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We herein report a highly efficient, cost effective, convenient as well as selective colorimetric probe for
sulphide (5%7) in the form of silver nanoparticles (AgNPs) capped by an azonaphthol viz. 1-[(4-
nitrophenyl)azo]-2-naphthol. A naked eye color change from bright yellow to colorless was observed
upon the addition of $2~ to the AgNPs. A remarkable feature of this probe is the unique morphological
transition of spherical AQNPs to dendritic architecture induced by S2~. Although dendritic AGNPs have
been reported previously also by many workers through various methods. Here we are presenting
a probe that not only selectively recognises $2~ colorimetrically but at the same time paves the way for
the self-assembled dendritic structure of AgNPs. The lowest detection limit for $>~ was found to be 67
nM which is much lower than the maximum endurable level (15 uM) of S?~ in drinking water by World
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Introduction

Metal nanoparticles have successfully been explored for their
applications in biological, biomedical, chemical and analytical
fields."> On one hand they are utilized for diagnosis, thera-
peutics® and imaging®® purposes, while on the other hand they
have also been widely used in perceiving a wide spectrum of
analytes ranging from ions, small molecules to biomolecules.®”
Their applicability as chemical sensors is widely been exploited
due to their size, shape and morphology dependent optical
properties.® The occurrence of a Surface Plasmon Resonance
(SPR) band in the UV-visible range and its modulation by
different analyte in their characteristic way paved the way for
their uses in analyte sensing.®™°

Among metal nanoparticles, gold (Au) and silver (Ag) nano-
particles (NPs) have widely been used in the field of analyte
recognition as their sensing response can be easily observed
through naked eye.'* Furthermore, AgNPs being less obnoxious
with additional features of simple manageability, biocompati-
bility, high selectivity and sensitivity have attracted a number of
researchers towards their use as optical sensors.*">** We have
concentrated on AgNPs as the same have high extinction coef-
ficient as compared to AuNPs of the same size,'"*>'*** as well as
exhibit better naked eye response.’® At the same time they are
cost effective also as compared to AuNPs."
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Detection of S>” is important from environmental point of
view as the same is toxic and gets converted into obnoxious H,S
at physiological pH in the living systems.'® Natural as well as
waste water are very common sources of S>~.'*® Humans are
vulnerable to high concentration of S~ increasing the risks of
respiratory arrest, loss of consciousness and discomfort in
mucous membranes.' So its detection has become a matter of
serious concern for environment as well as for human health.

Various colorimetric and fluorescent molecular probes for
sulphide have been reported in the literature but most of them
suffer with one or other bottlenecks. The biggest bottleneck is
the tedious synthesis of molecular probes and their detection
limits.***” Only a few worthy probes are available till date.”®* In
this context the NPs are better candidates and a number of such
types of probes for sulphide have been reported till date. A few
among these are CuNPs, Cu@AuNPs, glutathione modified
AuNPs, Au/Ag core/shell NRs (nanorods), unmodified Au@Ag
nanoclusters, and citrate capped AuNPs.'***3* The LOD's of
these probes were of micromolar level. Hence they are not very
promising ones. A DNA-templated CuNPs and a citrate capped
AuNPs with nanomolar detection limit have also been reported
in literature.**® Hence, under these circumstances the AgNPs
being reported through this communication as a sensor for $>~
with LOD of 67 nM is certainly a worth full report. The non-
interference with a large number of anions further makes our
report even more worthy and lucrative.

A further literature survey related to NPs revealed that their
morphology also affect their properties a lot.*”*®* Hence a variety
of nanostructures like nanotrees, nanopines, nanopalms,
nanoleaves, nanoforests, nanobushes, nanomushrooms,

nanoflowers, nanobouquets, nanomulberry, nanograss,
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nanokelps, nanocorns, nanocactus, nanospines, nanosheafs
have been synthesised.** Dendritic AgNPs with multidirectional
branches and showing association between different parts have
attracted a lot of interest.>” Furthermore a number of dendritic
nanostructures have also been synthesized by involving
a number of reductant/surfactant®®*° and also through various
synthetic protocols.”** None of these methods served the
purpose of analyte sensing.

On the contrary to above reports, our present report incor-
porates the S*~ specific aggregation of AgNPs as dendrimer
which also served the purpose of >~ sensing through the naked
eye color change.

Experimental
Materials and methods

All the reagents and solvents were of AR-grade quality and were
used as received. The para-nitroaniline, B-naphthol, NaNO,,
and AgNO; were purchased from Sigma Aldrich. Stock solutions
of the anions and cations were prepared freshly in Milli-Q water.
All the spectroscopic studies were made after appropriate
dilution. All the glasswares were properly cleaned with freshly
prepared aqua regia (3 : 1, (v/v) HCI-HNO3) and finally rinsed
many times with Milli-Q water prior to their uses.

Physical measurements

The '"H NMR and "*C NMR spectra for the same were recorded
in CDCl; with a JEOL AL 300 FT NMR spectrometer. The IR
spectra was recorded with a Perkin-Elmer spectrometer. High
resolution mass spectroscopy (HRMS) was recorded on
a Thermo Scientific Q-Exactive, Accela 1250 pump. Electronic
spectra were recorded at room temperature (298 K) on a UV-
1800 Pharmaspec spectrophotometer with quartz cuvette
(path length = 1 cm). TEM (transmission electron microscope)
studies were carried out using FEI, TECNAI 20 G operating at
200 kV. SEM (scanning electron microscope) studies were done
using FEI, Quanta-200. AFM (atomic force microscope) studies
were carried out using NT-MDT, Solver Next.

Synthesis of the capping agent 1-[(4-nitrophenyl)azo]-2-
naphthol, (CA)

Para-nitroaniline (1.38 g, 0.01 mol) was dissolved in a mixture of
concentrated HCl (5.0 mL) and distilled water (20 mL) in
a round bottom flask. A cold solution of (NaNO,) sodium nitrite
(0.83 g, 0.012 mol) in distilled water (5.0 mL) was added drop-
wise to the acidic solution of para-nitroaniline maintained at
0 °C over a time period of ~5 min. The reaction mixture was
further stirred at 0 °C for ~40 min followed by addition of
cooled solution of B-naphthol (1.44 g, 0.01 mol) in 20 mL of
NaOH (4 g, 0.1 mol). The reaction mixture was further stirred for
1 hour. An orange colored product was precipitated and was
filtered on suction pump, washed several times with water and
finally dried over anhydrous CacCl, in a desiccator (ESI; Scheme
11). The structure of the capping agent (CA) thus synthesized is
shown in Fig. 1.
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Fig. 1 Structure of the capping agent (CA).

CA was characterized by 'H, **C NMR, IR and mass spectral
studies (ESI; Fig. S1-S47); yield: 88%; "H NMR (300 MHz, CDCl;,
298 K, TMS): 6 ppm = 16.13 (s, 1H, OH), 8.42-8.40 (d, 2H, Ar-H),
8.33-8.30 (d, 1H, Ar-H), 7.70-7.43 (m, 6H, Ar-H), 6.71-6.67 (d,
1H, Ar-H); >C NMR (75 MHz, CDCl;, 298 K, TMS): 6 ppm =
180.22, 173.93, 155.23, 147.92, 143.55, 129.79, 129.17, 128.63,
127.59, 126.35, 125.79, 125.69, 122.58, 122.47, 116.36, 102.91;
IR/cm™': 3427, 3113, 2922, 1624, 1594, 1575, 1554, 1502, 1453,
1401, 1370, 1332, 1258, 1226, 1204, 1153, 1106, 985, 859, 836,
748, 686, 670, 614, 508, 489, 425; HRMS (ESI): m/z calculated for
C16H11N30;3 + H [M + H]" = 294.0873, found = 294.0872.

Synthesis of silver nanoparticles (AgNPs)

The 300 uL of 1.0 M NaOH was diluted with 3.0 mL water and
the same was used in the synthesis. 40 mL of Milli-Q water was
taken in a round bottom flask. Then, 400 pL of CA (4 mM)
prepared in chloroform was added to it with continuous stir-
ring. This was followed by the addition of 400 pL of prepared
NaOH and 800 puL of AgNO; (8 mM) to it. Then 800 pL of the
same NaOH was added to the stirring mixture at room
temperature which corresponds to pH 14. Slight appearance of
yellow color reflects the onset of formation of AgNPs. After an
hour, yellow color brightens. The stirring at room temperature
was continued for overnight for complete functionalization of
AgNPs. The functionalized AgNPs were observed as bright
yellow in color with no turbidity. The same was centrifuged
prior to use and were stored in round bottom flask at room
temperature (ESI; Fig. S51).

A pH variation study was also done in order to have an idea
about the optimum pH suitable for AgNPs synthesis. For this
purpose we carried out the synthesis of AgNPs at 6, 8, 10 and 14
pH's (ESI; Fig. S61). We didn't observe any shift in SPR band of
AgNPs in terms of A, which was a clear indication about no
significant change in their size.***” Nevertheless the intensity of
SPR band as well as peak area got increased with increase in pH
indicating increase in the concentration (in terms of number) of
AgNPs.

Photophysical studies of AgNPs with different analyte

A variety of anionic analytes were screened separately for their
photophysical (sensing) studies against freshly prepared AgNPs.
The photophysical studies were done through naked eye fol-
lowed by UV-visible studies. The UV-visible titration was per-
formed after each aliquot addition of much lower i.e. 1.0 x 10™*

This journal is © The Royal Society of Chemistry 2016
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M concentration of $>~ to the 3 mL of AgNPs prepared by
diluting 1 mL of AgNPs with 2 mL of Milli-Q water. The colori-
metric sensing ability of AgNPs was investigated by separate
addition of much higher concentration i.e. 10 uL of 1.0 x 10"
M of anions (F, ClI-, Br , I, 87, (CcHsCOO ™) BzO™, (CHj-
COO7) AcO ™, SO;>7, SO,>7, HSO, , S,05>7, S,03%7) to 1 mL of
AgNPs diluted with 2 mL of Milli-Q water.

Interference study

The interference study for the anions was performed at their
individual level. To a solution of 1.0 mL AgNPs diluted with 2.0
mL of Milli-Q water, the 10 pL of 1.0 x 10~* M of different
anions (F~, Cl, Br~,17,8>7,Bz0~, AcO~, SO;*>~, SO,>~, HSO,
$,05>7, $,05>7) were added separately followed by addition of
the 10 pL of 1.0 x 10~' M sulphide to each case. The matrix
studies with the mixture (10 pL of 1.0 x 10~" M) of anions and
cations (Na*, K*, Ba**, cr’*, zn**, cd*', Hg**, Fe’", Co*", Ni**,
Cu®") separately were also performed to see the effect of
sulphide over AgNPs.

Results and discussion

UV-visible characterization of the CA and AgNPs stabilised by
it

The absorption spectra of the capping agent (CA) showed
a sharp band at 328 nm and broad band at 429 nm and 461 nm.
The capped AgNPs as synthesised above appeared bright yellow
colored with a corresponding sharp SPR band at 409 nm (Fig. 2).

Interaction of AgNPs with analytes

The above AgNPs were also interacted with a set of cations (10
uL of 1.0 x 10~ 'M) viz. Na*, K, Ba**, Cr’*, zn**, Cd**, Hg*",
Fe**, Co™, Ni**, Cu®" for their possible photochemical interac-
tion. No conclusive changes were observed either colorimetri-
cally or in its UV-visible spectrum (ESI; Fig. S7T). So, we switched
on to checking the response of AgNPs with anions (F~, Cl~, Br™,
1,S$>,Bz0, AcO, SO;>7, SO,>, HSO, , $,05>", S,0;>7) and
found that the bright yellow colored AgNPs underwent bleach-
ing upon the interaction of S~ only and the corresponding UV-
visible spectrum showed the disappearance of SPR band at 409
nm and slight broadening of the band is also observed (Fig. 3).
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Fig. 2 UV-visible spectrum of the capping agent (CA) and AgNPs.
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Fig. 3 Naked eye response and the corresponding UV-visible spec-
trum of capped AgNPs in absence and presence of different anions (10
pl of 1.0 x 1071 M).

No interference was observed by any anion in the presence of
S>~ either in naked eye or in the UV-visible spectrum pattern
(ESI; Fig. S8t). The plot of A4y of capped AgNPs in the mixture
of $°>~ with other anions reflects the interference study (Fig. 4).

In the matrix studies of anions, the addition of all anions to
AgNPs resulted in almost insignificant visual change. The
addition of $*>~ to this mixture led to bleaching of yellow color of
AgNPs. The same was also reflected in the UV-visible spectral
studies. This clearly proves the efficient applicability of this
probe for the visual sensing of sulphide in the mixture of a vast
number of anions (ESI; Fig. S97).

Addition of the mixture of a large number of cations to
AgNPs resulted in bleaching of yellow color of AgNPs. Never-
theless, addition of $>~ to the same mixture lead to revival of
slight yellow color with its reflection in the UV-visible spectrum
(EST; Fig. S107).

Detection of S~ and analytical data

The UV-visible titration was performed with $* at different
concentration (0 to 43.89 pM) showing gradual disappearance
of SPR band at 409 nm and slow broadening of the same. Same
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Fig. 4 Interference study of AgNPs with various anions; blue bars:
AgNPs + anions, purple bars: AQNPs + anions + s% .
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was translated in the form of bleaching of color of AgNPs
(Fig. 5).

The calibration curve was plotted which was linear in the
range from 0.33 pM to 2.64 uM and follows the linear equation,
y = 0.0242x + 0.0075 with the value of R* equal to 0.9948 (Fig. 6).
LOD was calculated from three times the standard deviation of
blank signal. The LOD of capped AgNPs for S*>~ was calculated
to be 67 nM.

Stability of AgNPs and its sensing action with respect to pH

As evident from the photographs (ESI; Fig. S11at) there was
slight effect on the bright yellow color of AgNPs at pH 2 and 3.
From pH 4 to 10, the color and the SPR band was maintained.
So, the AgNPs are very stable within the pH range 4 to 10 with
slight less stability at pH 2 and 3. The effectiveness of AgNPs for
colorimetric sensing of $*>~ is in good agreement within the pH
range 4 to 10 (ESI; Fig. S11bt). The plot of Absorbance vs. pH
reflects the same result as discussed (Fig. 7).

Probable mechanism of formation of capped AgNPs

The reducing action of phenolic moiety in basic medium is
supposed to be responsible for the conversion of Ag® to Ag. 131448
The subsequent conversion of naphthoxide ion into naphthoxyl
radical in its quinone type structure leads to formation of
numerous dimeric structures which are ultimately adsorbed
over AgNPs."' The presence of nitro and diazo groups serve as

gNPs
1
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o
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T T 1
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Fig. 5 UV-visible spectrum of AgNPs at different concentration (0 to
43.89 uM) of $°~.

0.06 y=0.0242x+0.0075
R*=0.9948
LOD =67aM

(S M

Fig. 6 The calibration curves for capped AgNPs in presence of 52~
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Fig.7 Stability of AGQNPs and its response for sensing 2~ from pH 1 to
13.

a tail to stabilize the monodispersed AgNPs. The resulting
AgNPs were stable upto 5-6 months at the room temperature.
Thus capping agent serves the dual purpose i.e. reduction of Ag"
to Ag as well as stabilizing the AgNPs by getting adsorbed over
them. This proposed mechanistic pathway has been given in
Scheme 1.

Azonaphthol capped AgNPs appeared bright yellow in color
and are spherical in shape and well dispersed as is evident from
their TEM image (Fig. 8a). The average size of particle calculated
from the TEM image was found to be 10-15 nm. Moreover the
SEM and AFM images (Fig. 8b and c) also support the spherical
morphology of AgNPs.

Probable mechanism of colorimetric sensing of >~ through
AgNPs

The capping agent itself doesn't give any response upon the
addition of sulphide to it which is very clearly reflected in the
UV-visible spectrum of CA (ESI; Fig. S127). On the other hand

Ag ® Other
_— OO + H'——> Ag+ - <> resonating
0 o' 0 forms
O
— s D
é

e >, < >_.Q Q
BORSe
Scheme 1 Probable mechanistic pathway of formation and stabiliza-
tion of AgNPs by capping agent.

Fig. 8 (a) TEM, (b) SEM, (c) AFM images of capped AgNPs.
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the capped AgNPs got transformed into a dendritic architecture
which was reflected in the corresponding TEM (Fig. 9a-f) and
SEM (Fig. 10a-f) images at their different magnifications.
Visually this process was translated in terms of change in color
of AgNPs from bright yellow to colorless which was further
supported from the AFM studies also (Fig. 11a and b).

The solution of Na,S is itself highly alkaline and there is
presence of S>~ along with HS™ due to hydroxylation of $*~. The
latimer diagram for sulphur in basic medium* (Fig. 12)
suggests an spontaneous conversion of HS™ to S. This sulphur
oxidizes metallic silver into silver ion getting itself reduced into
sulphide ion. Now the soft-soft interaction between Ag* and S*~
leads to precipitation of Ag,S.** This mechanism clearly
explains the microscopic images of majority of spherical
capped-AgNPs coming close together and their some parts
getting dissolved in the form of Ag,S which serves as connec-
tivity between the particles which are arranged in dendritic

View Article Online
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a’ b

Fig. 11 (a) AFM image of sulphide induced dendrimer formation of
AgNPs and (b) 3-D image.

fashion (Fig. 9f, inset). The EDX studies of the AgNPs (ESI;
Fig. S13af) and its ensemble with sulphide (ESI; Fig. S13b¥)
clearly indicated the peaks for Ag and Ag as well as sulphur
respectively.

Fig. 10 SEM images of sulphide induced dendrimer formation of AgNPs from lower to higher magnification (a—f).

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Latimer diagram of sulphur in basic medium.

Conclusion

Thus 1-[(4-nitrophenyl)azo]-2-naphthol capped AgNPs were
conveniently synthesised, characterized and exploited for
effective colorimetric sensing of $>~ with LOD of 67 nm which is
much lower than the sustainable level (15 uM) of S in
drinking water accepted by WHO.* Additional feature of this
probe is the beautiful arrangement of spherical AgNPs in
dendritic fashion induced by S*>~. Moreover our approach does
not deal with complex or specific procedures for sensing as well
as in the assembly of AgNPs in dendritic architecture. This
probe showed a naked eye color change from bright yellow to
colorless for S>~. Applicability of the probe in the wide pH range
from 4 to 10 makes it more worthy and lucrative. As all the
sensing studies were performed in water, hence our probe can
successfully be applied in the naked eye sensing of S~ in
aqueous medium in the presence of a group of a large number
of similar types of anions. The detailed study and utilisation of
this mechanism can be used for both sensing as well as for the
genesis of even better architecture.
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