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Abstract A novel surface-enhanced Raman scattering
(SERS) probe was developed for selective determination of
Hg(Il) ion. It is based on the use of silver nanoparticles
(Ag-NPs) modified with the dialkyne 1,4-diethynylbenzene
(DEB). Hg(I) undergoes a very selective chemical reaction
with the terminal ethynyl groups to form a—C = C-Hg-C=C-
linkage which triggers the aggregation of Ag-NPs. This gen-
erates numerous hot spots that cause a substantial increase in
the intensity of the SERS signal at 2,146 cm '. This large
effect was exploited for sensitive quantification of Hg(Il) in
aqueous solution by rationing the intensities of the (Hg-C = C)
peak at 2,146 em ! and the (C = C) free peak at 2,109 cm .
This self-referenced method is superior to the use of an inter-
nal standard. The method also displays excellent selectivity
over other metal ions. Under optimal conditions, the rationed
signal intensity is related to concentration of Hg(Il) in the
range between 1.1 nM and 61.2 nM, with a detection limit at
0.8 nM. The method was successfully applied to the determi-
nation of Hg(I) in spiked samples of river water.
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Introduction

Materials containing mercury element, such as metallic mer-
cury (Hg"), inorganic mercury (Hg>") and organic mercury,
are highly toxic and have deleterious effects on human health
[1]. Inorganic mercury can be formed as a metabolite of other
forms of mercury in the brain where it can remain for many
years, which can drastically accumulate in fish and concen-
trate through the food chain by bioamplification, subsequent
ingestion by human beings and, consequently, it does great
harm to human body. For example, inorganic mercury com-
pounds are responsible for kidney damage [2]. Therefore,
concerns over toxic exposure to mercury have motivated the
exploration of cost-effective, rapid, facile and reliable method
for monitoring Hg" in biology and environment. There are
lots of techniques for detection of mercury, including induc-
tively coupled plasma mass spectrometry (ICP-MS) [3], col-
orimetric detection [4], fluorimetric method [5], chemilumi-
nescence [6], surface-enhanced Raman scattering (SERS) etc.
[7-9]. The method of ICP-MS requires sophisticated instru-
mentation and complicated sample preparation processes. It is
also under the risk of contaminating the instrument by the
residual mercury. Additionally, the methods of fluorescence,
colorimetric and chemiluminescence always show broad and
structureless signals. SERS is an alternative which is not only
able to detect the existence of analyte but also provides struc-
tural information according to its unique Raman fingerprint of
the molecule, offering a promising approach for simple and
rapid tracking of mercury ions in biological and environmen-
tal systems.

SERS is an extremely sensitive analytical technique mainly
based on the giant electromagnetic enhancement induced by
metal nanoparticles (NPs), while it cannot directly detect
monoatomic species which lack vibrational signatures, unless
they are chemically bound to SERS-active molecules.
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Previously reported SERS-based sensors for monoatomic spe-
cies were based on functionalized nanoparticles, including
As**[10], Cu®* [11], Cd** [12], Pd** [13], Hg*" [14] and so
on, among which the detection of mercury ions has been
widely examined with aptamer [15—17] or organic molecule
as recognition probes [18-20]. Recognition of Hg>" by
aptamer was based on thymine-Hg* -thymine coordination
chemistry. However, it is laborious and expensive for labeling
oligonucleotide with Raman-active dye to obtain SERS sig-
nal. The response signals of many organic molecule-based
sensors were susceptible to interference substances. Mean-
while, Hg(Il) often coexists with other ions. Therefore, selec-
tivity in detection of Hg*" is of crucial significance. These
demands in monitoring mercury ions would require new
strategies and simple sensing systems to analyze them selec-
tively and fast against other interference metal ions.

In this assay, we present an acetylene derivative, 1,4-
diethynylbenzene (DEB), with two pendent terminal ethynyl
groups. DEB is a SERS-active substance, capable of binding
to the surface of Ag-NPs via one of'its terminal ethynyl groups
[21-23]. Meanwhile, in the presence of Hg*", DEB coordina-
tion with Hg*" afforded C = C-Hg-C = C linkage, which
shortened the distances among the Ag-NPs modified with
DEB (DEB-Ag-NPs) [24, 25]. In this case, Hg*" acted as
bridges to link DEB-Ag-NPs together, which triggered the
aggregation of Ag-NPs, thus generating lots of hot spots with
a substantial turn-on of SERS signal. In particular, it was
found in this work that the vibrational profiles of DEB were
sensitive to the presence of mercury ions. A distinct vibration-
al signature of C = C-Hg-C = C at 2,146 cm ' was observed,
which located in the Raman spectrally silent window (1,900-
2,500 cm "), unique to many other background interference.
This observation offered us a chance to obtain a SERS-based
quantification of Hg®" in aqueous solution. In addition, con-
trasting response was adopted by selecting vibrational bands
in the SERS profiles, allowing direct quantitative assays of
Hg”" by employing intensity ratios of two bands instead of
using internal standards. The aforementioned points were
favorable for analysis of Hg*". In addition to the trace detec-
tion of mercury ions, the SERS technique affords valuable
structural information about the reaction mechanism between
mercury ions and terminal ethynyl groups.

Experimental
Materials and reagents

Silver nitrate, sodium citrate, DEB and all metallic salts used in
this study were obtained from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China, http://www.sinoreagent.com/)
without further purification. All other chemicals used were of
analytical grade. All solutions were prepared with ultrapure
water (18.2 M cm™') obtained from a purification system
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(SARTORIUS arium 611 DI, Germany, http://www.sartorius.
com.cn/). Certified reference material of mercury GBW
(E) 080,392 “mercury in simulated natural water” was
purchased from Beijing Yihua Standard Technology Co.
Ltd (Beijing, China, http://www.chem17.com/Company/
Detail/252784.html).

Preparation of Ag-NPs

Ag-NPs were prepared by reducing silver nitrate using sodium
citrate [26]. In a typical experiment, 18 mg AgNO; was
dissolved in 100 mL of H,O and brought to boiling. A
solution of 1 % sodium citrate (2 mL) was added. The solution
was kept on boiling for ca.1 h. The prepared silver colloid was
stored at —4 °C. The colloids were rinsed with water and
ethanol for 3 times and were resuspended in water by
ultrasonication. The concentrated colloidal suspension was
then diluted in 18 M2 H,O. UV-Vis spectroscopy and dy-
namic light scattering (DLS) were used to characterize the
particle size of the colloids.

SERS detection of ngJr

Various concentrations of Hg”" solution were prepared using
serial dilution of the stock solution. The SERS detections of
aqueous Hg”" were performed at ambient temperature
(22 °C). 500 uM ethanol solution of DEB was freshly pre-
pared, then 50 uM DEB (pH = 9) was obtained by diluting the
ethanol solution with basic water. In a typical experiment, Ag-
NPs were functionalized with DEB by incubating 100 uL of
50 uM DEB with 100 pL Ag sol for 5 min at ambient
temperature (22 °C). And then 10 pL of Hg*" standard solu-
tion with variable concentrations was added to 200 pL of
DEB-Ag-NPs. SERS measurements were carried out after
DEB-Ag-NPs reacting with Hg>* for 10 min.

Instrumentation and characterization

UV-Vis absorption spectroscopic measurements were carried
out using a Cary 500 spectrophotometer with 2 mm path-length
cells (Varian, USA, http://www.varian.com/). Photographs of
the solutions were taken with Canon 530A digital camera
(Japan). Raman and SERS experiments were conducted using
a Renishaw InVia Reflex confocal microscope (Renishaw, UK,
'http://www.renishaw.com.cn/zh/1030.aspx) equipped with a
50x% objective and a high-resolution grating with 1,800
grooves/cm. SERS spectra were acquired using 514.5 nm as
the excitation wavelength with exposure times of 10 s. The
DLS diameters of the samples were measured using a Nicomp
TM 380 ZLS zeta-potential/particle sizer (PSS Nicomp particle
size system, USA, http://www.pssnicomp.cn/).
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Results and discussions
Mechanism for the sensing system

Figure 1 illustrates explicitly the sensing mechanism. A coor-
dination reaction between Hg®" and DEB occurred via a
deprotonation process on its terminal ethynyl group, affording
C=C-Hg-C=Clinkage (Fig. 1a) [24, 25]. Fig. 1b displays the
schematic diagram of mechanism for the detection of Hg*"
with DEB-Ag-NPs. When DEB was added to the Ag-NPs,
one of its ethynyl groups would bind to the surface of Ag-NPs
[22]. In the present study, Ag-NPs kept yellow after the
addition of 5x107° M DEB, indicating that the DEB-Ag-
NPs kept well stabilized in the presence of low concentration
of DEB (Fig. 2 inset). Upon addition of Hg”" to the DEB-Ag-
NPs, the formation of -C=C-Hg-C=C- linkage led to dra-
matic aggregation of Ag-NPs, as evidenced by a new peak of
alkyne group on Raman spectra (Fig. 4), which was in good
accordance with some previous reports [24, 25]. Concomi-
tantly, the color of Ag-NPs sol changed from yellow to deep
grey gradually with the concentration of metal ions increasing
(Fig. 2 inset). In this case, it is reasonable to presume that Hg*"
acted as bridges to link the DEB-Ag-NPs together, which
accordingly caused their aggregations. As a matter of fact,
hot spots can be naturally generated through the aggregation
process and localized in the region between two interacting
nanoparticles where the electric field is strongly intensified,
thus leading to a strong SERS signal of reporter. The mecha-
nism is further confirmed by UV-Vis (Fig. 2) absorption
spectroscopy and dynamic light scattering (Fig. 3). The key
issue to the current method is the fact that the presence of Hg**
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Fig. 2 The UV-Vis spectra of Ag-NPs as well as DEB-Ag-NPs in the
presence of different concentrations of Hg>". Inset: corresponding pho-
tographic images

triggers the aggregation of nanoparticles and this behavior is
essential for generating SERS signal. More importantly, a
characteristic vibrational signal of -C=C-Hg-C=C- at
2,146 cm ! is obtained. Accordingly, a sensing platform for
detecting Hg®" has been established based on this character-
istic signal.

Confirmation of the aggregation of DEB-Ag-NPs by UV-Vis
and DLS

The unmodified silver sol is yellow and transparent, indicating
good dispersity of Ag-NPs in water (Fig. 2 inset). The UV—
Vis absorption spectra (Fig. 2) of Ag-NPs show a typical and

2+
= Hg_ :—@%Hg%@—:

e

O : Hg(ll)

Fig. 1 a Schematic representation of the binding of Hg*" with DEB (adsorbed on Ag nanoparticles). b schematic diagram of the direct sers method for
measuring hg®" using deb-ag-nps. when hg®" ions were added to the system, the binding of Hg*" with DEB caused the aggregation of Ag-NPs
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Fig.3 Dynamic-diameter distribution curves of Ag-NPs as well as DEB-
Ag-NPs in the presence of different concentrations of Hg>", which were
obtained by dynamic light scattering

intense absorption peak (around 420 nm) due to the surface
plasmon excitation [27]. When Ag-NPs are mixed with DEB
(5%107° M), no obvious shift of the localized plasmon reso-
nance band is observed. Meanwhile, no evidence of agglom-
eration is observed in the electronic spectrum. In particular,
the photographic image (Fig. 2 inset (2)) also shows the DEB-
Ag-NPs sol is yellow and well-dispersed. After addition of
DEB to the Ag-NPs sol, some new features in the structure of
adsorbate make another double peak around 275 nm of DEB
observable (Fig. 2). The absorption peak is assigned to K-
band of DEB, with ¢ (molar absorptivity) max as high as 9x
10%. Upon addition of Hg*", a regular decrease in the absor-
bance of Ag-NPs at 420 nm is observed with the concentration
of metal ion increasing, which indicates the aggregation of
Ag-NPs induced by Hg?". Furthermore, the intensity of a new
absorption band at ca. 580 nm also changes with the variable
concentrations of Hg*", which is associated with the presence
of aggregates, particularly chainlike aggregates [28]. The
above observations give another evidence to support the
mechanism of the sensor. Similarly, with an increase in the
concentration of Hg*", a visual color changes from yellow to
deep grey (Fig. 2 inset). The noticeable transformations in
UV-Vis spectra of Ag-NPs and visual color changes of pho-
tographic images demonstrate the aggregation of DEB-Ag-
NPs induced by Hg*".

DLS measurements were carried out in order to examine
the Hg”"-induced changes in hydrodynamic radius distribu-
tion of Ag-NPs (Fig. 3). For the freshly prepared Ag colloids
and DEB-Ag-NPs, the two plots of their size distribution
almost overlap, indicating that Ag-NPs could keep stable in
the presence of low concentration of DEB. After the addition
of Hg*", the increase in average hydrodynamic radius sug-
gests the continual growth of aggregates with the increase of
concentration of Hg®" [29]. These results are quite consistent
with the conclusions obtained by the UV—Vis spectra.
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Changes of the diameters obtained from DLS evidence the
linkage of mercury ions with ethynyl group, thus leading to
the aggregation of Ag-NPs.

Raman and SERS spectra of DEB and DEB-Hg

Raman spectra of 0.02 M and solid DEB are shown in Fig. 4 b
and c, respectively. There are no obvious differences of the
Raman shifts between these two spectra. The Raman modes
for DEB have been assigned previously and the observed
vibrational frequencies are listed in Table S1 (Electronic Sup-
plementary Material, ESM) along with the appropriate vibra-
tional assignments [21, 30]. A detailed analysis of the SERS
of DEB (Fig. 4) shows marked changes in both the intensity of
bands and the peak positions in comparison to the normal
Raman spectra. In the range from 1,000 to 2000 cm™, the
prominent features in Fig. 4 are the in-plane ring modes at
1,171 and 1,596 cm'. From Fig. 4a and b, and Table SI
(ESM), it can be seen that the peak at 1,171 cm ™" exhibits only
a slight change in its position and bandwidth upon surface
adsorption between the Raman and SERS spectra. These
observations indicate that the phenyl group of DEB doesn’t
interact strongly with the silver surface and may stand vertical
on the surface [31]. The binding of DEB to Ag-NPs induces
noticeable shifts of the bands associated with stretching vibra-
tional modes of C=C bond, namely from 2,100 cm ' in the
Raman spectrum to a triplet peaks at 1980, 2,109, and
2,212 cm" in the SERS spectrum. The bands at 1980 cm ™',
2,212 cm ™' and 2,109 cm ' are assigned to the stretch of
bound C=C and free C=C, respectively [21]. More impor-
tantly, the bandwidth of stretch of the v (C=C) young at
1980 cm™' becomes broadened upon adsorption. A direct
interaction between C=C group and Ag-NPs is evidenced
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Fig.4 Raman spectra ofa 0.02 M DEB reacted with S mMHg", b 0.02 M
DEB, ¢ DEB in its solid state. SERS spectra of d 2.5x 10> M DEB on
Ag-NPs, and ¢ DEB-Ag-NPs reacted with 1.5 nM Hg>" in the range of
1,000-2,500 cm™!
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on the basis of the significant shifts observed in the SERS
spectrum of the v (C=C) stretching mode at 1980, 2,212 and
2,109 cm™', respectively, in comparison with the normal
Raman spectrum. DEB binds to the surface of Ag-NPs mainly
via one of its two terminal ethynyl groups, with the other —-C=
CH group being pendent with respect to the silver surface [30,
31]. It is noteworthy that v (C=C) g in Fig. 4d is found
9 cm ! higher than that in Fig. 4c of the Raman spectrum. This
upshift may indicate that the pendent terminal -C=CH group
of DEB on Ag-NPs is free of any intermolecular hydrogen
bonding [30, 32]. The splitting and red shift upon adsorption
on the surface of Ag-NPs were consistent with previous
reports [30-32].

In the presence of Hg”*, the vibrational modes of ethynyl
group of DEB underwent a marked change upon com-
plexation with Hg(II) to give an intense peak centered at
2,146 cm™', indicating that a Hg(Il)-selective SERS signaling
behavior occurred. A plausible attribution of this new band is
the vibrational mode of —C=C-Hg-C=C-, which will be
discussed in detail in the following. Additionally, a concom-
itant decrease in the intensity of the peak v (C=C) g at
2,109 cm™' is also observed. In order to confirm the assign-
ment of the peak at 2,146 cm ', we mixed 0.02 M DEB with
5 mMHg". Raman spectrum of the mixture is presented in
Fig. 4a. Comparing Fig. 4a with b, there are no other obvious
differences than a new peak at 2,146 cm ' on the spectrum of
the mixture, which strongly indicates that this new vibrational
mode is induced by the presence of Hg?'. Therefore, it is
reasonable to assign the new band to the vibration mode of—
C=C-Hg-C=C-. These results further support the scheme
illustrated in Fig. 1a. A Hg*"-selective SERS signaling system
is established on this phenomenon.

The performance of the sensor to Hg"" of varying
concentration

The aforementioned section has discussed that the pendent
terminal -C=CH of DEB-Ag-NPs has high affinity for Hg*".
The coordination of Hg(II) with the DEB moiety generates a
characteristic peak at 2,146 cm ™' which is distinct from that of
pure DEB. The difference between Raman profiles of Hg(II)-
DEB and DEB is sufficient to determine the identity of the
analyte of interest. It does highlight that there is a systematic
decrease of the v (C=C) g, peak at 2,109 cm ! and, concom-
itantly, a gradual increase of the vy, c=c peak at 2,146 cm !
upon the metal ion concentration increasing in the range of
1.1-61.2 nM, consistent with the strong binding of Hg*" to the
ethynyl groups, as illustrated in Fig. 5. In particular, these
trends of SERS signals in response to the augmented concen-
tration of Hg”" ion are in good accordance with the mecha-
nism. Meanwhile, it is worth noting that the multiple trends of
the intensities of the peaks at 2,109 cm ! and 2,146 cm!
change as a function of the Hg>" concentration. These changes
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Fig.5 SERS spectra of DEB-Ag-NPs (2.5x 10> M) response to variable
concentrations of Hg”*

are correlated quantitatively with metal ion concentration
using ratiometric peak intensities, I»146/Io109. Accordingly,
we develop a convenient analytical strategy based on this
feature. The effect of reaction time of DEB with Hg>" and
pH value of DEB were investigated and an optimum time of
10 min and pH=9 of DEB were chosen for this work (see
Fig. S1, ESM). Under optimal condition, the response signals
for DEB to variable concentrations of Hg*" were obtained. A
plot of I,14¢/15109 Versus analyte concentration is presented in
the inset in Fig. 5. The rationed signal intensity is related to
concentration of Hg(Il) in the range between 1.1 nM and 61.2
nM, with a detection limit at 0.8 nM. Irrespective of the
changes of intensity of SERS signal, the fact remains that
Hg”"-selective SERS signaling system is well established
based on the ratiometric peak intensities, I5j46/I5109. This
method was used to quantify mercury in GBW (E) 080,392
“mercury in simulated natural water” and an average
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Fig. 6 Response signals of this sensing system to other metal ions
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concentration of 9.98+0.46 pug L' (RSD 4.6 %) was obtain-
ed, which was within the certified range 10+0.5 pg L™'. In
comparison to that of previously reported sensor for Hg*" (see
Table S2, ESM), the sensitivity of this method is superior to
that of lots of methods [4, 5, 7, 18]. Although some other
methods for Hg”?" detection, such as chip-based [15] and
aptamer-based [6, 14, 16], provide better detection limit, they
are limited either by the complexity of the assay or laborious
labeling processes. This assay offers several advantages, con-
taining self-referenced, cost-effective and high specificity.

The selectivity of the SERS sensor to other metal ions

Considering the application of this sensing system for envi-
ronmental analysis, one should pay additional attention to the
issue of selectivity. In this assay, the selectivity of this method
has been investigated by testing the SERS signal to various
metal ions, including Ag*, Cu**, Ni**, Zn>*, Co*", Ca®*, AP*",
Pb**, Cd*" and Au’" at a concentration of 1 uM. The signals
were obtained after previous aggregations of Ag-NPs by
adding 0.1 M NaCl. It was observed that the SERS sensor
exhibited different response to other metal ions (Fig. 6). As is
shown in this figure, there are no peaks at 2,146 cm™'. Be-
sides, the bands of vibration modes of -C=CH at 2,106 cm ™!
are very strong. These observations demonstrate the excellent
selectivity of the current assay towards Hg>* over other metal
ions, which is attributed to the specific recognition reaction
between —~C=CH group and Hg”". These results indicate this
sensor has potential to be applied in environmental analysis.
The functionalized nanoparticles were employed to test the
feasibility for the analysis of practical samples which were
collected from a river in Shanghai. As shown in Table S3
(ESM), recoveries of this method are excellent, suggesting
that it is promising for the determination of Hg?" in real
samples.

Conclusion

In the present work, we have shown a probe of DEB molec-
ular which can bind to Ag-NPs surface through one of its two
terminal ethynyl group. Upon addition of Hg*", each mercury
ion could bridge two DEB-Ag-NPs, resulting in the aggrega-
tion of Ag-NPs. Accordingly, a great enhancement in SERS
signal could be obtained. In particular, the sensing platform
can give direct response to the presence of Hg>", namely a
characteristic vibration mode of Hg-C=C appearing at
2,146 cm™'. Experimental results showed that Hg*" could be
detected selectively against other competing metal ions. Un-
der optimal assay conditions, analytical range of 1.1-61.2 nM
was obtained. These noticeable features demonstrated a highly
selective and sensitive platform for the detection of Hg”" was
successfully fabricated via SERS technique. Its practicality
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was validated through analysis of river water sample. This
simple, rapid, cost-effective and selective sensing system
holds great potential for environmental analysis.
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