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Abstract

The development of an acoustic wave Nano sensor for the detection of mercury ions from aqueous solutions based on the formation
of self-assembled monolayer of 1,6-hexanedithiol (HDT) films on Gold nanoparticles. Gold nanoparticles were deposited on 10 MHz
AT-cut Pt- piezoelectric quartz crystal resonators and finally modified with 1,6-hexanedithiol (HDT) monolayers. Measurements of
resonant frequency for bare and modified electrodes, both immersed and emersed, were used to determine the extent of the ligand
immobilization; since the films are extremely thin, the frequency response can be interpreted in purely gravimetric terms using the
Sauerbrey equation. The quality and integrity of the HDT films were assessed by cyclic voltammetric measurements of [Fe (CN)¢] 3+
redox couple chemistry.

HDT-functionalised electrodes were exposed to solutions of mercury ions in order to assess the ability of the surface-bound ligand
to complex the Hg (II) ions. The co-exiting metal ions such as Pb#*, Cd**, Cu*, Zn*?, Ni** and Ag* were examined with the same ligand,
single Hg(II) ion solutions were used and the extent of Hg(II) complexation was determined (via the QCM frequency change) as a
function of concentration. Factors associated with solvent and solvation were explored via parallel sets of measurements under im-
mersed and emersed conditions. The variation of surface concentrations with solution concentration was evaluated using a range of
isotherms-Langmuir, Temkin, Freundlich, Frumkin, El-Awady and Flory-Huggins- based on different physical models. Selectivity for
different metal ions was assessed by comparing the binding constants derived from the isotherms for single Hg (II) ion solutions and
by competitive binding experiments. The combination of (HDT) SAM on Au NPs selectivity and Pt-QCM sensitivity provides a poten-
tially useful Hg (II) ion sensor in the nanomolar range. Supporting XPS measurements provide unequivocal evidence of the presence
of surface- bound metal(s), together with metal speciation, Hg: HDT stoichiometry, and selectivity between Hg (II) ions in competitive
binding experiments. The detection limit can be determined to be 2x10-8 mol /], the acoustic wave Nano sensor shows good stability

and reproducibility on dry crystals than wet crystals with recovery rate of 97-101%.
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Introduction

The applications of QCM for acoustic wave mass sensing in liquids
has been reviewed [1,2,3]. They reported sensors based on QCM
have been applied to metal ion analyses in solution using elec-
trodeposition, adsorption and stripping methods. Analytical pro-
cedures for trace metal ions using SAM-modified electrodes with
electrochemical determination include electrodes modified by
mercaptocaracetic acid for Hg (II) detection [4] and 4-mercapto-n-
alkylpyridinium for Cr (VI) detection [5] down to 101 M, by 2-mer-
captobenzimidazole for Hg (II) determination down to 10° M [6],
and carbamoylphosphonic acid for Cd (II), Cu (II) and Pb(II) detec-
tion. Mercapto compounds are of interest because of their capabil-

ity to form a stable bond with mercury.

Short chain alkyl thiols with charged or bulky end groups like mer-
captoethanesulfonate (MES), mercaptopropanesulfonate (MPS),
mercaptoacetic acid (MAA), mercaptopropionic acid (MPA) or
aminoethane thiol (AET) lead to disorganized and porous monolay-
ers on the electrode face [7,8]. Longer chains lead to more ordered
structures, but self-assembled mono-layers (SAMs) of the less or-
dered shorter alkyl chain compounds are more useful for analyti-
cal applications [9]. The disorder in the film allows the analyte to
diffuse through the film. Gold disk electrodes coated with MAA or
MES have been used to detect copper [10] and a self- assembled
monolayer of DNA on gold was used for the detection of lead [11].
SAMs of different ligands on QCM have been investigated on mercu-
ry film electrodes as well as gold electrodes for the determination of
cadmium [12,13] and shorter mercaptocarboxylic compounds are

thought to provide superior sensitivity.

The concentration measurements of Hg (II) ions in aquatic solu-
tions are of great importance in assessing environmental damage
and possible success of remediation efforts. The surface plasmon
resonance (SPR) technique was used by Zare et al [14,15] to detect
Hg(II) ions using 1,6-hexanedithiol (HDT). Changes in the SPR sig-
nal allowed quantification of the concentration of Hg (II) in solution
from 1.0 nM to 1.0 mM, this method also allowed selective detection
of Hg (II) ions in the presence of interfering ions. The SAMs of HDT
modified Au nanoparticles will be used in this paper to adsorb Hg
(I1) ions using the EQCM as a nano sensor to monitor the associated
changes in mass ata HDT SAM modified Au nanoparticles. The mer-
capto group (-SH) is known to react with heavy metal ions to form
mercaptide [16]. These thiol functional groups are known to have

very high specificity for binding soft cations such as Hg (II) ions

from aqueous solutions than other metal ions to various surfaces
[17,18]. Previous studies on HDT using X-ray photoelectron spec-
troscopy (XPS) [19] and scanning tunneling microscopy (STM)
[20] confirmed that the HDT molecules formed SAMs with only
one thiol group attached to the gold surface, leaving the other thiol

group free to adsorb Hg(II) ions from aqueous solutions [21,22].

In this work a novel Pt-QCM modified with Au nanoparticles an
acoustic wave nano sensor for rapid, highly selective for determi-
nation of Hg(II) ions was developed. 1,6-hexanedithiol (HDT) was
selected a immobilized ligand. AuNPs were firstly deposited on
Pt-QCM resonator, Au NPs have a very large surface area, which is

favourable for HDT self-assembled monolayers.

Experimental

Reagents

1,6-Hexanedithiol (99.9% Aldrich), Hg(NO,),, Cd(NO,),, Pb(NO,),,
Cu(NO,),, Zn(NO,),, Ni(NO,),, Ag(NO,), and KNO, (all Aldrich)
were used as received. Solutions for SAM deposition were made
using ethanol (99.8%, Merck) and for metal ion binding/assay us-

ing ultra-pure water (Millipore Milli-Q).

Preparation of Au NPs surfaces

Pt-QCM electrode was successively rinsed with a fresh Piranha
solution (30% H,0, : 98% H,SO,, 1 : 3 by volume) at room tem-
perature for 1-3 minutes [23] rinsed thoroughly by Millipore
Milli-Q deionised water, dried under a stream of nitrogen, rinsed
again with absolute ethanol to remove any remaining water and
dried under a stream of nitrogen. Then the Pt-QCM electrode was
directly linked with Cu wire and immersed into the HAuCl, solu-
tion together. KNO, was added into as an electrolyte additive. After
a 2h time, we took the electrode out and rinsed it with Millipore
Milli-Q deionised water. The electrode frequency was measured to
determine the deposition amount. The deposition amount and de-
position rate electrolyte deposition can be measured by EQCM. The
results are shown in Figure 1. It could be seen that the amount of

Au nanoparticles was almost proportion with deposition time.

Preparation of functionalized SAMs of HDT

1,6-hexanedithiol Self-assembled monolayers were prepared by
immersing the Pt-Au NPs quartz crystals in 25ml of 10mM of 1,6-
hexanedithiol ethanolic modification solution for 24-48 hours to
form a full monolayer on the surface of Au nanoparticles. After the

functionalization, the solutions were removed from the QCM cell;
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the crystals were rinsed with absolute ethanol to remove any ex-
cess on the surface and blown dry with nitrogen. All the modifica-

tions were done at room temperature.
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Figure 1: Comparison between amounts of Au

nanoparticles deposited from 1 and 3 mM HAuCl,,

Acoustic wave measurements

Frequency measurements were routinely made relative to a refer-
ence crystal and at least once in each series an absolute measure-
ment was made to ensure the direction of frequency change was
known unambiguously; in both cases, these measurements were
made with All acoustic wave measurements were performed using
eQCM 10M electrochemical quartz crystal microbalance (Gamry In-
struments, Warminster, PA, USA).

Electrochemical measurements

All electrochemical measurements were carried out in a standard
three-electrode cell configuration. The working electrode was one
of the eQCM Pt-coated quartz crystals with an area of 0.21 cm?
(Gamry Instruments). The counter electrode was a Pt gauze. The
reference was a saturated calomel electrode (SCE), with respect to
which all working electrode potentials were controlled (using Ref-
erence 3000 Potentiostat/Galvanostat/ZRA, Gamry Instruments,
and Warminster, PA, USA) and are quoted. Appraisal of HDT integ-
rity (see below) was based on cyclic voltammetric responses to 5
mM K,Fe(CN),/1 M KCl in the range -0.4 < E/V < 0.6V (scan rates, v
=5,10,50,100 mV s?; T = 20°C).

XPS characterization
XPS measurements were made on a Scienta ESCA 300 photoelectron
spectrometer at the NCESS Facility, CCLRC Daresbury Laboratory. A

rotating anode source (operated at 14 kV and 20 mA) generated
monochromated Al Ka radiation (1486.7 eV). Although internal
calibration to the Au 4f7/2 line at 84.0 eV was used to compensate

for sample charging [24].

Binding Hg (II) to SAM HDT on Au NPs-Pt-QCM

A stock solution of 1.0 mM of Hg (II) was used to prepare all con-
centrations of Hg (II) ions. Hg (II) at concentrations from 1.0 nM to
1.0 mM at pH= 5.5 was bound to the surface of 1,6-hexanedithiol
(HDT) modified Au nanoparticles. The preconcentration time for
low concentrations was about 10 min and at high concentration
was about 1-5 min. Every frequency shift measurement for every
concentration was repeated four times on the same surface cover-
age of the HDT on emersed and immersed crystal, to examine re-

producibility. The practical work was divided to three stages:

Strategy (Stage one)

In stage one, 1,6-hexanedithiol-attached ligands bound to Au nano-
particle surfaces on the Pt-QCM cell produce a mass change of the
QCM-SAM-ligand to QCM-SAM-ligand-Hg(II) composite resonator.
Hg(II) ion binding to SAMs was determined at pH 5.5 and the fol-

lowing were measured:

1. Frequency change for emersed Pt-AuNPs crystal with 1,6-
hexanedithiol 4f, ¢,.)-

2. Frequency change for immersed crystal with 1,6-hexanedithi-
ol + 8 ml of deionised water in EQCM cell 4f

3. Frequency change for immersed crystal with 1,6-hexanedithi-

et-SAM) )

ol + 8 ml of deionised water + 2ml 1000 ppm of Hg(II) solution
Afwet-SAM-Hg[lI))'

4. After drying the crystal in procedure 3, the frequency change
for the emersed crystal with 1,6-hexanedithiol- Hg(II) AAWSAM_

Hg[ll)) :

The following were then calculated:
(1) Af::lry-Hg (1 = Af;ﬂry-SAM-Hg (1 - Af::lry-SAM'

(2) 4/, wet-Hg (1) — 4f, fwet-SAM-Hg (II) 4f, wet-SAM"
Measurements were made at room temperature, typically 20°C.

(Stage two)

In this stage the concentration of Hg (II) ions was changed from
1.0mM to 1000 mM. The frequency shifts were measured for SAM
covered dry quartz crystal + 2ml deionised water + 10ml of Hg (II)

solution.
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Strategy (Stage three)

In this stage, the comparison between the stoichiometry of the Hg

(I1) ions to HDT from stage one and two will be studied.

Results and Discussion

Characterization of Au NPs/HDT SAMs

Cyclic voltammetric responses at moderate scan rates for the
Fe(CN)*/* couple at bare Au were reversible are shown in Figure
2. Deposition of the BDMT SAM resulted in modest departure from
this behaviour. Fits to the standard Nicholson-Shain model [25] of
the variation with potential scan rate of the peak separation gave
an electron transfer rate constant of 3.2 x 10 cm s™. This suggests
that the HDT layer is exhibits better blocking properties for the
electron transfer and form well denser packed organized monolay-

ers on Au NPs.

HDT can be determined by gravimetric interpretation of the fre-

quency shift using the Sauerbrey equation [26]:

Af=-2.26x10°f Am / A =C, Am (1)

Where Af is the frequency change corresponding to a mass load-
ing Am, f is fundamental frequency of the crystal (10 MHz in this
study), A is the electrode area (0.23 cm? in this study) and C1 is
used to represent the collection of constants that define the QCM
sensitivity. The presentational form of the admittance spectra is not
ideal for measuring the frequency shift, but this can be done either
by curve fitting or - as was subsequently the case here - by measur-
ing the resonant frequency in a simple eQCM oscillator circuit.

1,6- hexanedithiol

0.2

01

0.0

ifmA

-01

-0.2]

0.4 -02 0.0 0.2 0.4 0.6
EN

Figure 2: Cyclic voltammograms of gold nanoparticles modified
screen printed carbon electrode (a) and (b) modified with 1,6-hexan-
edithiol in 5 mM K Fe(CN), + 1M KCl. SAM formed in 10 mM thiol

ethanol solution, 48 h immersion. Scan rate 0.1V s,

SEM images of Pt-QCM electrode and Pt-Au NPS were shown in Fig-

ures 3 and 4.

Figure 3: SEM image of Pt-QCM electrode was successively

rinsed with a fresh Piranha solution and Milli-Q deionised water.

5.0kV 6.3mm x45.0k SE(U)

Figure 4: SEM images of Au NPs deposited on Pt-QCM from 3
mM HAuCl,

The binding of Hg (II) to HDT SAM modified Pt-AuNPs was stud-
ied. The same ligand was also examined for binding other metal
ions such as Pb?, Cd?*, Cu?*, Zn*?, Ni** and Hg*". The experimental
adsorption isotherms were determined for the same coverage of
the monolayer with pH=5.0 for Hg (II), pH=4.8 for lead, pH=5.4 for
copper, pH=6.5 for cadmium, pH= 5.0 for zinc, pH=6.0 for silver and
pH=5.5 for nickel. The range of concentrations for all metal ions
was from 1.0nM to 1 mM. The results of adsorption isotherms of
Hg*, Pb*, Cd**, Cu¥, Zn*3, Ni** and Ag"* to the same ligand on the
dry (emersed) and wet (immersed) crystals are shown in Figures
5 and 6).
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The frequency shifts were proportional to Hg (II) concentration up
to 10 mM, and steady from 50 pM. The saturation surface of Hg
(II) ions at 100 pM for dry (emersed) and wet (immersed) crystals
was 2.86+0.05 and 3.33+ 0.12 nmol cm? (n=4), respectively. The
surface coverage of the HDT after 18h modification time estimated
on emersed and immersed crystal was 2.48 and 2.60 nmol cm™, re-
spectively. The mole ratio between the saturation surface coverage
of Hg (II) ions and HDT was 1.15+0.04 and 1.28+0.06, respectively.
The adsorption isotherms show that Hg (II) adsorption isotherms
steeply increased with increased concentration of the solution un-
til the plateau state at 1mM of Hg (II). For other metal ions, the
adsorption isotherms are less steep. The experimental adsorption
data for binding different concentrations of lead ions to the mono-
layer were fitted to different isotherms such as Langmuir, TemKin,
Freundlich, Frumkin, El-Awady and Flory-Hugins isotherms as
seen in figures 7 and 8. It was found that the Temkin fits very well
to experimental data for all metal ions, based on a high correla-
tion factor (R2) for both dry and wet crystals. From Temkin linear
regression models one can estimate the binding constant for each
metal ion and compared these binding constants. The results are
listed in Table 1.

emersed crystal
250 —e—Hg(l)
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1200 % Cul)
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Figure 5: The binding isotherms for the binding Hg**, Cd?*, Pb2+,
Cu?*, Ni?*, Zn** and Ag* to 1,6-hexanedithiol SAM on emersed crystal.

The surface coverage of the monolayer was 3.14 nmol cm?.

One can see from the results of the binding constants of the ligand
1,6-hexedithiol with different metal ions, the ligand has selectivity
to Hg(II) from aqueous solutions over the other metal ions. The or-
der of binding constants is Hg (II)> Zn (II)> Cd (1I)> Pb(II)> Ni(1I)>
Cu(1D)> Ag(D).
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Figure 6: The binding isotherms for the binding Hg?**, Cd**, Pb*, Cu*,
Ni?*, Zn?* and Ag* to1,6-hexanedithol SAM on immersed crystal. The
surface coverage of the monolayer was 3.33 nmol cm™.

Cyn/ pM

InK Hg** cd* Pb?* Zn* | Cu* Ni%

InKT 211+ | 154+ | 14.02+ | 16,5+ | 13.0 | 141+
Dry n=4 0.04 1.00 0.09 0.04 | £0.2 0.2

InKT 21.0+ | 148+ | 139+ | 16.1+ | 13.2 | 139+
Wet n=4 0.09 0.8 0.04 0.03 | £0.3 0.1

Table 1: Equilibrium binding constants for different metal ions
with 1, 6-hexanedithiol were estimated from the linearized form

of the Temkin adsorption isotherm.

Effect of the pH on the complexation between Hg (II) and HDT

The effect of the pH on the complexation between Hg (II) ions and
HDT was investigated using the same procedures described above.
The pH of the solutions was adjusted with 0.1 M KOH or 0.1 M HNO.,.
The relationship between the pH and the mole ratio between HDT
and Hg (II) is shown in Figure 9. It was found that the mole ratio
increased rapidly with increasing pH of the solution. At pH around
five, the mole ratio between HDT and Hg (II) is around one. The
mole ratio between HDT/Hg (II) is changed from one to three at
higher pH values. The -SH groups are protonated at low pH values;
thus, it is not free (suitable) to complex the mercury ions from solu-
tion. On the other hand, mercury hydroxides were formed at high
pH values (pH=6) and the mole ratio was changed as a result of for-
mation new species in solution. The best observed pH was around
4.5-5.0, which gives a good compromise between Hg(Il) and HDT li-
gand availability and all -SH groups are deprotonated in this range.
Itis important to note that no buffer systems have been used to con-
trol the pH of the preconcentration solution because most of buffer
systems adsorbed on the Au of the quartz crystal and may interfere
with the detection [27].
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Figure 7: Plot of Langmuir, Temkin, Freundlich, Frumkin, El-Awady and
Flory-Huggins isotherms to estimate the binding constant between Hg?* and
1,6-hexanedithol on dry (emersed) crystal. The line represents the linear least

squares fit to the experimental data (points).
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to estimate the binding constant between Hg?* and 1,6-hexanedithol on wet (immersed) crystal.

The line represents the linear least squares fit to the experimental data (points).
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Figure 9: pH dependence on the adsorption of Hg (II) ions onto HDT
SAM modified Au quartz crystal (immersed crystal). The concentra-
tion of the Hg (1I) was 20.0 ppm.

1,6-hexanedithiol-Pt-QCM-Au NPs to analyse mixtures of
metal ions

In the first stage, the concentration of mercury ions in binary mix-
tures (Hg2+,Cu2*), [Hg2+,Cd2+), (ng*,an*), (Hg2+,Ni2+), (Hg2+’pbz+)
and (Hg?*,Ag*) was fixed at 0.1 mM and the concentration of inter-
fering ions was varied from 0.1 mM to 9 mM. In the second stage
the concentration of Hg (II) was varied from 1 pM to 1 mM, with the
concentrations of interfering ions fixed at 1mM. The results of the
two stages are shown in Figures 10 and 11. The results show that
the frequency shifts for Hg (II) in binary mixtures in both cases are
essentially the same range as the frequency shifts for single mer-
cury ion solutions. Thus, these interfering ions have no significant
influence on the Hg (II) determination with 1,6-hexanedithiol SAM
modified Au NPs electrode.

Chgmy s fixed and Cy, is varied

@ 0.1mM Hg(ll) + 9mM [M]
m 0.1mM Hg(ll) + 1mM [M]
0 0.1mM Hg(ll) + 0.1mM [M]
0 0.1mM Hg(ll)

Figure 10: Comparison between the adsorption Hg (II) ions from
single ion solutions and binary mixtures with interfering ions. The
concentration of interfering metal ions was varied from 0.1 mM to 9
mM and the concentration of Hg (I1) was fixed at 0.1 mM in all cases.

The same surface coverage of the ligand was used, 1.66 nmol cm™.

T T T T 1
400 600 800 1000 1200

oo
(5]
=
=}
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Figure 11: Comparison between experimental adsorption isotherms
for mercury ions from single metal solution and binary mixtures with
1,6-hexanedithiol, where the concentrations of interfering ions were

fixed to 1 mM. The surface coverage of ligand was 1.70 nmol cm™.

X-Ray photoelectron spectroscopy (XPS) is a well-established tool
for the characterization of the molecular structure of organic films.
XPS survey spectra can be used to confirm the presence of desired
elements in the film and to evaluate its atomic composition [28,29].
Peak positions can give information about the local environment
and degree of packing of the chains in the film. Atomic ratios have
to be interpreted with great care since photoelectrons from atoms
near the substrate are attenuated by overlaying material. The mea-
sured atomic composition is thus sensitive to the elemental distri-
bution perpendicular to the surface in addition to the actual compo-
sition of the film. High resolution X-ray photoelectron spectroscopy
has often been used to identify the interaction of a metal ion with
the surface chemical groups on an adsorbent material during ad-
sorption because the creation of a chemical bond between a metal
ion and an atom on surface of the adsorbent changes the distribu-
tion of the electrons around the corresponding atoms. The electron
donating ligand can lower the binding energy (BE) of the core level
electrons while electron-withdrawing ligands can increase the BE
[30-32]. The XPS technique will allow us to explore both the Au/
SAM and SAM/analyte interfaces, providing insight into adsorption
stoichiometry and metal ion speciation.

When HDT SAM on Au NPs exposed to solutions of trace metal ions
a preconcentration equilibrium is set up at electrode solution inter-
face. The nature of the interfacial binding process will be explaining,
which controls the interfacial composition, and thereby sensor per-
formance. Using the QCM in gravimetric mode we have determined

binding constants of different metal species e.g. Cu?, Pb2+, Cd*and
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He%, in single and mixed ion solutions. This is a thermodynamic
probe of the interface. Similarly, we have used EQCM in coulometric
mode (by integrating the voltammetric responses of surface-bound
complexed metal ions) to determine metal ion coverage. However,
neither of these population-based techniques provides an insight
into the nature of the metal species and ligand within the complex.
High resolution XPS gives us in order to acquire quantitative corre-
lations of surface composition and structure at the interface. Thus,
XPS to probes the nature of adsorbed metal ion; it's coordination
environment, oxidation state, and that of the underlying SAM as a
function of electrode potential. XPS gives more information about
the preconcentration equilibria (particularly under competitive
situations) and metal speciation at HDT SAMs exposed to dilute
aqueous solutions of single and multiple metal ions. The important
questions to be answered using XPS are the mole ratio between
the metal ion and HDT SAM ligand (S:M) (different free terminal
groups) for all metal ions and the chemical changes occurring in
the oxidation states of sulphur, carbon and oxygen before and after
complexation with metal ions . Finally, ex situ high resolution X-ray
photoelectron spectroscopy (XPS) calibrates the results that were

extracted before from QCM-EQCM measurements.

Preliminary survey spectra scans of the HDT SAM-modified Au NPs
indicated the presence of all the expected elements (viz., C, S, O, Au
and also Hg (II) metal but no extraneous elements were observed.
These results confirmed that the Au NPs surfaces used for the
monolayer preparations and for monolayers with Hg (II) were of
high purity and did not have any significant amount of contamina-
tion. The results of the survey spectra and high-resolution spectra
for the elements in the SAMs of 1,6-hexanedithiol HDT before and
after adsorbed Hg?*, respectively, are shown in Figures 12 and 13.
The XPS spectra in these figures showed characteristic peaks cor-
responding to C (1s) (285 eV), O (1s) (532 eV), S (2p3/2) (162 eV)
and Hg (4-f7/2).).

The atom percent of carbon, oxygen, sulphur, and Hg (II) metal
ions were calculated from the high resolution spectra collected at
normal emission by integration of the areas of the S (me), Cls,
0O1s, and Hg (4f

subtraction [33] over a suitable range encompassing the peaks, and

7/2) peaks after application of a linear background
correction using the atomic sensitivity factors. The atomic sensitiv-
ity factors employed in this study for comparison of relative atomic
concentration in HDT on Au NPs were provided by the instrumen-

tal manufacturer and are as follows: S(Zpg/z) =2.08,C,_=1.00,0, =

2.80, and Hg(4f7/2) = 10.57. The results of the elemental analysis

are summarized in tables 2.

HD TI/Hg(Il) o

Counts

o “DEinding“EDnergy (E‘\::; o
Figure 12: XPS wide scan spectra of a SAM of 1,6-hexanedithiol
HDT after a preconcentration step in ImM mercury nitrate solution
(pH 5.0) for 20 min followed by high resolution XPS scans for C,, O,,
Au(4f7/2], S(2p3/2), and Hg[4f7/2).
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Figure 13: XPS spectra in S (2p) SAMs of (a) HDT; (b) HDT/Hg
(11);). All the SAMs were prepared by immersion for 24h into ImM
solution. Two S2p doublets, both with a 2:1 area ratio and a split-

ting of 1.5 eV, were used to peak fit the experimental spectrum.

SAMs /M Name Area | Sensitivity | Atom. | Hg:S
(cps) (%)
HDT Cls 3679 1.00 77.79
HDT 01s 1862 2.80 14.06
HDT S2p3/2 | 534 2.08 5.42
HDT/ Hg 1364 10.57 4.73 0.88
Hg(II) 4£7/2

Table 2: Elemental composition of SAM of hexandithiol HDT on Au
NPs (obtained from high resolution XPS spectra) after adsorbing
Hg (1I) ions from single metal ion solutions and the concentration of
the three metal ions was ImM. Table also shows elemental compo-
sition of SAM of 1,6-hexanedithiol HDT after adsorbing Hg?** from

single ion solution.
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The relative concentration of the detected Hg (II) ions was used
to determine the metal ion to sulphur ratio are presented in table
2. The mole ratios were estimated after exposure to high concen-
trations of Hg (II) ion, as in the QCM and EQCM experiments. The
mole ratios extracted from the XPS analyse are in agreement with
the mole ratios extracted from QCM and EQCM measurements.
The binding energy 163.6-164 eV for free -SH was observed only
for 1,6-hexanedithiol HDT (see Figures 12 and 13) before adsorp-
tion of Hg(Il) ions and disappeared after adsorption of Hg(II) from
aqueous solutions. Based on the peak area ratios, ratio of the two
chemical states of sulfur, XPS data suggest that one-ended dithiol
molecules (HDT) attached to the Au substrate to form AuSR and the
other ended thiol groups were left as free -SH, which is consistent
with previous studies for 1-5-pentanedithiol and 1,9-nonanedithiol
on Au electrodes [34,35] (see table 2). The curve-fitted high resolu-
tion XPS spectra obtained for the C(1s) binding energy region pres-
ent three peaks in the 284.3, 284.9 and 286.3 eV .The peaks are
assigned from literature references to the -C-C, CH,-CH,, and-C-S,
respectively [36,37,38].

Conclusions

Mercury ion selective acoustic wave nano sensor method was de-
veloped and uses the Pt-QCM technique after modification with Au
NPs with 1,6-hexanedithiol SAMs. The binding of different concen-
trations of Hg** and interfering metal ions to the same ligand was
also studied, including the estimation of binding stoichiometry be-
tween the SAMs and Hg?". The combination of SAM selectivity and
QCM sensitivity provides a potentially useful trace metal ion acous-

tic wave nano sensor in the micro molar range.

1,6-hexanedithio SAMs modified Au NPs promoted the adsorption
of mercury ions at pH=5.0-5.5. The response to Hg*? at concentra-
tions 10uM-10mM was fitted to Langmuir, Temkin, Frumkin, Freun-
dlich, El-Awady and Flory-Huggins isotherms. The data fit very well
to the Temkin and Frumkin isotherms. From the slope and intercept
of the linear regression of these isotherms on dry (emersed) and
wet (immersed) crystals, it was possible to estimate the binding
constant between the Hg?** and the ligand. To study the selectivity
and sensitivity of the ligand, other metal ions such as Pb%, Cd%,
Cu*, Zn**, Ni** and Ag* were bound to the HDT monolayer and the
same methodology was used for binding other metal ions. It was
found that the ligand has a strong selectivity to Hg** and the adsorp-
tion of these metal ions to the ligand followed the sequence Hg(II)>
Zn(I1)> Cd(II)> Pb(I)> Ni(I)> Cu(Il)> Ag(I). The stoichiometry

between the Hg?* and the ligand is (1:1). SAM of 1,6-hexanedithiol
modified Au electrodes has a high selectivity to Hg(II) ions.

The uptake of interfering metal ions and Hg?* from binary mixtures
using same ligand has been developed using two procedures. In the
first procedure the concentration of Hg (II) metal ions was fixed
and the concentration of the interfering metal ion in the binary
mixture was varied. Comparison was made between the frequency
shift for the target metal ions in the single ion solution and in the
binary mixture. It was found that the frequency shift for the target
metal ion in single metal ions was essentially the same as in the
binary mixtures. One can conclude that the second metal ion has
no significant influence on the determination of target metal ion. In
the second procedure the concentration of target metal ion in bina-
ry mixture was varied with the interfering metal ion concentration
fixed. The adsorption isotherm of the target metal ion was fitted to
six kinds of isotherms and it was found that the Frumkin and Tem-
kin isotherms fitted the experimental data best. When comparing
the values of binding constant for target metal ions in single solu-
tion to the binary mixtures. The results presented for high resolu-
tion XPS elemental composition for HDT and HDT/Hg?* show the
presence of sulphur, carbon, oxygen, gold and target metal ions.
These results also confirmed that HDT are successfully immobi-
lized on Au NPs and can bind different metal ions from aqueous

solutions with high selectivity to Hg (II) ions.
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