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Abstract

Using a combined UV-Vis, DLS and electrochemical approach, this work experimentally
studies the physical origin of the observed colormetric sensitivity of aqueous silver
nanoparticles towards divalent metal ions. In the presence of Pb*", AgNPs are show to
reversibly form agglomerates (the time scale of the reverse de-agglomeration process is of the
order of hours). This agglomeration is shown to be induced by complex formation between
Pb>" and citrate groups localized on the AgNPs, reducing surface charges (zeta-potential) and
hence electrostatic repulsion between the AgNPs. Other divalent metal ions including Ca™",
Cd2+, Zn2+, Ni2+, Co*" and Sn’" are also studied and the resulting sizes of the AgNPs clusters
and the extents of the UV-vis spectrum red-shift in Ay, have a strong positive correlation
with the metal-ligand (citrate) complex formation constant (Ky). This work thus serves as a
guide for the selection of capping agents on the basis of K¢ and demonstrates the correlation
between sizes and spectrophotometric as well as electrochemical responses of the AgNPs
clusters. Importantly, we give further physical insights into the size-dependent properties of
AgNPs, and emphasize the difference between theoretical and experimental values of
extinction coefficients, where the latter is affected by the angle-dependent scattering

intensities and the measurement technique used.
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Introduction

A plethora of examples of the use of silver nanoparticles for colorimetric and
spectrophotometric sensing of metal ions are present in the literature. The most significant
variant between these reports is the use of different capping agents. Recent examples include
gallic acid, iminodiacetic acid,” ILP,’ tyrosine,4 MTT’ and biothiols.®® Generally, a semi-
empirical approach has been taken towards the discovery of new capping agents with the aim
of improving the sensitivity and selectivity of the procedure. Nevertheless, we note that most
of the ligands previously studied contain either a carboxylate and/or a thiol group, and that in
many cases high selectivity towards a specific metal, most often lead (II), is demonstrated.
However, many such articles limit themselves to reporting the observed behaviour at the
expense of providing insight into the solution phase dynamics of the nanoparticle solution

and the probable physico-chemical cause of the altered response.

Silver nanoparticles possess interesting optical properties as their surface plasmon resonance
give rise to a strong absorption band in the visible range. The extinction coefficients of the
silver nanoparticles (epernp = 108 — 10" M cmfl)9 are several orders of magnitude higher

than other types of chromophores,'®"

making them ‘ideal’ for colorimetric applications. The
colours and absorption spectra of the silver nanoparticles are dependent on their size, shape
and the relative permittivity of the local environment. The different absorption spectra of the
silver nanoparticles (AgNPs) of different sizes has been well-explored both theoretically and

experimentally.'>"

The analysis of the absorbance and the extinction coefficients is usually
done on the basis of Beer-Lambert law and concentrations are generally described in terms of
the particles concentration.” However, it will be demonstrated herein for particles of different
sizes that by considering the concentration of silver atoms rather than that of silver
nanoparticles, insightful and analytically useful information can be obtained. This includes,
for example, the discrepancy between the theoretically predicted and experimental UV-Vis

spectra, the size-dependent contributions of absorption and scattering in particular.

In sensing applications, the alteration in absorption spectra in response to the change in the
relative permittivity becomes of relevant interest. The relative permittivity can change with
solvent, the chemical species adsorbed on the surface and the interaction between the
particles."* It is the latter two factors that draw our attention to the use of AgNPs as a sensor

for chemical species. In this work, aqueous citrate-capped AgNPs and lead (II) are used as a
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model system to study the interactions between AgNPs capped with small ligands and the
metal ions. Citrate and lead (II) are chosen based on the hypothesis deduced from literature
review that lead (II) would give rise to spectrophotometric changes of the AgNPs capped
with carboxylate-containing ligands. We note that the behaviour of silver nanoparticles in
other solvents may differ from that found herein. The investigations into the solution phase
dynamics of the AgNPs/lead(Il) systems are performed using a range of techniques: UV-Vis
spectrophotometry, dynamic light scattering (DLS) and electrochemical nano-impact
experiments.'>'® The absorption spectra reveal the responses of plasmon resonances and are
used to study the reversibility of the interactions. DLS and nano-impacts' are employed to
monitor the in-situ sizes of the particles upon the addition of lead (II) solutions. The in-situ
techniques allow the monitoring of the size of nanoparticles or nanoparticle clusters in
solution-phase, as opposed to transmission electron microscopy (TEM) where the
complication of particle agglomeration/aggregation may arise upon solvent evaporation
during sample preparation. Based on these techniques, analytical approaches are also
developed for the determination of lead (II). Other metal (II) ions are investigated along with

the selectivity of the analysis.
Experimental

Chemical reagents and instrumentation

All reagents were used as received without further purification: sodium citrate (Aldrich,
99%), lead (II) nitrate (BDH, 99.5%), calcium nitrate tetrahydrate (BDH, 99.0%), cadmium
(IT) nitrate tetrahydrate (Aldrich, 99.999%), zinc nitrate hexahydrate (Aldrich, 98%), nickel
(IT) nitrate hexahydrate (Aldrich, 99.999%), cobalt (II) nitrate hexahydrate (Sigma-Aldrich,
>98%), tin (II) chloride (Aldrich, >99.99%), potassium chloride (Sigma-Aldrich, >99.0%).
All solutions were prepared using deionized water (Millipore) with a resistivity of

18.2 MQ cm (25°C).

The UV-Vis measurements were performed with a Shimadzu UV-1800 spectrophotometer in
disposable cuvettes (Eppendorf UVette, Sigma-Aldrich) using a 10 mm optical path length.
Electrochemical experiments were performed with a pAutolab Type III potentiostat (Utrecht)

using a standard three electrode setup employing the fabricated carbon fiber microwire (7 pm

3
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

diameter, Goodfellow UK) working electrode,'” saturated calomel (BASI) reference electrode

and a platinum mesh counter electrode.
Synthesis and characterization of citrate-AgNPs

The spherical citrate-AgNPs of 9 nm diameter and the triangular prismatic citrate-AgNPs
were synthesized in our research group.lg'20 The spherical citrate-AgNPs of 30 nm, 50 nm
and 100 nm diameters were obtained from Nanocomposix, USA. All of the citrate-AgNPs
were characterized using transmission electron microscopy (TEM, 300 kV JEOL 3000F
microscope) and dynamic light scattering (DLS, ZEN3600 Nano-ZS Zetasizer).

Procedures for the analytical detection of Pb**

First, the UV-Vis spectra of 29 nM of 9 nm citrate-AgNPs were recorded in the range of
wavelength of 250-800 nm upon the addition of different concentrations of lead nitrate
solutions (0—1,000 pM). The position of the wavelength at maximum absorbance (Amax)
and/or the absorbance at 250 nm (A;so) are determined and plotted against concentration of
Pb*" to construct calibration curves. The concentration of Pb*" in the unknown solution can
then be determined by the addition of citrate-AgNPs (yielding the same final concentration of
29 nM) followed by the UV-Vis measurement. The values of Ayax and/or Ayso measured are

then compared with the calibration curves to yield the concentration of Pb>",

Investigations of the interactions between citrate-AgNPs and divalent metal

ions

Sizing of citrate-AgNPs/Pb>* clusters. The sizes of the citrate-AgNPs in the presence of
different concentrations of Pb*" was determined by DLS and the nano-impacts technique.15
DLS measurements were performed using 59 nM of 9nm or 7.6 pM of 50nm AgNPs to react
with 0, 250, 500, 750 and 1,000 uM of Pb**. Nano-impact experiments were performed in 10
mM KCI electrolytes using 7.6 pM of 50nm citrate-AgNPs in the absence and presence of
1,000 uM of Pb*".

Reversibility. The reversibility of the reaction between citrate-AgNPs and Pb*" was studied
by dilution of the mixture of 59 nM 9nm citrate-AgNPs and 1,000 pM Pb*" with deionized
water to the dilution factors of 1.5, 2.0 and 2.5. Their UV-Vis spectra are recorded every one

minute for the first 7 min, 6 hours and 30 hours after the dilutions. The resulting spectra are
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then compared with those expected for the fresh mixtures of AgNPs and Pb>" of equivalent

concentrations to that after the dilutions.

Comparison between different divalent metal ions (M**). In addition to Pb*", other different
metal divalent ions including Ca®", Cd*", Zn*", Ni*", Co*" and Sn*" were investigated. UV-
Vis spectra (250-800 nm) of the mixtures of 7.6 pM 50nm citrate-AgNPs and 500 pM of each

metal ion solution were recorded and compared.

Results and Discussion

Given that the main observations for the interaction of silver nanoparticles with metal ions is
the change in the colour of the suspension, the article starts by considering the nanoparticle
UV-Vis spectra and how the data is best interpreted and analyzed (Section 3.1). Following
this, the UV-Vis spectra of the citrate-AgNPs is reported with the addition of different
concentrations of lead (II) solutions (Section 3.2). In order to provide insights into the
solution phase nanoparticle dynamics in the presence of metal ions, the results from both
DLS and the nano-impact technique are presented in Section 3.3. The reversibility of the
colour change is investigated in Section 3.4. Finally, Section 3.5 provides an explanation for

the observed selectivity of the colour change towards lead (II) ions.

UV-Vis studies of citrate-AgNPs and the interpretation of the resulting

spectra

The citrate-AgNPs were characterized using TEM and DLS. Their average sizes are given in
Table 1, and the size distributions provided in Figure S1 (SI). Figure 1a presents the UV-Vis
spectra of the AgNPs samples (A = 250-1,000 nm). For the smaller quasi-spherical particles a
clear plasmon peak is observable at ~400 nm. The large spherical (100 nm) and prismatic
particles exhibit shifted absorption maxima. Unlike for molecular species, the extinction
coefficient contains contributions from both absorption and scattering. Under conditions
where the particle is small compared to the wavelength of light used then under the quasi-

. . . . . . 14
static approximation the scattering coefficients, €,ps and &4 can be described as:

Eabs = ANk Im| o | (1),

€int2€out

€in—€out

8
gscatt == T[:Nk4r6
3 €int2€out

2),

5
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

where &,ps and e5cqy are absorption and scattering coefficients respectively, and the sum of & s
and Egcart ZIVES Eext (Eext = Eabs T Escatt)- 7 18 the radius of the particles, & is the wavevector in

the medium and A is the atomic number density.

First, we note that the scattering is strongly anisotropic, with the fraction of forward
scattering increasing with the size of the particle. Second, in a UV-Vis measurement light is
made in the forward direction and over a finite range of angles. Consequently, relating theory
to the measured UV-Vis spectra, specifically predicting the scattering contribution is not a
straight forward task. But we highlight that the absorption coefficient is proportional to the
nanoparticle volume, hence for small particles one would anticipate the magnitude of the
UV-Vis spectra to relate to the solution phase silver atom concentration. The UV-Vis data
presented in Figure 1a has been normalized against the concentration of silver atoms in the
suspensions and not the number of particles. For all but the largest particles, the adsorption
maxima are very comparable in magnitude. This is the case even though the number of

nanoparticles in the four suspensions differs by over two orders of magnitude.

To emphasize this point further, Figure 1b displays the Beer-Lambert plots of absorbance at
Amax against concentration of silver atoms, with the inlay showing the equivalent plot as a
function of silver nanoparticles concentration. The Beer-Lambert plots vs. silver
nanoparticles are markedly different for the nanoparticles of different sizes. The resulting
values of & per NP are provided in Table 1. The values of & calculated using the
concentrations of silver atoms are in the range of 15,300 + 300 (Ag atom) M em™, refer to
Table 1. The slightly different values of . possibly reflect the errors in the concentrations of
silver used in the synthesis. Only the 100 nm AgNPs have & an order of magnitude lower

than the smaller particles.

Given that Evanoff et al.'* reports that for silver nanoparticles scattering and absorption
contribute equally to the extinction coefficient when particles are ca. 52 nm in size, it is of
interest to ask why the adsorption maxima for the reported 50 nm particles exhibit a very
comparable measured extinction coefficient to the much smaller 9 nm particles (on a per
atom basis). Again we emphasize that the measured spectra are highly dependent on the
technique used. In the case of UV-Vis which is a widely-used method among analytical
chemists, the detector is placed in front of the sample or at the scattering angle (6) of ~0°. For
small particles the scattering intensities are maximum for forward (6 = 0°) and backward (0 =

180°) scattering, and minimum at the perpendicular angle (6 = 90°).>' The light scattered in
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the other directions except for 6 = 0° is not detected by the detector, and hence increases the

magnitude of ‘absorbance’ measured by the UV-Vis.

In contrast, as the particle size becomes comparable to the wavelength of light such as the
100 nm AgNPs studied, scattering now gives the highest intensity in the forward direction (0
= 0°).2! More scattered light reaches the detector and decreases the value of ‘absorbance’
measured by the UV-Vis. The extinction coefficient from the UV-Vis measurement is thus
significantly lower than anticipated for the smaller size particles. This result emphasizes the
difference between experimental and theoretical values of extinction coefficients.
Nonetheless, from our work it is suggested that for AgNPs not larger than 50 nm in diameter,
the UV-Vis maximum absorbance can be analyzed using the Beer-Lambert law using the
value of &y per silver atom of 15,300 + 300 (Ag atom) M™' cm™'. The value of &y per silver

nanoparticle can also be approximated, see S2 (SI).

£0.020- - ] =

£ £ 480 - g 20— ®
é“ = 440 34 ? 1.5 o 4
= 0.016+ 2400 = " 1 8| 204 |
i 0 50 100 g 2 058

3 | s | 8 |2

%0.0IZ Diameter (nm) =] = O %0 130 |
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Figure 1: a) UV-Visible spectra of citrate-AgNPs of different sizes normalized with the concentrations of silver atoms;
(Inlay) the wavelengths at maximum absorbance () as a function of the AgNPs diameters. b) Beer-Lambert plots of
absorbance at Ap, as a function of silver atoms concentrations and (Inlay) absorbance at A, as a function of silver
nanoparticles concentrations for citrate-AgNPs of different shapes and sizes. Black, blue, red and green designate
spherical citrate-AgNPs of 9 nm, 30 nm, 50 nm and 100 nm in diameter respectively; orange designates triangular-prism
citrate-AgNPs of 33 nm triangular height and 7 nm prism thickness.

Table 1: Sizes of citrate-AgNPs from TEM and DLS measurements, and the extinction coefficients (¢) calculated on the
basis of Beer-Lambert law using silver nanoparticle or silver atom concentrations.

* TEM DLS z- ¢ per AgNP ¢ per Ag atom
diameter average (10" M~ (M'em™)
(nm) (nm) em™)

1 9+2 18+12 3.34+0.03 15460 =220

2] 29+4 39+9  634+2 15,520 = 150

3] 47+6 6011 2,580+4  14,995+95

[4] 103+9 111+11 2.586+2 1,445+ 35

[5] h:33+9" 25+15 344+1 13,980 + 190
I 7+1Y

* 1] spherical (made in house),'® [2] spherical (Nanocomposix, Nanoxact 30 nm), [3] spherical (Nanocomposix, Nanoxact
50 nm), [4] spherical (Nanocomposix, Nanoxact 100 nm), [5] triangular prisms (made in house)19

+ & and [ are the height of the triangular surface and the thickness of the prism respectively.
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UV-Vis responses of the citrate-AgNP/Pb’* solutions

In this section, the optical properties and the UV-Vis responses of the citrate-AgNPs are
investigated upon additions of Pb*" solutions. The absorption spectra are recorded for the
mixtures of citrate-AgNPs (58 nM of 9 nm AgNPs or 7.6 pM of 50 nm AgNPs) and Pb>" (0-
1,000 uM). The resulting UV-Vis spectra are presented in Figure 2a and 2d for 9 nm and 50
nm AgNPs respectively. Two distinct features are observed to change with the concentrations
of Pb>" added: the absorbance at A = 250 nm (Azs0) and the positions of Apax. Azso increases
with Pb*" concentrations, while An. shifts to longer wavelengths, both changes of which are
plotted against the concentrations of Pb" in Figure 2b and 2e for 9 nm and 50 nm AgNPs

respectively.

In the case of 9 nm AgNPs in the presence of 200 uM and 300 pM Pb*", the spectra in the
region of 350 — 600 nm split into two peaks, which are labelled Peak I and Peak II. The
magnitude of the maximum absorbance, or the sum of absorbance at Peak I and Peak II if
there are two separate peaks, remains constant with Pb*" concentrations, indicating the
relation of the spectra in this region to the amount of silver, see Figure 2¢ and 2f for 9 nm and
50 nm AgNPs respectively. Note that the slightly higher maximum absorbance at high Pb>"
concentrations, especially for the 50 nm AgNPs, is caused by the interference of the

absorbance due to the citrate-Pb>" complex (Ajso) which will be discussed in Section 3.5.

Further results on the effects of concentrations of citrate-AgNPs, and electrolytes towards the
detection of lead ions are provided in section S3 (SI). The change in colour is presented in
Figure S4 (SI). The lowest limits of detection were obtained when 29 nM of 9 nm citrate-
AgNPs were used (Figures S2a and S2b), yielding the limits of detection (3Sp/m) of 35 uM
and 18 pM based on Anmax and Asso respectively. From the limits of detection determined, it is
suggested that the developed method may be suitable for the determination of Pb* in
industrial wastewater where the concentration of Pb*" are in the range of 5-15 mg/L (24.1 uM

to 72.4 uM).22

This shift in the UV-Vis response and the change in colour of the nanoparticle suspension in
the presence of Pb>" demonstrates that the AgNPs capped with carboxylate-containing
ligands (citrate in this case) chemically interact. Having demonstrated that we can obtain

analytically useful information from the interactions between citrate-AgNPs and Pb*" as
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previously reported for other capping agents,'™® next we investigate the cause of the changes

in absorption spectra.
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Figure 2: a) UV-Vis spectra, b) (black) absorbance at 250 nm and (blue) A, plotted against concentrations of Pb**, and ¢)
absorbance at (black squares) ., or Peak I if spectra split into two peaks, (pink squares) Peak II, (open squares) sum of
absorbance at Peak I and Peak II of the mixtures of 58 nM 9 nm citrate-AgNPs and 0-1,000 uM of Pb*". d) UV-Vis spectra,
e) (black) absorbance at 250 nm and (blue) A, plotted against concentrations of Pb?" and f) absorbance at A, of the
mixtures of 7.6 pM 50 nm citrate-AgNPs and 0-1,000 uM of Pb*",

Solution phase dynamics of the citrate-AgNP/Pb*" solutions — evidencing

the formation of AgNPs clusters

It is thought that the plasmon resonance of the particles and hence the resulting absorption
spectra change according to three main factors: solvents, formation of AgNP clusters and
adsorption of Pb*" on the surface of the AgNPs. The only change made to the solvent is the
addition of low concentrations of Pb®" which is approximated from the resemblance of the
UV-Vis spectra of Pb>" solution and pure water to cause a negligible effect on the relative
permittivity of the medium. Consequently, in this section we focus on the possible formation
of AgNP clusters in Pb®" solutions. The sizes of the AgNPs in the presence of different
concentrations of Pb>" are determined using two in-situ techniques: dynamic light scattering

and the electrochemical nano-impacts technique.

The hydrodynamic sizes of the AgNPs in the presence of 0, 250, 500 and 1,000 pM Pb**
from DLS measurements are summarized in Table 2. The average sizes of the particles

become significantly larger in the presence of Pb**, and the size increases with increasing

9
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Pb>" concentration. These results thus indicate the formation of AgNP clusters induced by
Pb>".
Table 2: DLS sizes of the nanoparticles in the presence of different concentrations of Pb* in the absence of added

electrolytes. Similar experiments were performed in the presence of 10 mM KCl, the results of which are provided in Section
S5 in the SL

[Pb*'] AgNPsd=8nm AgNPsd=50nm

(M) z-average (nm) z-average (nm)
0 18+12 5242

250 125+33 59+11
500 291 + 63 157+ 12
750 457+103 381 +82

1000 639 + 157 870 + 152

Nano-impact experiments are also performed to confirm the cluster formation of the NPs in
the presence of Pb*" and obtain further information about the nature of the clusters. The
potential of 0.8 V vs SCE is applied at a carbon fiber working electrode and the currents
monitored as a function of time. The electrochemical measurements are performed in 10 mM
KCI supporting electrolyte to provide sufficient screening of the positively charged Ag"
oxidation product, and hence ensure complete oxidation of the AgNPs.> The examples of

nano-impact spikes are given in Figure 3.

Figure 3a displays the typical sharp spikes of AgNPs, where each spike represents a AgNP
being completely oxidized at the electrode, giving the charge transfer of 0.48 + 0.23 pC in the
duration of 18 = 5 ms. These amounts of charge transfer correspond to the diameters of
AgNPs of 45 £ 8 nm, in excellent agreement with the size from TEM measurements of 47 =+ 6

nm. The detailed analysis of nano-impact spikes are provided in Section S6 (SI).

In the presence of 1,000 uM Pb*", the duration of spikes becomes significantly longer (719 +
621 ms) indicating the much larger sizes of the particles as longer times are required for the
large particles to be fully oxidized, see Figure 3b. The charge transfer is determined to be 174
+ 173 pC, corresponding to 297 + 101 nm diameters assuming the clusters are spherical.
Importantly, the detectable nano-impact spikes of the AgNPs clusters further demonstrates
that the interacting forces between the clusters are relatively strong, and that if the formation
of clusters is reversible, the disassembly of the clusters is much slower than the oxidation of

2425

AgNPs upon the impact on the electrode. Otherwise, only monomeric NPs would be

detected.?
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16 Figure 3: Chronoamperograms showing nano-impact spikes of a) 7.6 pM of 50 nm AgNPs and b) 7.6 pM of 50 nm AgNPs
17 in the presence of 1,000 pM Pb*" using 7 pm carbon fiber working electrode, standard calomel reference electrode and
18 platinum counter electrode, £= 0.8 V vs SCE, 10 mM KCl supporting electrolyte.
19
20
21
5;2», Reversibility of the AgNPs cluster formation in Pb** solutions -
gg Agglomeration vs. Aggregation
26
27 The previous section has evidenced that the addition of Pb*" to AgNPs suspension results in
28 . . . S . .
29 the formation of the AgNPs clusters. In this section, it is investigated whether this cluster
32 formation is an agglomeration (reversible) or aggregation (irreversible) process.”” This was
32 achieved by mixing 58 nM of 9 nm AgNPs and 1,000 uM Pb*". The mixture is then diluted
33 . . - . 1
34 with deionized water to the dilution factors of 1.5, 2.0 and 2.5 yielding 39 nM AgNP/667 uM
gg Pb>", 29 nM AgNP/500 uM Pb*" and 23 nM AgNP/400 pM Pb*" respectively. The UV-Vis
37 spectra of the diluted mixtures are recorded and compared with the mixtures prepared fresh to
38 . . .
39 the equivalent concentrations of AgNPs and Pb*". Figure 4 demonstrates the results for the
22 dilution factors of 2.5 showing the shape of the UV-Vis spectra returning gradually to that
42 expected for the 23 nM AgNP/400 uM Pb*" mixtures. The time scale of the reverse process is
43 . .
a4 determined based on the ratios between the absorbance at 405 nm to 517 nm to be of the
jg order of hours. Further results are provided in Section S7 (SI).
47 . . . . . 2+
48 From this result, it can thus be concluded that the interaction with Pb”" leads to the reversible
gg agglomeration of the AgNPs, with slow de-agglomeration process. The slow rate of the de-
51 agglomeration establishes credibility in the determination of metal ions based on the sizes of
52
53 the nanoparticles clusters as it ensures that no cluster de-agglomerates in the timescale of the
gg measurement. The reversibility of the agglomeration also suggests the possible re-use of the
56 nanoparticles in analysis as there is no irreversible loss. However due to the reversibility of
57
58 the agglomeration process, in the extreme cases where a separation process is required and
59
60 11
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the process takes a significant period of time, the measured responses may not truly reflect

the concentrations of the metal ions in the samples, and caution should be exercised.

e
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Figure 4: UV-Vis spectra of the mixtures of 23 nM AgNP/400 pM Pb*" yielding from the dilution of 58 nM of 9 nm AgNPs
and 1,000 uM Pb>" to the dilution factor of 2.5. Blue, red and green lines designate the spectra of the diluted mixtures 7 min,
6 hr and 30 hr after dilution respectively. Black dashed line shows the spectrum of fresh 23 nM AgNP/400 uM Pb**
mixtures, i.e. not from dilution.

Origins of the reversible agglomeration

In this section, the physical origins of the agglomeration of citrate-AgNPs in the presence of
Pb>" are examined. Figure 5 compares the UV-Vis spectra of the mixtures of Pb*" and
citrate-AgNPs, with that of Pb>" and the solution-phase citrate. The spectra display strong
absorbance at 250 nm (Ajso) which is absent prior to the mixing between Pb*" and any form
of citrate. This indicates complex formation between Pb>" and citrates, both in solution-phase
and as ligands bound to the surface of AgNPs. Citrate contains three carboxylate groups and
likely binds to Pb*" via the oxygen/carbonyls of the carboxylate groups.*® The Pb-O*’ and the
Pb-OOC interaction in ethylenediaminetetraacetic acid (EDTA)* have been reported to

display strong absorption in this short wavelength region.

Monolayer adsorption of citrate on gold nanoparticles is ca. 2.8 x 10 mol cm ™, the number
of which is also applicable to the silver surface as it has similar lattice spacings.’’ For 15.1
pM of the commercial (Nanocomposix) 50 nm citrate-AgNPs, the suspension contains 625
UM citrate, <1% of which is localized on the AgNPs while >99% remains in the solution. For
the mixtures of 15.1 pM 50 nm citrate-AgNPs (containing 625 pM citrate) and 1,000 uM
Pb*>", the magnitude of A,s is significantly higher than that of the mixture of Pb*" with the
same concentration of citrate in solution. At the same time, the absorption spectrum in the

250-350 nm range of the Pb**/solution-phase citrate mixture only becomes comparable to that

12
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of 15.1 pM 50 nm citrate-AgNPs (containing 625 pM citrate) and 1,000 pM Pb>" when the
concentration of Pb*" is increased to 2,000 pM. The higher amount of Pb*" required to reach
a comparable magnitude as that of the citrate-AgNPs of equivalent citrate concentration
implies that the AgNPs act as the carriers of the citrate, localizing high concentrations of
citrate on the surface. This likely facilitates the complex formation and hence improves the

sensitivity of the detection of Pb*",
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Figure 5: UV-Vis spectra of (Dashed, green) 625 uM citrate; (Dashed, light blue) 1,000 uM Pb*" (overlay on
top of the dashed green line); (Dotted, purple) 15.1 pM 50 nm citrate-AgNPs; (Red) 1,000 uM Pb*" + 625 pM
citrate; (Black) 2,000 uM Pb*" + 625 uM citrate; (Blue) 1,000 pM Pb*>" + 15.1 pM 50 nm citrate-AgNPs
(containing 625 puM citrate; >99% in solution and the remaining localized on the nanoparticles). (Inlay)
Calibration curves showing the absorbance at 250 nm (A,s) as a function Pb** concentration interacting with
(Blue) 15.1 pM 50 nm citrate-AgNPs (containing 625 uM citrate) or (Red) 625 uM citrate

The zeta potentials of the citrate-AgNPs are measured to be -23.3 = 1.8 mV and -10.0 = 0.2
mV in the absence and presence of 750 uM Pb** respectively, see Section S8 (SI) for raw
data. The decrease in the surface charges reduces the electrostatic repulsion, and leads to the
agglomeration of the AgNPs. The Pb>" ion can also potentially act as a bridge between
nanoparticles to form agglomerates. The modification made to the surface environment and
the agglomeration of the NPs (decreasing particles separation) alter the plasmon resonance
frequency, shifting the position of the absorption peak to longer wavelengths upon the

binding of Pb*".

In addition to Pb*, the UV-Vis spectra and DLS measurements were performed for the
mixtures of 7.6 pM of 50 nm citrate-AgNPs and 500 uM of different divalent cations (Ca™",

Cd2+, Zn2+, Ni2+, Co*" and Sn2+). Mono- and other multi-valent cations are not considered in

13
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this work to eliminate the complication arising from different ionic strengths. The resulting
values of Ajsp and Al are summarized in Table 3, together with the formation constants

(Ky) of the citrate-M*" complexes. The raw spectra are given in Section S9 (SI).
The complex formation constant (Ky) is defined as:

M*" + Citrate™ [M—Citrate]” (3),

where M*" and [M-Citrate]” are divalent metal cations and the metal-citrate complex

respectively. K¢ = [M—Citrate]” / [M*'][Citrate’].

As shown in Table 3, both the sizes of the particles and AAnmax increase with Ky. At the same
concentration, M*" with higher Ky values form higher concentrations of the [M—Citrate]”
complex. Consequently, more significant change is likely made to the nanoparticle surface
dielectric constant. At the same time, the complex formation between M*" and citrate leads to
the decrease in zeta-potential, and hence agglomeration. Both the localization of Pb>" on the
surface of AgNPs and the decrease in the particle separation may give rise to strong near-
field coupling,'* developing a large charge dipole across the gap between the particles and

hence changing the frequency of the plasmon resonance.

Apart from the carboxylate-containing ligands (such as citrate), AgNPs localized with
biothiols also show high selectivity towards Pb*".*® Crea et al.*® report that the complex
formation between Pb*" and biological S-donor ligands have the high log(Ky) values of
greater than 10, and hence further support the inference that the selectivity in the metal ion

detection by silver nanoparticles is governed by the magnitude of K of metal-ligand binding.

Both Pb*" and Sn*" have high log(Ky) values for citrate complex formation and both show
significant shifts in Amax and form large agglomerates. However, Aly,x of citrate-AgNPs in
the presence of Sn*" is smaller than that in Pb*" solutions, suggesting that although Kj is
dominant, it may not be a sole factor. This is thought to be a result of the larger size of Pb*"
allowing the formation of complexes with higher coordination number. Nonetheless, the
knowledge of K; dependence on the size of AgNPs clusters and the shift in plasmon
resonance in M*" solutions allows the bottom-up design of the nanoparticle sensors, and the
selection of the capping ligands in particular. This work indicates that capping ligands can be

chosen on the basis of complex formation constant with the target analytes.
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Table 3: Literature values of metal-citrate complex formation constants (Ky); UV-Vis experimental values of
absorbance at 250 nm (Ajso) and AL, for the mixtures of 7.6 pM 50 nm citrate-AgNPs and 500 uM of different
M.

M Metal-citrate complex formation constant (Ky) A Alpax DLS
log(Ky) average log(Ky) values 20 (nm) z-average (nm)
Ca* 4.9 3155 4.84%° 430 +0.99 0.09 1 64
ca* 4237 3.98% 4.09+0.16 0.10 0 59
Zn* 3.55%°  4.85%  471% 437+0.71 0.14 2 59
Ni* 5.11% 4474 4.99% 4.86+0.34 0.12 1 57
Co* 4838 416" 441% 4.47+0.34 0.16 1 60
Pb2* 5.74%  6.5% 6.12 £ 0.54 0.21 22.5 157
Sn?* 19.5%  10.3% 14.90 + 4.60 0.37 15 1,036

References to the values of log(Ky) can also be found in Stability Constants (Special Publication No. 17).%

Conclusions

We have examined the physical origins underlying the interactions between AgNPs capped
with small ligands and the metal ions in aqueous solution (the extension of these result to
other media and conditions warrants further investigation). The interactions which give rise
to the changes in optical and spectrophotometric responses of the AgNPs are found to be due
to the reversible agglomeration of the particles caused by the complex formation between the
metal ions and the capping agents. The complex formation reduces the zeta-potential of the
particles and hence leads to particle agglomeration. The sizes of the agglomerates and the
shift in the plasmon resonance frequency are governed by the strength of the metal ion-
capping agent complex. This work thus provides evidences and physical explanation to
facilitate the choice of capping agent selection (based on Ky) for the detection of the species
of interest. We have also shown that the analytical detection of metal ions, using lead (II) as
an example, can be done on the basis of optical, spectrophotometric, dynamic light scattering

or electrochemical nano-impact measurements of the AgNPs suspensions.
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