enhancement is scarce.? XB is a parallel realm
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proposed sensor is inexpensive, simple, sensitive, and selective for the detection of Ag NPs in both tap

to HB, which is comparable in terms of energy strength and
directionality.*>'® XB forms between halogen atoms X (X =F, Cl,
Br, and I) and electron donor atoms Y (N, S, and O). The formed
XB (C-Y---X) has an electrostatic nature as it formed between
the electron deficient part of X and the high electron density cap
of the Y atom (Type I). In addition, the XB might form between
the electron density belt on the equatorial axis of the X atom
and the electron deficient part of the Y atom (Type II)."> XB has
proven itself as a competitive binding motif with HB in different
applications such as supramolecular architecture and anion
recognition.”® XB could be formed between the sigma hole of
a halogen atom with an organic substrate,'”** a macrocycle," or
a metal center,”* and the negative belt on the nano-
structure.”?* XB was used as a binding motif in the inhibition
of gold-based bimetallic catalysis by aryliodides.** In addition,
the interaction between the Au NPs and the 1,4-diiodobenzene
was used in single molecular junctions.*

Recently, silver nanoparticles (Ag NPs) have been widely used
in different human activities. The potent antimicrobial effect of
Ag NPs is widely used in different applications.*® For example,
Ag NPs are currently used in food packaging processes, wound
healing fibers, and nanosilver toothpaste. However, Ag NPs are
toxic when there is leakage into water drains and food supplies.
Therefore, the development of sensors for detecting small
traces of Ag NPs is in high demand. Several sensors for Ag NPs
have been developed based on different methodologies such as
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fluorogenic oligonucleotide,” ICP-based techniques,* electro-
thermal atomic absorption spectroscopy (ETAAS),***° and X-ray
fluorescence spectrometry combined with cloud point extrac-
tion (TXRF).** On the other hand, colorimetric®*** as well as
chemiluminescence®*** based methods were used for Ag NP
determination. The proposed techniques are sensitive to Ag NP
traces, but overcoming requirements for expensive techniques
for the extraction and an increased number of separation steps
is another challenge.

Here we present XB as a new motif for the aggregation of
dyes (cyanine) on metal nanoparticle surfaces. Such aggregation
induced emission enhancement of the cyanine dye derivative
was used as a ratiometric sensor for both Ag" and Ag NPs in
aqueous solutions. The molecular interactions between the XB
donor (I atom) and the halogen bond acceptor induces the
fluorescence enhancement of the dye. In addition, the sensi-
tivity of the Ag NP plasmonic surfaces to the XB formation
increases the sensitivity by 10° times compared to the silver
ions. The sensor principle was successfully applied for the in
situ detection of Ag NPs in both tap and wastewater real
samples.

2. Materials and methods
2.1 Material preparation

2.1.1 Cyanine dyes. Substituted cyanine dyes were prepared
according to the literature using a microwave assisted solvent-
free synthesis.*” In brief, benzothiazolium salt (2 mmol) and
4-methylquinolinium salt (2 mmol) with a few drops of trie-
thylamine were mixed in a glass conical flask. The mixture was
subjected to microwave irradiation at 320 or 260 W for 8 or
5 min for Cyl and Cy respectively. After cooling and washing
with diethyl ether, an orange to yellowish orange precipitate was
obtained.

1-Methyl-4-((3-methylbenzofd]thiazol-2(3H)-ylidene)methyl)
quinolin-1-ium (Cy). Yellowish orange crystals, yield: 87%; mp:
272-276 °C; IR (KBr): v = 1466 (SH), 1520, 1616 cm ' (C=C, C=
N); "H NMR (DMSO-d6): 6 = 1.39 (t,/ = 7.0 Hz, 3H, CH,), 4.16 (s,
3H, CH3;), 4.63 (q,] = 6.8 Hz, 2H, CH,), 6.89 (s, 1H, =CH), 7.33-
8.76 (m, 10H, Ar-H); "*C NMR: 6 = 12.3 (CH3), 40.9 (CH,), 42.3
(CH3), 87.2 (=CH), 107.8, 112.5, 118.1, 122.7, 123.9, 124.5,
125.4,126.9, 128.4, 133.2, 137.9, 139.3, 144.7, 148.7 (Ar-C), 158.6
(NCS).

1-(3-Iodopropyl)-4-((3-methylbenzo[d]thiazol-2(3H)-ylidene)

methyl)quinolin-1-ium (CylI). Orange crystals, yield: 90%; mp:
230-235 °C; IR (KBr): » = 1469 (SH), 1500, 1606 cm ™+ (C=C, C=
N); 'H NMR (DMSO-d6): 6 = 2.37 (m, 2H, CH,), 3.39 (t, J =
7.0 Hz, 2H, CH,), 3.96 (s, 3H, CH3), 4.53 (t,J = 7.3 Hz, 2H, CH,),
6.73 (s, 1H, =CH), 7.12-8.72 (m, 10H, Ar-H); "*C NMR: § = 2.3
(CH,), 32.1 (CH,), 33.9 (CH,), 54.3 (CH,), 88.5 (=CH), 107.6,
112.7, 117.1, 122.6, 123.7, 123.8, 124.3, 125.6, 126.4, 127.8,
133.2, 136.1, 140.0, 143.3, 148.0 (Ar-C), 159.7 (NCS).

2.1.2 Ag NP preparation. Ag nanoparticles were prepared
using the citrate reduction of AgNO; according to a reported
method.*® A calculated amount of AgNO; (17 mg, 0.1 mmol) was
dissolved in 100 ml DW and the solution was heated to 95 °C.
Then, the appropriate amount of trisodium citrate (100 mg, 0.38
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mmol) was gently added under continuous stirring. The Ag NP
concentration was calculated according to the literature.*® For
the metal ions interference experiment, 1 mM of different
inorganic salts was dissolved in double-distilled water and
titrated against 3 ml of cyanine dye (10 uM) using a micropi-
pette. Double-distilled water was used throughout the course of
the investigations.

2.2 Sample preparation for detection

For Ag NP sensing in both tap water and wastewater, the
samples were prepared using the standard addition method.
The appropriate concentration of AgNO; was dissolved in tap
water or the wastewater from Kitchener Drain, Kafrelsheikh,
Egypt. The solution was then heated to 95 °C and the required
trisodium citrate was slowly added under continuous stirring.
Then, the solution was irradiated under a UV lamp for 30 min in
the presence of trisodium citrate as the reducing agent in order
to completely convert the possibly formed AgCl to Ag NPs. The
required volume of the Ag NP solution was added to 10 pM of
Cyl in a 3 ml cuvette.

2.3 Characterization

The morphology and average size of the Ag NPs were measured
using a transmission electron microscope with an acceleration
voltage up to 200 kV (TEM, JEOL-JEM-2100, Tokyo, Japan). A UV-
vis spectrophotometer (Shimadzu UV-2450) was used to
measure the optical properties over a range of 200-700 nm. A
spectrofluorometer (Shimadzu, RF-5301PC) was used for fluo-
rescence measurements.

2.4 Theoretical calculations

The structures were optimized using DFT calculations imple-
mented in Gaussian09.* The B3LYP/LanL2DZ basis set was
employed for the optimization of iodine and silver atoms. The
stability of the structures was confirmed by performing the
frequency calculations. All of the optimized structures gave
positive frequencies for the stable adducts on the potential
energy scan. Visualization of the data was performed using the
VMD program (version 1.9).

3. Results and discussion
3.1 Photophysical properties of Cyl

The absorption spectrum of Cyl is shown in Fig. 1. The dye
possesses a characteristic peak at ca. 270 nm, which was
attributed to the m-m* transition for the conjugated aromatic
system while a strong and narrow absorption peak observed at
505 nm was ascribed to an intramolecular charge transfer (ICT)
transition,* which is sensitive to the solvent polarity (Fig. 1a).
On the other hand, CyI gives a characteristic fluorescence peak
at 520 nm upon excitation (dex = 470 nm). The fluorescence
quantum yield of Cyl was measured using coumarin 153 (¢ =
0.38 in ethanol)** as the reference dye. The results show a low
quantum yield (@ = 0.013 in water) of CyI due to the presence of
the heavy I atom, and this significantly increases upon the
addition of Ag NPs (¥ = 0.048 in water, 50 pm Ag NPs). The

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Absorption (a) and emission (Aex = 420 nm) (b) spectra of Cyl in different solvents at room temperature.

fluorescence peak is sensitive to the solvent environment, which
is blue shifted in non-polar solvents and red shifted in polar
solvents, suggesting the polar nature of the excited state (Fig. 1b
and Table 1).

In order to confirm the polar nature of both the ground and
excited states of Cyl, a plot of the absorption maximum and
emission maximum versus the Dimroth-Reichardt (E1(30))*
solvent parameter in different solvents was created. Fig. 2 shows
a significant solvatochromic effect for Cyl in the selected
solvents with the emergence of two data sets, one for the aprotic
solvents (CH,Cl,, DMSO and CH;CN) and the other for protic
solvents (water, ethanol, and methanol). This result demon-
strates the role of proton donating ability in forming hydrogen
bonds between the solvent and the solute in both ground and
excited states. In addition, absorption energies increase with
the increase in E1(30), while the emission energies decrease.

Notably, CyI gives two emission peaks at 524 and 558 nm in
polar solvents, and these could be attributed to aggregation
processes. In order to confirm the aggregation process, emis-
sions of different concentrations of CyI were recorded (Fig. 3).
The results show that the aqueous solution of Cyl gives two
emission peaks, attributed to the monomer (short wavelength)
and the aggregated form (longer wavelength). The ratio between
the longer and shorter wavelengths increases with the increase
in the dye concentration, which confirms the aggregation

process. Interestingly, there is an emission shoulder which
appears at 600 nm and could be attributed to the aggregated
form of Cyl.

3.2 Ag NP preparation and their interactions with Cyl

Ag NPs were prepared using the direct reduction of Ag” with
trisodium citrate under heating. The obtained NPs have
a spherical shape and a diameter of 20-30 nm (Fig. 4a). To
investigate the effect of the dye (CyI) on Ag', an aqueous solu-
tion of Ag" with CyI (0.1 mM) was left for two days in air at room
temperature. Interestingly, aggregated Ag NPs were observed
under TEM (Fig. 4b). Electron transfer from the dye (CyI) to Ag"
is responsible for the reduction process. This process is thought
to occur through halogen bond (XB) formation, and this is
confirmed using theoretical calculations (DFT) as described in
a later section.

In order to investigate the interactions between the cyanine
dye derivatives with Ag" and Ag NPs, the absorption and fluo-
rescence spectra of the dyes were recorded at different
concentrations. The absorption spectra of Cyl show character-
istic maximum absorption peaks at 504 nm, which decrease
upon the addition of both Ag" and Ag NPs aqueous solutions
with an isosbestic point at 455 nm that gives an indication of
complex formation. The fluorescence of Cyl demonstrates two

Table 1 UV-Vis absorption and fluorescence of Cyl in different solvents

Solvent E1(30) Amax” Wavenumber® & Aem” Wavenumber®
Water 63.1 504 19 841 2940 524, 558 17 921.15
MeOH 55.4 505 19 802 5920 523, 547 18 281.54
EtOH 51.9 507 19 724 10 120 529, 545 18 348.62
CH;CN 45.6 504 19 841 11 120 530, 548 18 248.18
Acetone 42.2 506 19 763 15 200 525, 545 18 348.62
CHCl, 39.1 508 19 685 12 220 542 18 450.18
n-Butanol 49.7 511 19 570 26 680 546 18 315.02
DMSO 45.1 511 19 570 26 680 548 18 248.18
CH,Cl, 40.7 512 19 531.25 89 600 544 18 382.35

4 Wavenumber in em ™. ? ¢ in M~ em ™%

This journal is © The Royal Society of Chemistry 2018
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characteristic peaks with maxima at 535 and 600 nm which were
ascribed to the presence of the monomer (535 nm) and the
aggregated form (600 nm peak). Upon addition of different
concentrations of Ag" and Ag NPs, a subsequent decrease in the
monomer peak is observed, and a successive increase in the peak
at longer wavelengths is observed (Fig. 5 and 6). The new peak

100 nm

(600 nm) is attributed to the aggregation of CylI by the complex-
ation with both Ag" and Ag NPs. To confirm the aggregation
process, an aqueous solution of Cyl was subjected to Ag NPs,
which have a uniform spherical shape as in Fig. 4a. The TEM
image shows the aggregation of Ag NPs by CyI (Fig. 4c).

3.3 Proposed mechanism for the interaction of CyI with
both Ag" and Ag NPs

In order to investigate the binding mechanism between CyI with
both Ag" and Ag NPs, theoretical calculations (B3LYP/LanL2DZ)
were used to corroborate the experimental work. The optimized
structure of Cyl with Ag' shows that the stable structure had
a1:1ratio of Cyl and Ag'. The molecular electrostatic potential
of CylI shows the distribution of the electron density over the
whole molecule and the presence of a negative belt on the
iodine atom, with a positive cap on the I atom linear (C-I) bond
axes (Fig. 7a). These results show the motivation for the XB to
form through the negative belt on the iodine atom and the
positive charge on the Ag’ cation. The binding between the Ag"
and I atoms matches the XB in terms of bond length shortening
and directionality. The Ag---1 bond length is 2.84 A which is
23.2% less than the sum of the van der Waals radii of Ag (1.72 A)
and I (1.98 A), while the bond angle is 105.8° which is in
accordance with Type II XB (Fig. 7b)."> NBO analysis for the
optimized structure was performed to investigate the nature of

Fig.4 TEM of Ag NPs prepared using (a) trisodium citrate as the reducing agent, (b) Ag* and Cyl as the reducing agent, and (c) Cyl + Ag NPs (after

2 days).
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Fig. 5 Emission spectra of 10 uM Cyl and increasing concentration of Ag* cations in aqueous media (pH = 7) at room temperature. The inset is
the change in the emission spectra (600 nm) upon addition of different Ag* concentrations.

40
R’=0.99

35

30

N
(3,

-
[3,]

Flu. Intensity (a.u)
N
o

Conc Ag NPs [pM]

-
o

0 I T )
500 550 600 650 700 750

Wavelength (nm)
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the bond stabilization.’”'® The data analysis reveals strong a stabilization energy of 40.01 kcal mol . The high Ecy value
interactions between the lone pair from the iodine atom to the indicates strong charge transfer through XB formation, which is
vacant Ag orbital (LP (3) I 40 — LP*(6) Ag (41)) with responsible for the reduction of Ag* by CyL

a) b)

Fig. 7 (a) Calculated MEP of Cyl and (b) optimized structure of Cyl-Ag at the B3LYP/LanL2DZ level of theory.
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Fig. 9 Optimized structures (B3LYP/LanL2DZ) of (a) Cyl-CB6, and (b) Cyl-CB7 molecular adducts.

In order to prove the complexation mode, we used Cy
(Scheme 1) in which there is no I atom in the dye skeleton.
There is no significant increase in emission for the 600 nm
peak (Fig. 8a), which is direct evidence that the complexation
occurs through the binding of the iodine with Ag" and Ag NPs.
Another piece of evidence comes from the supramolecular
binding of CyI with cucurbit[n]uril (CBn). CBn is a macrocyclic
compound with n glycouril units. The cavity of the CBn is
variable according to the number of glycouril units, with
a size of 68, 142, and 242 A for CB5, CB6, and CB7 respec-
tively.** CB5 is very small and could only bind with some
inorganic anions such as CI” and NO; .** On the other hand,
CB6 is big enough to accommodate aliphatic amines, while
the volume of CB7 is big enough to accommodate aromatic
rings. Successive addition of different concentrations of
either CB6 or CB7 to Cyl enhances the emission peak at
600 nm (Fig. 8b and c). The fluorescence enhancement in both
cases could be attributed to the disturbance of the charge
separation in Cyl. This effect was mainly due to the binding of
CB6 to the iodine atom (k = 1.34 x 10* M~ ") or CB7 to the
benzothiazole moiety (k = 2.64 x 10° M~ 1).
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This was supported by the DFT calculations (B3LYP/LanL2DZ),
which showed that the structure for CB6 was stabilized through
iodine (Fig. 9a), while CB7 was stabilized by the complete inclu-
sion of the benzothiazole moiety (Fig. 9b). To further investigate
the binding mode of Cyl with Ag" and Ag NPs, different concen-
trations of CB6 were added to CyI until the saturation point was
reached, then Ag" or Ag NPs were added. There was no fluores-
cence enhancement upon the addition of Ag" or Ag NPs (Fig. 10a),
which was attributed to blocking of the binding sites (I atoms) by
complete complexation with CB6, and hence the binding site is
no longer accessible. However, when using CB7, which has
a bigger volume accessible to benzothiazole, addition of Ag" or Ag
NPs results in a further increase in the emission at the maximum
wavelength (Fig. 10b). This result shows that after complexation
of CB7 with benzothiazole, the iodine atom is still accessible to
the Ag" or Ag NPs for binding.

3.4 Selectivity

The response of the investigated optical nanosensor to different
metal ions was investigated using emission of CyI at 600 nm.

800

—cyA
——Cy-+CB7
—— (Cy-I+ CB7)+Ag NPs
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T T . 1 1
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T
550

Fig.10 Emission spectra of (a) 10 uM Cyl (green), Cyl + 10.3 uM CB6 (black) and Cyl + 10.3 uM CB6 + 7.88 uM Ag NPs (red); (b) 10 uM Cyl (green),

Cyl + 6.8 uM CB7 (black) and Cyl + 6.8 uM CB6 + 7.88 uM Ag (red).
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Among metal ions, Mn**, Fe**, Co®*, Ni**, Cu®', Zn**, sn**, cd*",
Hg>", Cr**, Pb**, K', Ag" and Ag NPs were investigated. These
metals were chosen due to their widespread occurrence in the
environment and their toxic effects. Among different metal
ions, Ag NPs, Ag*, and Hg”* revealed stronger abilities to bind
with Cyl. However, the sensor response was highly selective to
Ag NPs compared to Ag* and Hg>" ions (selectivity was 10° times
greater). According to their ionic radii, Ag" and Hg** have larger
values (0.129, 0.116 nm) respectively compared with the other
studied ions, so the probability of halogen bond formation with
iodine centers increases.
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relation between the concentration of the Ag NPs and the
emission response (F — Fy)/F, gives a linear relationship with
a correlation coefficient (R*) of 0.99 (Fig. 11). The sensor
exhibits a limit of detection (LOD) of 6.21 pM. Meanwhile the
sensor response to Ag' was linear in the 1.0-10 uM range
(LOD = 2.36 uM). The sensitivity of the sensor to Ag NPs is
compared to the reported methods (Table 2). Moreover, the
fluorescence enhancement triggered by XB is easy to perform
and did not need any complicated pre-preparation time or
sophisticated instruments such as ETAAS (Table 2).

4. Real sample application

To validate our method for detection of Ag NPs in real samples,
a standard addition method was used. We prepared i situ Ag NPs
in samples from tap water and wastewater. The Ag NPs were
prepared using the chemical reduction of Ag* by trisodium citrate.
Then the samples were exposed to UV light (365 nm) for 10 min in
the presence of sodium citrate to verify the complete reduction and
conversion of the possible formation of AgCl to Ag NPs.*® Tap water
was used from the Kafrelsheikh University water supply, while
wastewater was used from Kitchener Drain, Kafrelsheikh, Egypt.
Kitchener Drain is located 20 km north of Cairo and extends more
than 69 km through three Egyptian governorates. It is considered
to be the most heavily polluted water drain in Egypt, and this is
mainly from industrial and agricultural activities. The most
abundant heavy metals in Kitchener Drain were Cd, Ni, and Pb.*

Table 3 Determination of Ag NPs in tap and wastewater real samples

Added Ag NPs Ag NPs found

. Sample e M M Recovery %
3.5 Sensor sensitivity Ple op (PM) (M) R4
To determine the sensitivity of the sensor, different concentra- Tap water 0.96 1.01 105.2
tions of Ag" or Ag NPs were added to Cyl. Upon addition of Ag 1'23 iig ;gol
NP§ 1r.1 the concentration rang? between 1 and 7.88.pM, t.he Wastewater 1.50 1.47 08
emission peak of CyI at 600 nm increased. The saturation point 1.87 1.87 100
was reached at the ratio of 1:1 Cyl to Ag NPs. Plotting the 2.25 2.18 96.9
Table 2 Methods for Ag™ and Ag NP detection

Ag* Ag NPs
Analytical method Linear range LOD Linear range LOD Reference
Fluorometric 66.7-667 nM 64.2-241 nM 27
Fluorometric 1-100 nmol I™* 50 pmol 17! 44
ICPMS 0.1-146 pg 1 * 0.006 pg 17" 28
ICPMS 0.07 pug 1! 0.025-99.4 pg 17 0.13 pg 17* 45
ETAAS 0.02-0.3 pg 17! 0.0007 pg 17* 29
ETAAS 0.1-0.4 pg 1! 0.0007 pg 17* 30
FIA-CL 0.0003-0.0009 0.0002 pg 1t 36
UV spectroscopy 17-425 pg 171 1pgl™? 46
TXRF 5-1000 pg 17! 0.7 pg 1™ 31
Fluorescence 0.1-5.0 pM 14 ppb 34
Colorimetric 1.0-5.0 uM 0.5 uM 47
Chemiluminescence 2.5-80 pM 1.9 pM 36
Fluorescence 1.0-10.0 M 2.36 UM 1.0-7.9 pM 6.21 pM This work
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The experiment was performed in triplicate (n = 3). Using
the standard calibration curve (Fig. 11), the proposed sensor
was able to recover the in situ Ag NPs with high sensitivity, with
recoveries between 105.2 and 96.9% (Table 3). This result
indicates that the proposed sensor is sensitive and selective for
the detection of Ag NPs under real conditions.

5. Conclusions

An inexpensive and selective sensor for Ag NPs was developed.
The mechanism of detection was based on the emission
enhancement of the dye (Cyl) upon the formation of halogen
bonds with the Ag NP plasmonic surfaces. The detection limit
was 6.21 pM in the range from 5.0 to 50 pM (n = 3). The method
is selective for Ag NPs with a concentration 10° times lower than
Ag" and Hg”" ions. The method is applicable to in situ deter-
mination of the concentration of Ag NPs in both tap and
wastewater in real samples.
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