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Abstract

The interaction between citrate capped silver nanoparticles and two different thiols,
mercaptohexanol (MH) and cysteine, was investigated. The thiols interacted with silver
nanoparticles in a significantly constrasting manner. With MH, a sparingly soluble silver(l)
thiolate complex AgSR, (Rm = -(CH,)sOH) was formed on the silver nanoparticle surface.
Cyclic voltammograms and UV-vis spectra were used to infer that the AgSR,, complex on the
nanoparticle surface undergoes a phase transition to give a mixture of AgSR,, and Ag,S-like
complexes. In contrast, when silver nanoparticles were exposed to cysteine, the citrate
capping agent on the silver nanoparticles was replaced by cysteine to give cysteine capped
nanoparticles. As cysteine capped nanoparticles form, the electrochemical data displayed a
decrease in oxidative peak charge but the UV-vis spectra showed a constant signal.
Therefore, cysteine capped nanoparticles were suggested to have either inactivated the

silver surface or else promoted detachment from the electrode surface.



1 Introduction

Silver exists as silver metal and silver ions of different oxidation states of +1, +2, +3 and +4.}
The most common states of silver are silver(0) metal and silver(l) ion and both of them
interact with thiols in their own complex manner. A well known reaction of silver metal is
the tarnishing of silverware to form silver(l) sulphide. It was discovered in 1930 that apart

from the presence of hydrogen sulphide gas, oxygen is also required in this reaction: 23
4 Ag+2H,S+0;2>2AgS+2H,0 (1)

The role of oxygen varies from the intermediate formation of silver(l) oxide to being the
hydrogen acceptor to form water or hydroxide ions.>® The overall reaction of silver
tarnishing is concluded to form the product silver sulphide (Ag,S) but there are case specific
mechanisms depending on conditions such as pH, oxygen level, ultraviolet light presence

and moisture levels.”*

Silver(l) ion complexes with both inorganic and organic thiols with no redox reaction
involved. With inorganic thiols like HS and S?, it is possible to form many species such as
AgSH, [Ag(SH),]” and [Agz(SH)ZS]Z' depending on the concentration of the anions present.’
With organic thiols, silver(l) ion forms the thermodynamically favourable complex of silver(l)
thiolate (AgSR) with log Ki ~ 13 mol®> dm™®. Silver(l) thiolate compounds, depending on the
substituent group, are able to form polymer chains with various structures and formulas. A
linear chain polymer is favoured with linear substituent group while a double helix-like
structure is favoured with bulky side groups. > For cysteine and glutathione, they form

polymers with various silver to thiol ratios.”

It is known that silver nanoparticle properties differ from those of the bulk metal and thus

the interaction between silver nanoparticles and thiols may vary from bulk silver and
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4810 gjlver nanoparticles have been widely utilised to exploit their novel

silver(l) ions.
properties (e.g anti-bacterial properties, catalysis and biosensing) and their possible risks

(e.g toxicity and possible cancer risk) have been researched extensively.ll'27 With thiols,

silver nanoparticles have been proposed to form various types of compounds with different

28-30 28,29

structures. One of the plausible reaction routes suggested for organothiols is:

4 RSH + 4 Ag + O, 2 4 AgSR + 2 H,0 (2)

It has been shown that with organothiols, AgSR remained on the surface, forming a shell, as
evidenced by scanning electron microscopy.28 Battocchio et al. suggested a shell of more
than one species of silver thiolates — a mix of AgSR and Ag,S-like complexes were formed
when aromatic organothiols were added during silver nanoparticle synthesis.30 In the typical
environmental setting with plenty of oxygen, moisture and naturally existing thiols, given
sufficient time, the final product of redox reaction of silver nanoparticles and thiols in the
environment is speculated to be Ag,S with many possible intermediates such as AgSR.?"E”ZS'29
Utilising the silver sulphide concept, water treatment plants have been proposed to make
use of the naturally occurring thiols to transform silver nanoparticles into a harmless version
of silver sulphide (Ag,S) to combat the possible toxicity concerns brought by silver

. 1,32
nanoparticles.>'?

An important question that has to be answered is: Do the naturally
existing thiols have the capability to convert silver nanoparticles into a final product of silver

sulphide?

Beyond studying the basic interaction between silver nanoparticles and thiols, many
analytical sensors exploited the strong silver-thiol affinity. UV-vis spectroscopy, fluorescence

studies and electrochemical studies have all been employed as methods to monitor levels of

10,21-24,33

cysteine, glutathione and silver nanoparticles. Apart from for detection purposes,



cysteine and glutathione have also been employed as a capping agent for silver

nanoparticles to prevent aggregation.’**

At alkaline pH, the negatively charged carboxylic
group keeps the cysteine capped silver nanoparticles apart and hence stabilises them.

However, in mildly acidic pH, when both the carboxylic acid and amino group are charged,

they interact electrostatically, causing the silver nanoparticles to aggregate.

As highlighted above, the reaction between silver nanoparticles and thiols is complicated. In
the formation of polymeric silver(l) thiolates from silver(l) ions and thiols, the effect of the
substituent groups is evident.”” It may be anticipated that silver nanoparticles show
different behaviour or interaction with different thiols. With the possibility of many
products like Ag,S and AgSR and the complex kinetics and solubility constants that are
involved, the question arises as to whether there is a general mechanism for silver-thiol
interactions which can be applied to silver nanoparticles or if each thiol needs to be
considered individually? Given that the interaction of silver nanoparticle and thiols is a
redox reaction, electrochemical methods are naturally employed in the present work to
determine if a general mechanism of silver-thiol interaction exists. UV-vis spectroscopy was
also used in this study of silver nanoparticles to further support the electrochemical
observations. Two different thiols are chosen to determine if they react in a similar way with
silver nanoparticles. Mercaptohexanol (MH) is chosen as a model compound; its basic
structure consists simply of a sulfhydryl group (-SH) and a hydroxyl group (-OH). The simple
structure of this compound allows the study of the effect of thiol groups on silver and
circumvents possible effect of other functional groups. In addition, cysteine is chosen as an
analyte with strong biological importance. It acts as an antioxidant and a precursor to

36,37

peptides like glutathione. The considerable difference between MH and cysteine in



terms of silver-thiol interactions is explained in this article through electrochemical
experiments and UV-vis studies. The voltammograms ascertain the changes in the ease and
extent of oxidation of silver nanoparticles to silver(l) ions whilst the UV-vis spectra examine
the changes in the nanoparticles’ surface properties. Through this, a comparative view of

silver-thiol interaction for MH and cysteine is presented.
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Figure 1. The chemical structures of mercaptohexanol and L-cysteine.

2 Experimental
2.1 Chemicals

Sodium nitrate (>99.5%, NaNOs) was purchased from Fisons Scientific Equipment,
Loughborough, UK. Trisodium citrate (>99%, NasCgHs0) and citric acid (99.7 %, H3CgHs07)
were supplied by BDH Laboratory Supplies, Poole, UK. Silver nitrate (>99%, AgNO3), L-
cysteine (97%, C3H;NO,S) and sodium borohydride (99%, NaBH,4) were ordered from Sigma-
Aldrich, Dorset, UK. Concentrated nitric acid (>70%, H,SO4) and hydrochloric acid (~37%,
HCI) were supplied by Fisher Scientific, Loughborough, UK. 6-mercapto-1-hexanol (> 97%,
HO(CH,)¢SH) was obtained from Fluka Chemicals, Gillingham, UK. Sodium sulphide
nonahydrate (Na,S.9H,0) was supplied by Acros Organics, Geel, Belgium. All solutions were
made with ultrapure water from Millipore with resistivity not less than 18.2 MQ.cm at 298K.
All solutions were also degassed with nitrogen for 15 minutes thoroughly for both

electrochemical and UV-vis spectroscopy experiments.



2.2 Nanoparticle synthesis and characterisation

Silver nanoparticles capped with citrate were synthesised using the method developed by
Wan et al.*® Two different batches of silver nanoparticles were synthesized and the smaller
nanoparticles have a total silver concentration of 1.0 mM in the suspension and are sized as
having radii of 4.7 + 1.8 nm by transmission electron microscope as reported in a previous
paper.39 The bigger nanoparticles were synthesized through seeded growth synthesis. They
have a total silver concentration of 3.1 mM in the suspension and are sized by scanning
electron microscope as 13.6 £ 3.7 nm in radii.*® All glassware were cleaned thoroughly with
aqua regia (a mixture of concentrated hydrochloric acid and concentrated nitric acid in 3:1
ratio) prior to silver nanoparticle synthesis. The detailed synthesis procedure is given in the

Supporting Information.
2.3 Voltammetry

A three electrode system in a Faraday cage was used for all electrochemical experiments. A
pAutolab Il from Metrohm-Autolab BV, Utrecht, The Netherlands was chosen as the
potentiostat. The working electrode was a glassy carbon electrode of 3.0 mm diameter from
CH instruments, Austin, TX, USA. The electrode was polished to a mirror finish on diamond
sprays from Kemet, Kent, UK in the sequence of size 3.0 um, 1.0 um and 0.1 um. A standard
MSE (mercury/mercurous sulphate reference electrode [Hg/Hg,S04, K,SO; (saturated)],
+0.62 V vs standard hydrogen electrode) was obtained from BASi, Wesy Lafayette, IN, USA.*!
The counter electrode was a platinum mesh. All electrochemical measurements were

thermostated at 25 + 1 °C.



2.4 Silver nanoparticle modified glassy carbon electrode

The silver nanoparticle suspensions of particles of radii 4.7 £ 1.8 nm and 13.6 + 3.7 nm were
diluted with ultrapure water by a factor of 10 and 31 respectively to ensure the diluted
samples contain a total concentration of 0.1 mM of silver. 3 uL of the diluted nanoparticle
suspension was drop cast onto the glassy carbon electrode and dried under a nitrogen flow.
The electrode after drying was used immediately for electrochemical experiments. A cyclic
voltammetry was swept starting from -0.3 V vs MSE to +0.5 V and then reductively to -1.8 V

to perform the electrochemical experiments.

2.5 UV-vis spectroscopy

UV-vis spectroscopy was performed using a spectrometer (U-2001, Hitachi, Mannheim,
Germany) with a wavelength scan from 700 nm to 250 nm at a scan rate of 400 nm min™. A
tungsten iodide and a deuterium light source were used. For UV-vis analysis, the
nanoparticle suspensions of radii 4.7 £ 1.8 nm and 13.6 + 3.7 nm were diluted by a factor of
24 and 48 with ultrapure water respectively to obtain absorbance in the analytically

meaningful range of below 1.

3 Results and discussion

Herein, the electrochemical and UV-vis spectroscopic results of the interaction between
silver nanoparticles and thiols are summarised. The changes in silver nanoparticle oxidation
and the silver nanoparticle surface plasmon peaks in presence of mercaptohexanol (MH)

and cysteine are compared and contrasted.



3.1.1 Electrochemical oxidation of silver nanoparticles in the presence of

mercaptohexanol

A silver nanoparticle modified glassy carbon electrode was electrochemically oxidised In the
presence of the model compound MH. Cyclic voltammetry was performed by sweeping
oxidatively from -0.3 V vs MSE with a degassed electrolyte containing MH and 0.1 M sodium
nitrate at a scan rate of 0.05 V s™*. Two batches of silver nanoparticles, measuring 4.7 + 1.8
nm and 13.6 * 3.7 nm respectively, were studied. In order to study the silver-thiol
interaction, two different sets of experiments were performed. In the first set of
experiments, the modified electrode was electrochemically oxidised immediately after the
exposure to the electrolyte containing different concentrations of MH ranging from 1 —
100 uM. In the second set of experiments, the modified electrode was electrochemically
oxidised after soaking in the MH containing electrolyte for a period ranging from 5 minutes

to 16 hours.

In Figure 2, cyclic voltammograms of silver oxidation for the nanoparticles of radii of 13.6 +
3.7 nm with increasing MH concentrations are presented. In the absence of MH, as depicted
by the black dashed line in Figure 2, the silver nanoparticles bound to the working electrode
were oxidatively stripped to give a signal at +0.05 V vs MSE. This oxidation resulted in the
formation of aqueous silver(l) ions.*” In the presence of MH, the oxidation potential shifted
positively from 0 V vs MSE to +0.25 V vs MSE depending of MH concentration. The
voltammograms of nanoparticles (radii = 4.7 + 1.8 nm) with increasing MH concentration
are shown in the Supporting Information Figure S1; similar electrochemical trends (increase

in oxidation potential and appearance of split oxidation signals) were observed as for these
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Figure 2. The oxidative stripping of silver nanoparticles with radii of 13.6 + 3.7 nm from a glassy carbon electrode in 0.1 M sodium nitrate spiked
with varying concentrations of mercaptohexanol measured at a scan rate of 0.05 V s™. Black dashed line: No mercaptohexanol; Red: 10 puM;
Green: 25 uM; Pink: 50 uM; Purple: 75 uM; Blue: 100 pM.

smaller nanoparticles. The oxidative charge measured under the voltammetric signals can
be related to the amount of metallic silver present on the electrode as described by
Faraday’s first law. The total oxidative charge under the voltammetric peaks for both
batches of nanoparticles was measured and tabulated against the MH concentrations in
Figure 3. As seen, the oxidative charges decreased when MH was added to the electrolyte.
Thus, the amount of metallic silver available for electrochemical oxidation decreased in the
presence of MH. Moreover, no significant difference was observed between the two
nanoparticle batches as depicted in Figure 3. With increasing MH concentrations, the single

oxidation signal split into two. As seen in Figure 2, the second oxidation signal at +0.25 V vs

MSE grew in dominance as the concentration of MH increased.
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Figure 3. The oxidative stripping charge of silver nanoparticles from a glassy carbon electrode in 0.1 M sodium nitrate spiked with different
concentrations of mercaptohexanol recorded at a scan rate of 0.05 V s™. The change in peak charge under the oxidation signals as different
concentrations of mercaptohexanol were spiked in the electrolyte is shown. Nanoparticles of two different size distributions were used. Blue
diamonds: silver nanoparticles of radii 4.7 = 1.8 nm; Green squares: silver nanoparticles of radii 13.6 + 3.7 nm. Solid lines: average peak charge
under the oxidation signal when no mercaptohexanol is present.
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Figure 4a. The oxidative stripping of silver nanoparticles (radius = 13.6 = 3.7 nm) from a glassy carbon electrode in 0.1 M sodium nitrate spiked
with 10 uM mercaptohexanol with different exposure times recorded at a scan rate of 0.05 V s™. Black dashed: CV recorded immediately with NO
mercaptohexanol; Red: CV recorded immediately with 10 uM mercaptohexanol; Green: CV recorded after electrode was exposed to 10 pM
mercatohexanol for 15 minutes; Pink: 30 minutes; Purple: 16 hours.

In the time variation experiments, the silver nanoparticle (radii = 13.6 £+ 3.7 nm) modified
electrode was soaked in 0.1 M sodium nitrate containing 10 uM of MH for various times

before electrochemical oxidation via cyclic voltammetry was performed. The

voltammograms and oxidative peak charge underneath the signals are summarised
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Figure 4b. The oxidative stripping of silver nanoparticles (radii = 13.6 + 3.7 nm) from a glassy carbon electrode in 0.1 M sodium nitrate spiked with
different amounts of mercaptohexanol measured at a scan rate of 0.05 V s™. The peak charge under the oxidation signal is plotted against the
exposure time to mercaptohexanol. Blue diamonds: 10 uM mercaptohexanol in electrolyte; Green triangles: 25 pM mercaptohexanol in
electrolyte. Solid line: peak charge under oxidation signal when no mercaptohexanol was added and the CV was recorded immediately.

respectively in Figure 4a and 4b. As seen in Figure 4a, increasing the MH exposure time gave
rise to a split oxidation signal where the dominance of the second peak grew with time.
Figure 4b shows the oxidative charges (obtained by integration under the peaks) remained
relatively constant as the soaking time increased. Comparing the two sets of experiments
involving varying concentrations and exposure times, there is a key difference between the
two: the oxidative peak charge had a negative correlation with MH concentration (Figure 3)
whilst the recorded peak charge remained effectively constant with exposure time (Figure

4b).

To explain the trends observed above, the existing literature research summarised within
the introduction has to be considered. Knowing that AgSR and Ag,S are probable products in
this redox reaction between silver nanoparticles and MH, therefore, two sets of control

experiments involving AgSR and Ag,S were performed and detailed in the Supporting
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Information Figure S2 and S3. The findings were as follow: First, mixing equal proportions of
silver nitrate and MH gave a sparingly soluble white compound of AgSR, (where R, = -
(CH,)60OH)). AgSR, did not give an oxidation signal in the electrochemical window of interest
(0 Vto + 0.3 V vs MSE). Second, to form Ag,S, silver nanoparticles (radii = 13.6 = 3.7 nm)
were oxidised in the presence of Na,S. The oxidative charge recorded under the signal
decreased with increasing concentration of sodium sulphide. No split oxidation peaks was
observed as silver sulphide, Ag,S, was formed and the oxidation signal remained at the same

potential.*®

3.1.2 UV-vis spectroscopy data of silver nanoparticles in the presence of mercaptohexanol

To further support the electrochemical findings, UV-vis spectroscopy of silver nanoparticles
in the presence and absence of MH was performed. Silver nanoparticles exhibit a surface
plasmon peak around 400 nm in a UV-vis spectrum.44 The surface plasmon peak is known to
be sensitive to several factors such as size, capping agent, solvent and shape.“"48 The
difference in capping agent or coatings on silver nanoparticles can change the recorded

43,46,48

surface plasmon signals. Through the process of aggregation or increasing the size of

silver nanoparticles, the surface plasmon peak red shifts.**

Similar to the electrochemical experiments, the two factors of concentration and time were
varied. For the concentration experiments, both batches of silver nanoparticles were diluted
and exposed to different concentrations of MH. In the time variation experiments, the
nanoparticles of radii 4.7 + 1.8 nm and 13.6 + 3.7 nm were diluted by a factor of 24 and 48,
spiked with 5 uM and 10 uM of MH and monitored over a period of 45 minutes and 15
minutes respectively. All the solutions were thoroughly degassed with nitrogen in both sets

of experiments.
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In the time study, as depicted in Figures 5a and 5b, without MH, a sharp surface plasmon
peak at about 395 nm indicated the presence of silver nanoparticles.44 As seen in Figure 53,
for the smaller silver NP (radii = 4.7 £ 1.8 nm), increasing MH exposure time caused the peak
to broaden. Conversely, in Figure 5b, the bigger silver NP (radii = 13.6 £ 3.7 nm) had a drop
in the absorbance peak at around 400nm and a new peak around 500-600nm appeared with
increasing MH exposure time. For the concentration variation experiments, with increasing
MH concentration, the effect of MH on the spectrum was the same as increasing MH

exposure time. The spectra of increasing MH concentration are recorded in the Supporting
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Figure 5a. UV-vis spectrum of silver nanoparticles (radii = 4.7 + 1.8 nm) after exposure to 5 pM of mercaptohexanol for different amounts of time.
Black dashed: No mercaptohexanol; Red: immediate. Blue: 5 mins. Cyan: 45 mins. Measurements were taken at intervals of 5 minutes for 45
minutes.
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Figure 5b. UV-vis spectrum of silver nanoparticles (radii = 13.6 = 3.7 nm) after exposure to 10 pM of mercaptohexanol for different amounts of
time. Black dashed: No mercaptohexanol; Red: immediate; Blue: 5 mins; Green: 10 mins; Pink: 15 mins.

Information Figure S4 and S5. In addition, a control experiment was performed which
demostrated that the growing second signal at around 500 — 600 nm was not caused by the
formation of Ag,S (see in the Supporting Information Figure S6).** Hence, there are six major

observations for the interaction between silver and MH to be accounted for, as follows.

I.  The decreasing oxidative peak charge with increasing MH concentration (Figure 3)

II.  Theincrease in electrochemical oxidation potential in the presence of MH (Figure 2)

lll.  The occurrence of the split electrochemical oxidation signal with increasing MH
concentration or increasing exposure time (Figure 2 and 4a)

IV.  The constant electrochemical oxidative charge with increasing MH exposure time
(Figure 4b)

V. The apparent absence of a size effect in electrochemical experiments (Figure 3)

VI.  The decreasing absorbance and change in UV-vis peak shape with increasing MH

concentration or increasing exposure time (Figure 5a and 5b)

Taking all the observations into consideration, a overview of the silver-MH interaction is

provided below, giving a full and consistent explanation.
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3.1.3 The decreasing oxidative peak charge with increasing MH concentration

Thiols consume metallic silver by oxidising it to silver (l) to form silver-thiol complexes. This
reaction concomitantly results in reduction products such as protons, hydrogen gas or water
depending on pH and the availability of oxygen.3’28 Hence, the cause of the decreasing peak
charge is likely related to the redox reaction resulting in the formation of AgSR, or Ag,S-like

complexes (Figure 3).3%>°

Given that AgSR,, is an intermediate in the formation of Ag,S -
like complexes, it is likely that AgSR., formation is responsible for the initial drop in oxidative

charges.i With different concentrations of MH, varying amounts of AgSR,, are formed,

leading to the difference in the measured peak charge.
3.1.4 The increase in the oxidation potential in the presence of MH

In the control experiments of AgSR and Ag,S, no oxidation signal from +0.1 V to +0.3 V vs
MSE was found (Section 3.1.1). Thus, the observed increase in oxidation potential is not due
to silver being oxidised to form AgSR,, or Ag,S (Figure 2 and 4a). Since neither AgSR,, nor
Ag,S is involved, the oxidation signal is related to the oxidation of silver to silver(l) ions. It is
speculated that MH reacts with silver nanoparticles to give a shell of AgSR,, as reported in
the literature.”® Given that AgSR, was observed to be a sparingly soluble solid in the control
experiments (Section 3.1.1), AgSR,, might form an insoluble shell which encapsulates the
silver metal core. The trend of oxidation signal shifting to a higher oxidation potential (+ 0.1
V vs MSE) in the presence of MH can be explained by the slowed kinetics of silver

nanoparticle oxidation due to the insoluble AgSR,, shell.

"In this case, the AgSR,, shell formed on the nanoparticle surface (reference 29) is suggested to be a solution
phase chemical reaction and not detected electrochemically.
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3.1.5 The occurrence of the split oxidation signal with increasing MH concentration or

increasing exposure time

As described above, the oxidation of silver to silver(l) ions is the sole contributor to the
observed oxidative peak charge since oxidation of silver to either AgSR,, or Ag,S are not
likely responsible for the oxidative charges (Section 3.1.4). Hence, the silver-MH interaction
must have further obstructed the kinetics of silver oxidation to silver(l) ions to cause the
observed split oxidation signals. From the previous Section 3.1.3, it was surmised that an
insoluble AgSR, shell is formed on the nanoparticle surface. Battocchio et al. reported a
mixture of AgSR and Ag,S-like complexes was found in the shell that encapsulated the silver
nanoparticles.>® Therefore, it is possible that given time or sufficient MH concentration, the
AgSR,, shell may undergo a phase transition to form a compact shell with a mixture of AgSR,
and Ag,S-like complexes. Thus, the kinetics of silver oxidation would be further obstructed
after this phase transition occurred. This would give rise to a split oxidation signal where the
silver oxidation kinetics are hindered by two different extents — one by the insoluble shell of
AgSR,, (+0.1 V vs MSE) and another by the compact shell of AgSR and Ag,S-like complexes
(+0.25 V vs MSE). In addition, a phase transition can have a delayed onset compared to the
quick formation of AgSR,, hence the peak at +0.25 V gains dominance with increasing time

and is more favoured when more MH is available.

3.1.6 The constant oxidative charge with increasing MH exposure time

With increasing exposure time to MH, the peak charge under the oxidation signals remained
effectively constant as depicted in Figure 4b. Therefore, following Faraday’s first law, no
more metallic silver was oxidised by MH with increasing time. As suggested in Section 3.1.3,

AgSR,, is formed on the nanoparticle surface in the presence of MH. This sparingly soluble
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shell of AgSR., can stop the approach of additional MH which diffuses to the surface with
increasing exposure time. Thus, with increasing time, no additional AgSR,, is formed, no
more silver metal was consumed and the measured oxidative charge remained effectively

constant with increasing MH exposure time.
3.1.7 The apparent absence of a size effect

As shown in Figure 3, two different batches of nanoparticles of radii 4.7 + 1.8 nm and 13.6 +
3.7 nm were used in the experiments. Given that the nanoparticles have different surface
areas and AgSR,, is speculated to form a shell on the nanoparticle surface, one might
anticipate a possible difference in the decrease of the oxidative charges. However, no
significant difference was found between the two batches of nanoparticles. It was observed
in Figure 4b that the formation of AgSR,, (drop in oxidative charge) occurred effectively
instantaneously (time scale of at most a few seconds). It is surmised that the rate of AgSR,
formation is controlled by the rate of MH diffusion to the surface. Considering the
diffusional regime which occurs at this high silver surface coverage (4.2 x 10 mol m?),
there is a complete overlap of the individual diffusional domains to give a linear diffusion

1,52 . . . . .
152 | this linear diffusion regime, based on

profile across the entire working electrode.
calculations, it takes less than one second to cover the surface with thiol through diffusion if
the concentration of MH is at 10 pM.>® Taking into account the convection caused by
electrode insertion into the electrolyte, the actual time taken for MH to cover surface is
even shorter. The short time which is required for thiol to diffuse to the surface and form
AgSR,, might explain the instantaneous drop in peak charge. Moreover, at this diffusion

regime where there is a linear diffusion to the electrode, the amount of MH diffusing to the

electrode surface is solely dependent on electrode area instead of nanoparticles’ surface
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area. Since the working electrode used for both batches of nanoparticles is the same, similar
amounts of MH reached the electrode surface. This would result in similar amount of AgSR,
formed, explaining the apparent indifference in the decrease of peak charge between both
batches of nanoparticles in Figure 3. Hence, it is very probable that the interaction between

silver nanoparticles and MH is a diffusional limited process.

3.1.8 The decreasing absorbance and change in UV-vis peak shape with increasing MH

concentration or increasing exposure time

With increasing exposure time or MH concentrations, a broadening of the absorbance signal
at 395nm was seen for nanoparticles of radii 4.7 + 1.8 nm in Figure 5a. For the bigger
nanoparticles (radii = 13.6 £ 3.7 nm), the absorbance signal at 395 nm decreases and a
signal at 500 — 600 nm grows, as seen in Figure 5b. The red shift of an absorbance signal is

often linked to an increase in size or aggregation.lo'44

The observations in the experiments
may thus be related to aggregation. It is known that the larger the silver nanoparticles, the
greater the red shift.* It was observed in Figure 5a and 5b that the red shift of the peak
occurred to a different extent. If this was solely due to aggregation, one would expect the
two different nanoparticle batches to have the same response as they both aggregate into
large particles. Moreover, when the electrochemical data is considered, aggregation cannot
explain the electrochemical trend of split oxidation signals seen in Figure 2 and 4a. It is
known from previous literature that at this surface coverage where the linear diffusional
regime across the electrode is dominant, the oxidation potential is solely dependent on the

51,54

silver surface coverage instead of the size of nanoparticles. If only aggregation was

occurring, there should be a continuous size distribution with unchanged silver surface
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coverage and thus no change in electrochemical oxidation potential should be observed.

Hence, another process must have taken place to explain the observations.

The hypothesis of a phase transition supports the observations of split oxidation signals
(Section 3.1.5) and the change in shape of the UV-vis signals. The work of A. Henglein
established that a change in surface plasmon peak can be caused by different coatings on

the silver nanoparticles surface.***°

The absorbance signal of silver nanoparticles with
different thickness of silver oxide have been known to red shift to different extents.*® This
phenomenon supports the theory of a phase transition taking place, proposed in Section
3.1.5 where a phase transition causes the surface plasmon peak to occur at different
wavelengths. Hypothesising that phase transition is a process where the AgSR,, shell
transforms into a shell containing AgSR,, and Ag,S-like complexes, there are two populations
in the silver nanoparticles suspension during the UV-vis experiment. Hence, the signal at 400
nm could be attributed to the nanoparticles with AgSR,, on the surface before phase
transition. On the other hand, the absorbance peak at 500 — 600 nm may be linked to the
nanoparticles that underwent phase transition. The phase transition could cause a change in
shell composition, giving rise to two distinct populations to cause two separate signals
where one of them is red shifted to 500 — 600 nm. The smaller silver nanoparticles (radii =
4.7 + 1.8 nm) have a broadening signal instead of two distinct signals. It is known that the
shell thickness may affect the degree of the red shift of surface plasmon signal.48 As the two
batches of silver nanoparticle differ in size, the AgSR,, shell on the nanoparticle surface can
be of different thickness, resulting in a milder extent of red shift of the surface plasmon

peak. Therefore, from both UV-vis spectra and electrochemical observations, it is proposed

that it is more likely that the phase transition of silver nanoparticles caused the change in
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shape of absorbance peak instead of aggregation. In addition, given that the second signal
did not appear in the control experiment of Ag,S, it signifies that the substituent group on
MH is crucial to phase transition even though it may not be directly involved in the silver-

MH interaction.

3.1.9 Summary of the interaction between silver nanoparticles and mercaptohexanol

In summary, all six major observations are explained above with strong supporting evidence.
First, the drop in oxidative charge with increasing MH concentration can be explained by the
formation of AgSR,, that consumes metallic silver. Second, the increase of oxidation
potential in the presence of MH could be due to the formation of AgSR,, on the nanoparticle
surface which obstructs the oxidation process of silver to silver(l) ions. Third, the split
oxidative peak with increasing MH concentration or exposure time can be explained by the
instant formation of AgSR., on the nanoparticle surface which obstructs the silver oxidation
kinetics, giving the first oxidation signal at +0.1 V vs MSE. A phase transition can occur with
AgSR,, on nanoparticle surface to form a compact layer of AgSR,, and Ag,S-like complexes
which further hinder the kinetics of silver oxidation, giving rise to the second oxidation
signal at +0.25 V vs MSE. Fourth, the constant oxidative charge with increasing MH exposure
time may be explained by the instant formation of the sparingly soluble AgSR, shell which
slows the approach of incoming MH and decreases the formation of AgSR,, to a minimum.
Thus, the oxidation of metallic silver is reduced to a minimum with increasing MH exposure

time too. With increasing exposure time, it is suggested that only phase transition of AgSR,
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is occurring, resulting in a growing dominance of the second signal at +0.25 V vs MSE
without decreasing the oxidative charge. Fifth, the linear diffusional regime of MH towards
the electrode may cause similar amounts of MH to reach both batches of nanoparticles and
hence, no apparent size effect is observed. Sixth, the spectroscopic data also supports the
hypothesis of phase transition through the appearance of the second absorption signal at

500 - 600 nm.

3.2.1 Electrochemical oxidation of silver nanoparticles in the presence of cysteine

Cysteine here is chosen for the next part of the study. Analogous experiments between
silver nanoparticles and cysteine were carried out to compare and contrast with silver-MH
interaction. Thus, concentration and time studies were carried out with cysteine. For the
concentration studies, an electrode modified with silver nanoparticles of either radii 4.7 +
1.8 nm or 13.6 + 3.7 nm was electrochemically oxidised in the presence of different
concentrations from 10 nM to 1 mM of cysteine. Cyclic voltammetry was performed by
sweeping oxidatively from -0.3 V vs MSE at a scan rate of 0.05 V s’ once the modified
working electrode was exposed to the degassed 0.1 M sodium nitrate containing cysteine.
The voltammograms of silver nanoparticles (radii = 4.7 + 1.8 nm) exposed to increasing
concentrations of cysteine are shown in Figure 6. The voltammogram for silver particles (
radii = 13.6 + 3.7 nm) is found in Supporting Information S7. It is seen that the oxidation
potential of silver to silver(l) ions remained essentially constant and split oxidation signals
were not observed. In Figure 7, the oxidative peak charge measured (integration
underneath the voltammetric signals) was plotted against the concentration of cysteine.

Similar to MH, with increasing cysteine concentration, the peak charge decreased.
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Considering the inherent variability of the experiments, it is not possible to show a
significant difference between the two batches of nanoparticles. Hence, with increasing
cysteine concentration, a decrease in oxidative peak charge, a constant oxidative potential
and an absence of a split oxidation signal are reported. In contrast, the MH studies showed
an increase in oxidation potential and the appearance of split oxidation signals with

increasing MH concentration. Therefore, the two thiol compounds have mechanisms which

differ from one another.

10+

Increasing cysteine
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Figure 6. The oxidative stripping of silver nanoparticles (radii = 4.7 + 1.8 nm) from a glassy carbon electrode in 0.1 M sodium nitrate spiked with

different amounts of cysteine measured at a scan rate of 0.05 V s™. Black dashed line: 0 nM cysteine; Red: 500 nM; Green: 1 uM; Pink: 25 uM;
Purple: 100 pM.
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Figure 7. The oxidative stripping charge of silver nanoparticles from a glassy carbon electrode in 0.1 M sodium nitrate spiked with different
amounts of cysteine measured at a scan rate of 0.05 V s".The change in peak charge under the oxidation signal as different amounts of cysteine
is spiked in the electrolyte. Nanoparticles of two different size distributions were used. Blue diamonds: silver nanoparticles of radii 4.7 + 1.8 nm;
Green squares: silver nanoparticles of radii 13.6 + 3.7 nm. Blue line: average peak charge under the oxidation signal when no mercaptohexanol is
present for nanoparticles of radii 4.7 £ 1.8 nm. Green line: average peak charge under the oxidation signal when no mercaptohexanol is present
for nanoparticles of radii 13.6 + 3.7 nm.
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Figure 8. The oxidative stripping of silver nanoparticles (radii = 4.7 = 1.8 nm) from a glassy carbon electrode in 0.1 M sodium nitrate spiked with 5
UM cysteine with different exposure times recorded at a scan rate of 0.05 V s™. Black: CV recorded immediately; Blue: CV recorded after
electrode was soaked for 60 minutes; Pink: CV recorded after electrode was soaked for 15 hours 15 minutes.

Next, time studies were performed by soaking a silver nanoparticle (radii = 4.7 + 1.8 nm)
modified electrode in degassed sodium nitrate containing 5 UM cysteine for a duration
varying from 60 minutes to 945 minutes before a cyclic voltammetry was performed. The

voltammograms are shown in Figure 8 and it was observed that there was an inverse
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correlation between cysteine exposure time and the oxidative peak charge under the signal.
Moreover, a constant oxidation potential but no split oxidation signals were observed for

silver oxidation even after 16 hours of exposure to cysteine.

3.2.2 UV-vis spectroscopic data of silver nanoparticles in presence of cysteine

Both batches of the nanoparticles were diluted and UV-vis spectroscopy was performed
when cysteine was added. Both cysteine concentration and exposure time were varied. The
cysteine concentration study for the nanoparticles are summarised in Figure 9a and 9b. The
time variation study was performed with nanoparticles of radii 4.7 £ 1.8 nm with 1mM
cysteine and the spectrum is recorded in the Supporting Information Figure S8. Similar
results were seen for both batches of silver nanoparticles for both concentration and time
variation studies. There is a small drop in absorbance for the signal at 400 nm in the
presence of cysteine. With increasing cysteine concentration, the absorbance signal remains
effectively constant whilst with increasing exposure time, there is a small decrease in
absorbance at 400nm. For all the UV-vis experiments, no new surface plasmon peak was

observed.
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Figure 9a. UV-vis spectrum of silver nanoparticles (radii = 4.7 £ 1.8 nm) exposed to different concentrations of cysteine. Black dashed line: silver
nanoparticles with no cysteine; Green: 5 uM; Pink: 10 uM; Red: 1 mM.
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Figure 9b. UV-vis spectrum of silver nanoparticles (radii = 13.6 + 3.7 nm) exposed to different concentrations of cysteine. Black dashed line: silver
nanoparticle with no cysteine; Blue: 1 uM; Green: 5 uM; Pink: 10 pM; Red: 1 mM.

Consequently, there are three main observations for the behaviour of silver nanoparticles in

the presence of cysteine which are to be accounted for:

I.  The decreasing electrochemical oxidative charge and constant UV-vis absorbance

signal with increasing cysteine concentration (Figure 7, 9a and 9b)
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II. The constant electrochemical oxidation potential, the absence of split oxidation
signals and the absence of a UV-vis absorbance signal at 500 — 600 nm with
increasing cysteine concentration or increasing exposure time (Figure 6, 8, 9a and
9b)

[ll.  The apparent absence of a size effect (Figure 7)

Applying the model hypothesized in the MH studies, the difference in behaviour between

MH and cysteine is explained in the following sections.

3.2.3 The decreasing electrochemical oxidative charge and constant UV-vis absorbance

signal with increasing cysteine concentration

With increasing cysteine concentration or increasing exposure time, the oxidative charge
decreased. The amount of oxidative charge is linked to the amount of silver available for
oxidation, hence, the amount of metallic silver available for oxidation on the electrode
decreased. It was suggested in the MH studies (Section 3.1.2) that the decreasing oxidation
charge with concentration and time was related to the formation of the silver(l) thiolate
compound AgSR,, from silver nanoparticles and MH. Following the mechanism of MH
studies, if AgSR. (where R. = -C3HgNO,) was formed continuously, the silver nanoparticles
would get smaller. At this range of nanoparticle size, the extinction coefficient decreases
with size, thus, the UV-vis spectrum should display a decrease in UV-vis absorbance with

435 However, it is seen that the UV-vis absorbance signal

increasing cysteine concentration.
at 400nm remained effectively constant in Figure 9a and 9b. Therefore, a mechanism which
applies to cysteine is different from one which operates for MH. It is proposed that cysteine

replaces the citrate capping agent around the silver nanoparticles to give cysteine-capped

silver nanoparticles.®® To prove the presence of cysteine capped nanoparticles, a control
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experiment was performed by mixing silver nanoparticles (radii = 4.7 + 1.8 nm) with cysteine
and UV-vis spectra were recorded at different pH. The synthesized cysteine capped silver
nanoparticles aggregated at pH 5.7 while maintaining their form at pH 6.9. This indicates
that cysteine capped nanoparticles are formed when cysteine and silver nanoparticles are
mixed.** No such behaviour occurred with citrate capped silver nanoparticles (see

Supporting Information Figure S9 and S10).

In the UV-vis experiments, similar to the citrate capped silver nanoparticles, cysteine capped
silver nanoparticles give an absorbance signal at 400 nm.>* A slight drop in UV-vis
absorbance corresponded to the oxidation of silver metal by cysteine to covalently attach
itself to the silver nanoparticle. Assuming a thin layer formation of AgSR. on the silver
nanoparticle surface to form the cysteine capping layer, a constant amount of silver is
required to form the cysteine capped nanoparticles. Thus, the silver nanoparticle size drops
slightly to a similar extent with a thin cysteine capping layer formed. Consequently, the
absorbance signal recorded on the spectrum remains effectively constant as the cysteine

concentration changes.

Speculating that a fixed amount of silver is consumed to form the cysteine capped
nanoparticles, in the electrochemical experiments, the oxidative charge measured in the
presence of cysteine should have remained effectively constant. However, it was observed
in Figure 7 that the measured oxidative charge has an inverse relationship with cysteine
concentration. A control experiment detailed in the Supporting Information Figure S11
shows that cysteine capped nanoparticles do not give an oxidation signal at the window of 0
V to +0.3 V vs MSE. Therefore, the cysteine capping agent might have either inactivated the

silver surface, stopping silver oxidation or caused detachment of the nanoparticles from the
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electrode. Both will cause the drop in electrochemical oxidative charge with increasing
cysteine concentration. Hence, having cysteine capped silver nanoparticles as a product of
silver nanoparticle-cysteine interaction can explain the constant absorbance signal and the

decrease in the electrochemical oxidative charge measured.

3.2.4 The constant electrochemical oxidation potential, the absence of split oxidation
signals and the absence of UV-vis absorbance signal at 500 — 600 nm with increasing

cysteine concentration or increasing exposure time

It is surmised that cysteine forms a capping shell with inactivation of the nanoparticle
surface or nanoparticle detachment from the electrode. Therefore, only the silver
nanoparticles with incomplete replacement of citrate by cysteine contribute to the oxidative
charges. Thus, despite the presence of cysteine, the kinetics of silver oxidation remained
unaltered and the oxidation peak potential remained constant and no split oxidation signals
was recorded. Therefore, in the UV-vis experiments, given that the solution consisted of
citrate capped silver nanoparticles and cysteine capped silver nanoparticles, the species
which caused an absorbance signal at 500 — 600 nm with MH is not present in the cysteine
experiment. In short, the trends observed in the MH studies were not observed in the

cysteine studies due to significant differences in the silver-thiol interactions.

3.2.5 The apparent absence of a size effect

As seen in Figure 9, two different sizes of nanoparticles of 4.7 + 1.8 nm and 13.6 + 3.7 nm
were used in experiments. Due to the experimental inherent variability, it is not possible to

show a significant size effect. From Section 3.1.7, the silver-thiol interaction is a diffusion
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limited process where the high silver surface coverage (4.2 x 10° mol m) causes a linear
diffusion profile across the entire working electrode. Based on similar calculations in Section
3.1.7, it takes less than 10 milliseconds for sufficient cysteine to diffuse and cover the
surface at 10 uM of cysteine. In the actual experiment, it takes even lesser time due to the
convection caused by electrode insertion into the electrolyte. Therefore, within the short
time scale that the linear diffusion profile is applicable, the amount of cysteine reaching the
electrode surface is similar for both batches of nanoparticles. However, the kinetics of
cysteine replacing citrate as capping agent are unknown. Moreover, the extent of how much
cysteine replacement is needed to exhibit cysteine capped nanoparticles’ characteristics is
also unspecified. Thus, further detailed kinetics studies on how cysteine displaces citrate
have to be attempted before the effects of the nanoparticle size can be explained and

qguantified in detail.
3.2.6 Summary on the interaction between silver nanoparticles and cysteine

In summary, cysteine interacts with silver nanoparticles in a way different from MH.
Cysteine likely replaces the citrate capping agent and bonds covalently with silver
nanoparticles to give a UV-vis absorbance signal at 400 nm. Therefore, in the UV-vis
experiments, the silver nanoparticles had a size decrease to the same extent, causing an
effectively constant absorbance at 400 nm with increasing cysteine concentrations. In the
electrochemical experiments, the oxidative charge measured decreased with increasing
cysteine concentrations. This was speculated to be an inactivation of silver surface through
cysteine capping or the detachment of cysteine capped nanoparticles from the electrode

surface.

4 Conclusions
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The two thiols compounds studied, MH and cysteine, interacted with silver nanoparticles
differently despite both having a sulfhydryl group as the primary structure motif. MH was
suggested to form a sparingly soluble shell of AgSR,, with silver, which remains on the
nanoparticle surface, allowing further phase transition to occur. Both MH electrochemical
and UV-spectroscopy data have shown an additional signal which is speculated to be due to
formation of a compact layer of AgSR,, and Ag,S-like complexes via phase transition of
initially formed AgSR,, shell on the nanoparticle surface. In contrast, cysteine is surmised to
displace the citrate capping agent to give cysteine capped nanoparticles, giving no split
signals in both electrochemical and UV-vis spectroscopy. Instead, the change in capping
agent can cause an inactivation of the nanoparticles or the detachment of the nanoparticles
from the electrode surface. It is evident that no general mechanism for the interactions of

thiol with silver nanoparticles exist and that each thiol should be treated individually.
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