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ABSTRACT: Organothiol (R-SH) (OT) adsorption onto silver nanoparticles
(AgNPs) in water was studied for a series of aromatic OTs including p-
methylbenzenethiol (p-MBT), p-benzenedithiol (p-BDT), and 2-mercaptobenzi-
midazole (2-MBI). Unlike the common view that OT forms monolayer adsorption
on AgNPs, we found that these aromatic OTs continuously reacted with AgNPs
through formation of RS—Ag complexes until complete OT or AgNP consumption
occurred. The RS—Ag complex can remain on the AgNP surface, converting the
AgNPs into core—shell structures. The OT adsorption onto AgNPs occurs
predominately through reaction with silver oxide present on the AgNP surfaces
before the OT addition or formed from environmental oxygen in the presence of
OT. The RS—H protons are completely released when both p-MBT and 2-MBI
reacted with AgNP, Ag,0, and AgNO;. However, a substantial fraction of S—H
bonds remained intact when p-BDT, the only dithiol used in this work, is adsorbed
on AgNPs or reacted independently with Ag,O and AgNO;. The new insights
from this work should be important for understanding OT interaction with AgNPs in water and the SERS spectra of the OT
adsorbed onto AgNPs.
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B INTRODUCTION

Silver nanoparticles (AgNPs) have been widely used in
catalysis, surface-enhanced Raman spectroscopy (SERS), and
biosensing and antibacterial applications.'~” Organothiol (OT)
interactions with AgNPs have been implied in a wide range of

monolayer adsorption on silver surfaces.'>'>'*!® Furthermore,
our studies indicate that OT adsorption mechanism onto the
AgNP in water occurs primarily through Ag,O on the AgNP
surfaces, not by deprotonaton of the SH function as recently
proposed.’’~>* The model OTs included in this study are p-

AgNP applications where OTs and thiolated biomolecules have
been employed extensively for AgNP surface modifications.®*°
Numerous literature reports are dedicated to the molecular-
level OT interfacial interactions with silver surfaces."' "> One
popular view is that OT's form a monolayer upon adsorption on
the silver surfaces, and the properties of the thiol adlayer
resemble that of OTs on the gold surfaces.'">"*~'® However,
many of these studies were conducted with solid silver films
and often with long-chain alkyl OTs dissolved in organic
solvents."#'”'® The general applicability of the conclusions
from these studies of the OT binding to colloidal AgNPs in
water under ambient conditions has, to our knowledge, not
been systematically examined.

Reported herein is our finding that aromatic OTs can
continuously reactively adsorb to the AgNPs in water until
complete OT or AgNP consumption takes place. In addition,
such spontaneous OT reactive adsorption can convert AgNPs
into a structure with a metallic core and a dielectric shell. This
observation disagrees with the view that OTs adopt a
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methylbenzenethiol (p-MBT), 2-mercaptobenzimidazole (2-
MBI), and p-benzenedithiol (p-BDT) (Figure 1), and they are
chosen for the following reasons. First, these aromatic OT's are
commonly used in AgNP-based SERS studies.”* *° Under-
standing the mechanism of their interaction with AgNPs may
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Figure 1. Model organothiols used in this study which include p-MBT,
p-BDT, and 2-MBL
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provide new insight into the spectral interpretation. Second,
these aromatic OTs are highly UV—vis, Raman, and SERS
active, which are important for determining OT structure or
concentration on the AgNPs and in solution. Third, the OTs
employed here have previously been used to study OT
interactions with AuNPs.'"*’~*° Studying the binding of
these specific OTs with AgNPs allows us to compare and
contrast results to those with AuNPs.

B EXPERIMENTAL SECTION

Chemicals and Equipment. All chemicals were purchased
from Sigma-Aldrich Inc. except for p-BDT, which was
purchased from Alfa Aesar, and Ag,O, which was purchased
from Salt Lake Metals. The silver foil (2.5 cm X 2.5 cm X 0.5
mm) and gold foil (2.5 cm X 2.5 cm X 0.127 mm) were
purchased from Sigma-Aldrich, and they were used as received.
The nanoparticles used in this work include in-house-prepared
AgNPs and silver-coated AuNPs (Au@Ag) and commercial
AgNPs with a nominal diameter of 50 nm that were purchased
from Nanocomposix Inc. (Supporting Information, Figure S1).
Nanopure water was used throughout the experiments. The
RamChip slides used for the SERS spectral acquisition were
obtained from Z&S Tech. LLC. Importantly, the RamChip is a
normal Raman substrate that is both fluorescence and Raman
background free.*>*' The SERS spectra were obtained with a
Horiba LabRam HR800 confocal Raman microscope system
with a 633 nm HeNe Raman excitation laser. UV—vis
measurements were taken using a Fisher Scientific Evolution
300 UV—vis spectrophotometer. TEM measurements were
made on a Joel 2100.

AgNP Synthesis. The in-house AgNPs were prepared by
the Lee—Misel method.> Briefly, 0.0282 g of silver nitrate was
added to 150 mL of Nanopure water, and the solution was
brought to a boil. 3 mL of 1% sodium citrate dehydrate was
then added. The solution was kept boiling for another ~1 h
before cooling to room temperature. The surface plasmonic
peak absorbance of the as-synthesized AgNPs is at 414 nm. The
average particle size of the as-synthesized AgNP is 58 + 12 nm
in diameter, determined by TEM imaging (Supporting
Information, Figure S2), and the calculated concentration of
the prepared AgNPs was 184.9 pM.

Au@Ag Nanoparticle Synthesis. The gold seeds with
diameter of ~3.5 nm were prepared by the method of Murphy
et al.** Briefly, 20.0 mL of aqueous solution containing 0.25
mM HAuCl, and 0.25 mM trisodium citrate was mixed in a
conical flask. 0.6 mL of ice-cold, freshly prepared 0.1 M sodium
borohydride solution was added dropwise under constant
stirring to the HAuCl,/trisodium citrate mixture. The solution
was stirred for another 2 h after the complete NaBH, addition.
The Au@Ag particles were prepared by a published procedure
with modification.”® Briefly, 10 mL of 0.32 mM AgNO; and
20.0 mL of as-synthesized gold seeds were mixed, and the
solution was brought to boil for ~10 min. After the solution
cools to room temperature, 1.2 mL of ice-cold, freshly prepared
0.1 M sodium borohydride solution was added dropwise under
constant stirring to the Au seed/AgNOj; mixture. The solution
was stirred for another 1 h after the complete NaBH, addition.

OT Adsorption onto AgNPs. Unless specified otherwise,
all the OT adsorption experiments were performed with the
following procedure. After addition 1.0 mL of three times
diluted in-house AgNPs into 2.0 mL of OT solution in a 4.5 mL
glass vial, the mixtures were vortexed briefly, then capped, and
settled at ambient conditions. The nominal OT concentration

in the ligand binding solutions is 50.0 M. Since 2-MBI and p-
MBT adsorption induces AgNP aggregation and settlement, the
amount of the OT adsorbed onto AgNPs was estimated on the
basis of the amount of UV—vis determination of the OT free in
the supernatants.

2-MBI Adsorption onto Gold and Silver Foils. The
received silver (2.5 cm X 2.5 cm X 0.5 mm) and gold (2.5 cm X
2.5 cm X 0.127 mm) foils were cut into small squares with
dimensiona of ~0.5 cm X ~0.5 cm. After placing the silver and
gold squares at the bottom of two separate 4.5 mL UV—vis
cuvettes, 2 mL of 17.5 yuM 2-MBI solution was added into each
cuvette. The time courses of 2-MBI adsorption onto the gold
and silver foils were monitored by UV—vis quantification of the
amount of 2-MBI remaining in the supernatant. The cuvettes
were sealed with paraffin to prevent solvent evaporation during
the entire experimental period.

SERS Spectrum of OT Adsorbed onto AgNPs. 10 yL of
OT solution was mixed with an equal volume of in-house
colloidal AgNP solutions. After vortexing for ~1 min, 10 uL of
1% KCI solution was added to the AgNP/OT mixture as the
aggregation agent, and 10 uL of the final solution was
transferred to a RamChip slide for SERS spectral acquisition.
All the SERS spectra of OT/AgNP were taken with an
Olympus 20X objective, grating of 600 grooves/mm, and a
laser intensity before reaching sample of 1.3 mW. The spectral
integration time varied from 1 to 10 s. The Raman shift was
calibrated with a neon lamp, and the Raman shift accuracy was
~0.5 cm™'. The nominal OT concentration in the AgNP
containing samples is ~30 pM.

OT/Ag Complex. To study the OT structure on AgNPs, we
compared the SERS spectra of OT adsorbed onto AgNPs with
the normal Raman spectra of the OT/Ag complex prepared by
OT reaction with Ag,O and by OT reaction with AgNO;. The
OT/Ag complex by OT reaction with Ag,O is prepared by
overnight shaking 2 mg of Ag,0O mixed with 1.0 mL of ~20
mM OT in 50% EtOH. The precipitated OT/Ag complex was
washed with EtOH and dried under ambient conditions before
Raman spectral acquisition. OT/Ag complexation by reacting
OT with AgNO; was conducted as follows. First 10.0 mL of 10
mM of AgNOj; in water was mixed with a vortex mixer with
10.0 mL of ~10 mM OT in 50% EtOH. After overnight
incubation of AgNO;/OT mixture, the OT/Ag complex was
washed with EtOH and dried under ambient conditions before
Raman acquisitions. To explore the reaction stoichiometry
between p-BDT, a dithiol, and AgNOj3, we also prepared the p-
BDT/Ag complex by mixing 10.0 mL of 20 or 30 mM AgNO;
in water with 10.0 mL of ~10 mM p-BDT in 50% EtOH.

Normal Raman Spectra of OT and OT/Ag Complex.
Normal Raman spectra of OT or the OT/Ag complex were
acquired by depositing a flake of as-received OT powder or the
above-synthesized OT/Ag complex onto the RamChip slide.
All the Raman spectra were taken with an Olympus 20X
objective, grating of 600 grooves/mm, and a laser intensity
before sample of 1.3 mW. The spectral integration time varied
from S to 60 s for the samples.

2-MBI Adsorption onto AgNPs in Which the Head-
space Was Filled with Air and Nitrogen. 30.0 mL of 2-MBI
100 #M and 30.0 mL of as-synthesized AgNPs were added into
each of two 100 mL three-neck round-bottom flasks under
constant stirring. The headspace of one flask is filled with a
constant flow of air and the other with nitrogen. To determine
the amount of 2-MBI adsorption as a function of time, 1.0 mL
of the reaction mixtures was removed from the solution at
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predefined time period. After centrifugal removal of the AgNPs
together with their surface adsorbates, the amount of free 2-
MBI (unbounded) in the supernatant from the removed 2-
MBI/AgNP mixture was quantified with UV—vis.

Dynamic Light Scattering (DLS). Data were collected
using a ZetaPALS instrument (Brookhaven Instruments
Corporation). All measurements were conducted at ambient
conditions (~20 °C), with a laser wavelength of 659 nm and a
90° angle of detection. All samples were mixed with a vortex
mixer for 30 s prior DLS analysis. Samples were then stabilized
for 3 min before data collection. A total of five measurements
(2 min per measurement) were acquired on each sample for
particle size determination. Average results are reported for the
mean hydrodynamic diameter obtained by intensity, which was
fitted using the non-negative least-squares algorithm. Data were
measured and analyzed using Particle Solutions software v2.0
provided by the instrument vendor.

TEM Analysis. The morphological structure of OT-treated
AgNP was examined with TEM. Possible free OTs in the OT/
AgNP mixtures were removed before TEM measurements.
Since 2-MBI and p-MBT induced spontaneous AgNP
aggregation and settlement, the free OT in the 2-MBI/AgNP
and p-MBT/AgNP mixtures was removed by simply washing
the AgNP precipitates three times with Nanopure water.
AgNPs in the p-BDT/AgNP mixtures was stable (no
aggregation). The removal of free p-BDT in p-BDT/AgNP
mixtures was conducted by centrifugation followed with water
washing. TEM images were taken with Cu grids covered with a
Formvar carbon film at an accelerating voltage of 200 kV.

Thermogravimetric (TGA) Analysis. The 2-MBI/AgNP
sample for TGA was prepared by shaking for 1 week the
mixture of 139 mL of as-prepared AgNPs and 27 mL of 1.5 mM
2-MBI in water. The amount of MBI adsorbed onto AgNPs was
quantified on the basis of UV—vis measurement of the free MBI
in the supernatant. The aggregated AgNPs containing adsorbed
2-MBI were filtered, washed with EtOH, and dried under
ambient conditions before TGA analysis. TGA was conducted
using a DSC-TGA (SDT Q-600, TA Instruments) under a
nitrogen flow (50 mL/min). A minimum sample weight of §
mg was used for the measurements with a heating rate of 10
°C/min.

Computational Simulations of AgNP LSPR. We
calculated the extinction efficiency of AgNPs with different
core sizes and shell thickness using the generalized Mie
theory.*** In the calculations, the dielectric constants of silver
are taken from Palik’s handbook.>® The indices of refraction of
the p-BDT are taken as 1.67, which was obtained from a p-BDT
vendor (Santa Cruz Biotechnology, Inc.). The length of the p-
BDT molecule is set as 0.8 nm, and the van der Waals diameter
of the Ag atom is 0.344 nm.”” When p-BDT molecules react
with Ag nanoparticles, we calculated extinction spectra at three
different conditions. We first removed both Ag atoms and p-
BDT molecules from the solution. In the second condition, we
kept the size of the AgNP unchanged while attaching all the
adsorbed p-BDT molecules as a shell. In the last condition, the
Ag atoms were detached gradually from the AgNPs but they
formed a complex with p-BDT and attached to the remaining
AgNPs as a shell. As shown in Figure S3C, for the first case, the
resonance wavelength of the nanoparticle blue-shifts with
increasing concentration of added p-BDT molecules and the
extinction efficiency drops. The resonance wavelength of Ag
nanoparticles will red-shift when the AgNP core is unchanged
and the adsorbed p-BDT molecules are attached to the core to

form a core—shell structure. However, the extinction efficiency
grows with increasing amounts of adsorbed p-BDT molecules
(Figure S3A). Only at the last condition, the resonance
wavelength red shifts and the extinction efficiency drops when
more p-BDT molecules are adsorbed (Figure 3C). This agrees
with the experimental observation.

B RESULTS AND DISCUSSION

Unless specified otherwise, the OT/AgNP binding experiments
were conducted with freshly prepared AgNPs (within 1 week).
In addition, the OT binding experiments were performed in
capped 4.5 mL glass vials at ambient conditions, unless
specified otherwise. While 2-MBI and p-MBT adsorption
induces immediate AgNP aggregation and eventual settlement
(Figure 2), the AgNPs in the p-BDT-containing solution
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Figure 2. UV—vis spectrum of (A) 2-MBI/AgNP and (B) p-MBT/
AgNP mixtures as a function of the sample incubation time. The
spectrum in black is the in-house AgNP control that is the
mathematically additive spectrum of the UV—vis spectrum of in-
house AgNP and OT in water. The complete aggregation and
precipitation of the AgNPs are shown by the absence of the AgNP
localized surface plasmonic resonance (LSPR) peak in the 400 nm
region. The inset shows the amount of OT adsorbed onto AgNPs by
assuming the UV—vis intensity reduction is exclusively due to OT
adsorption onto AgNPs. The nominal OT and AgNP concentrations
in the AgNP-containing samples are 50 yM and 20.55 pM,
respectively. The arrow indicates the increasing sample incubation
times.

remain well-dispersed (Figure 3). The complete AgNP
settlement in 2-MBI/AgNP or p-MBT/AgNP mixtures was
evident from the total absence of AgNP LSPR feature in the
UV—vis spectra obtained with their respective solution (Figure
2). The exact reason for the different AgNP aggregation
characteristics among these samples is currently unclear but
may be related to the fact that there is a significant fraction of
the —SH groups in p-BDT on AgNPs remains unreacted as it
will be shown later in this work. The remaining —SH group
could make the p-BDT-containing AgNP more water
compatible than p-MBT- and 2-MBI-containing AgNPs
because the distal groups in p-MBT and 2-MBI on AgNP are
benzene. That is more hydrophobic than the terminal —SH
group in p-BDT.

The continuous OT adsorption onto the AgNPs was
demonstrated in all the samples by the monotonically
decreased OT concentration in the supernatant of the ligand
binding solutions (Figure 2) and by the reduced p-BDT UV—
vis absorbance in the time-resolved UV—vis spectra obtained
with the p-BDT/AgNP mixture (Figure 3A). This continuous
OT adsorption onto AgNPs is drastically different from the
adsorption of the same OTs onto the AuNPs reported in our
recent studies.'”>® OT reaches steady-state adsorption on
AuNPs within the first few minutes of the sample
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Figure 3. Experimental time-dependent UV—vis spectra of (A) the p-BDT/AgNPs and (B) the time course of the in-house AgNP LSPR peak
absorbance and peak wavelength as a function of incubation time. (C) Computationally simulated AgNP LSPR spectra in which the surface layer of
Ag atoms in AgNPs is progressively converted into p-BDT-Ag. (D) Computed AgNP LSPR peak absorbance and peak wavelength as a function of
surface Ag atom layers converted to Ag-BDT complexes. The nominal p-BDT and AgNP (~58 nm in diameter) concentrations in the AgNP-

containing samples are 50 uM, and 20.55 pM, respectively.
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Figure 4. TEM images obtained with (A) as-synthesized AgNPs, (B) AgNPs incubated with 2-MBI for 4 days and (C) 1 month. (D—F) Zoom-in
single AgNP TEM images from the samples used for (A—C), respectively. (G, H) AgNPs from p-MBT/AgNP and p-BDT/AgNP mixtures each
incubated 4 days. The nominal OT and AgNP concentrations are 100 #M and 92.5 pM, respectively.

incubations.'*® It is important to note that 2-MBI remains

totally stable in the control solutions under the experimental
conditions (Figure S4). In contrast, p-MBT and p-BDT have
limited stabilities in water solutions containing no AgNPs.
Control experiments showed that UV—vis absorbance of these
two OTs in water decreases with prolonged incubation (Figure
S4). Therefore, the amount of p-MBT and p-BDT adsorbed
onto AgNPs as a function of time depicted in Figures 2 and 3
should only be treated as semiquantitative. Quantitative
delineation of the p-MBT and p-BDT UV—vis absorbance
reduction induced by AgNP binding and by OT degradation is

27149

currently impossible. Therefore, quantitative ligand adsorption
studies were performed with 2-MBI alone.

The amount of the 2-MBI adsorbed onto the AgNPs is more
than 23 times higher than the monolayer packing capacity of 2-
MBI on the AgNPs that is predicted on the basis of the AgNPs’
sizes and concentrations (Supporting Information). TGA
conducted with a separately prepared 2-MBI-treated AgNP
sample confirms that the 2-MBI depleted from the ligand
binding solution had coprecipitated with AgNPs (Figure SS).
Detailed TGA experimental results obtained with the 2-MBI/
AgNP mixture, the 2-MBI powder, and Ag,O are shown in
Figure SS. The experimental weight loss of MBI-treated AgNPs
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(12%) is in agreement with the weight percentage (14%) of 2-
MBI adsorbed onto the AgNPs. This quantity was deduced by
UV—vis quantification of 2-MBI depleted from the supernatant
in the 2-MBI/AgNP mixture. The small difference between the
TGA result and that deduced from UV—vis measurement is
probably due to some of adsorbed 2-MBI that was lost in the
ethanol wash and filtering (Figure SS).

Transmission electron microscopic (TEM) analyses obtained
with the precipitates in the 2-MBI/AgNP mixtures showed that
all the AgNPs were converted to core—shell structures with
shell thicknesses increasing with more 2-MBI adsorbed (Figure
4, A to C and D to F). Similar core—shell structures were also
observed in TEM images of AgNPs mixed with p-MBT or p-
BDT (Figure 4, G and H). The largest shell thickness observed
on AgNPs in the 1-month-aged 2-MBI/AgNP mixture is ~10
nm, which is significantly larger than the 2-MBI molecular
dimensions. Importantly, similar core—shell structures are also
observed in the TEM images obtained with the commercial 50
nm AgNPs treated with all the model OTs (Figure S6). The
AgNP core size of the commercial AgNPs was calculated for
AgNPs with and without p-BDT mixed. The average diameter
of the as-received AgNPs is 48.1 + 2.8 nm, which was reduced
to 40.6 + 4.9 nm after incubating with p-BDT for 10 days. The
average shell thickness in the p-BDT-treated AgNPs is 17 + 7.5
nm (Figure S7). This is calculated by assuming that the AgNPs
were uniformly coated.

Further confirmation of the AgNP core—shell formation
comes from the DLS measurements conducted for the
commercial 50 nm AgNPs mixed p-BDT in which the AgNPs
are stable in solution (no aggregation). The DLS hydrodynamic
diameter of the as-received AgNPs is 52 + 1 nm, while
diameters of the p-BDT covered AgNPs increased to 78 + 3
and 89 + 2 nm in an equal volume mixture of 100 uM p-BDT
and the as-received AgNP that is aged for 1 h and 3 days,
respectively (Table S1). Evidently this increment in the AgNP
diameter far exceeds the height of monolayer p-BDT. The
length of p-BDT is ~0.8 nm.”” This DLS result that was
directly obtained with the p-BDT/AgNP mixture. It indicates
that the coating on the AgNP surfaces observed in the TEM
image of the aromatic OT-treated AgNPs are formed in
solution, not during the TEM sample preparation. Importantly,
excess OT was removed before loading the OT-treated AgNPs
onto the TEM grid. This was described in the Experimental
Section.

The only sensible explanation for the appearance of this
coating is that OT's progressively react with and convert the
AgNP surface silver atoms into OT/Ag complexes. At least
some of the RS—Ag complexes remain attached to AgNPs. We
indeed observed a relative small amount of amorphous
precipitate that separated from the AgNPs in the month-old
AgNP/2-MBI mixture (Figure 4C). These amorphous
precipitates are likely OT/Ag complexes formed by AgNP
surface atoms etched away by the OTs. They may also be the
OT/Ag complexes detached from AgNP core in our TEM
sample preparation. Regardless, irregularity of the shell and
presence of isolated precipitates limit our ability to
quantitatively study to correlation between shell thickness
and the amount of 2-MBI adsorbed. However, most of the 2-
MBI—Ag complex retained on the AgNPs in the AgNP/OT
mixture was aged for 4 days. Comparison of the TEM images
and energy dispersive spectroscopy (EDS) obtained with
AgNP/2-MBI mixture confirms sulfur is present in both
AgNPs and the amorphous precipitates (Figure S8). Unfortu-

nately, the EDS resolution of our TEM (Jeol 2010) instrument
is not high enough for elemental mapping of the coating layer
on the AgNPs.

The time-resolved UV—vis spectra obtained with AgNP/p-
BDT mixtures (Figure 3) are consistent with our explanation
for the continuous reactive OT adsorption onto AgNPs and our
DLS results obtained with the AgNP/p-BDT mixture. The
AgNP LSPR peak absorbance is monotonically reduced, and its
peak wavelength is red-shifted as a function of continuous p-
BDT adsorption. Computational simulation confirms that the
p-BDT-Ag dielectric layer thickness keeps increasing and the
AgNP core diameter keeps decreasing. This is the only possible
way for red-shifting to occur in the AgNP LSPR peak
wavelength along with a simultaneous monotonic decrease of
the AgNP LSPR peak absorbance (Figure 3C). The AgNP
LSPR peak absorbance would increase monotonically if the p-
BDT shell thickness increases, but the size of the AgNP core
does not change (Figure S3). In contrast, the blue-shift in the
AgNP LSPR peak wavelength would be observed if p-BDT
converts surface Ag atoms into p-BDT/Ag complexes, but these
complexes are not retained on the AgNPs (Figure S3).

Definitive proof of the continuous reactive OT interaction
with AgNPs came from a comparative study of 2-MBI
adsorption onto gold-core—silver-shell (Au@Ag) bimetallic
nanoparticles and AuNP seeds in which the amount of AuNP
seeds is kept constant (Figure S). Au@Ag nanoparticles were
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Figure S. UV—vis spectra obtained of the supernatant in (A) 2-MBI/
AuNP and (B) 2-MBI/Au@Ag mixtures as a function of sample
incubation time. The arrow indicates the increasing sample incubation
times. (C) Comparison of 2-MBI adsorption onto (O) AuNP seeds
and (M) Au@Ag nanoparticles as a function of the sample incubation
time. The total amount of silver atoms coated onto the AuNP seeds in
the Au@Ag nanoparticles used in (B) is 103 nmol, which is calculated
by assuming that all the Ag" added onto the Au seed is reduced.

prepared using the procedure of Murphy et al. with
modifications (Figure $9).>> The 2-MBI adsorption onto the
AuNP seeds rapidly reached a steady state. However, the
amount of 2-MBI depleted from the supernatant in the 2-MBI/
Au@Ag mixture keeps increasing until the difference in the
amount of the 2-MBI adsorbed by Au@Ag versus AuNP seeds
equals the amount of the silver atoms present in the Au@Ag.
This experiment proved that 2-MBI reacted quantitatively with
all the Ag atoms presented in Au@Ag and confirmed that one
2-MBI molecule reacted with each Ag atom. This stoichiometry
is consistent with the reported stoichiometric ratio found when
a monoalkanethiol reacts with Ag*.***

Combining both pH and SERS measurements indicates that
the OT interaction with AgNPs is predominantly due to an OT
reaction with the Ag,O known to be on the AgNP
surfaces.*' ™ Moreover, it rules out the possibility that OT
reaction with Ag* or zero valence Ag(0) atoms is the dominant
pathway governing the OT binding to AgNP surfaces. The
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Figure 6. Raman spectra obtained of (A) p-MBT, (B) p-BDT, and (C) 2-MBI: (a) solid OT, (b) OT/Ag complex obtained by an OT reaction with
equivalent amount of AgNO3, and (c) Ag,0, (d) OT adsorbed onto AgNPs. Detailed procedures used are described in the Experimental Section.
(D) Raman spectrum of p-BDT/Ag complex formed by mixing p-BDT and AgNOj; of molar ratio of (a) 1:1, (b) 1:2, and (c) 1:3. The spectra were

offset and scaled for clarity.

SERS spectra of the OT adsorbed onto the AgNPs are highly
similar to normal Raman spectra of the products of OT
reaction with either Ag,0 or Ag", but different from normal OT
Raman spectra (Figure 6). Previous literature showed that
aqueous 2-MBI is in the thione tautomeric form, but in the
thiolate form on the AuNPs.”® The complete absence of the S—
H Raman spectral feature in the 2600 cm™" region in p-MBT
and 2-MBI SERS and also their Ag complexes indicates the
—SH hydrogen atom has been released in each case. This might
occur through one or more of the pathways depicted in eqs 1—
4 in Figure 7. However, the first three of these possible

R-SH + - SR+H Eq. 1

R-SH + - SR+12H, Eg.2

RSH+| Ag' == AgSR+H' Eq.3
AgSR

2R-SH + AgO = AgSR +H;0 Eq.4

Figure 7. Possible reaction pathways for OT adsorption onto AgNPs.
Ag" and Ag,O refer to possible silver ion and silver oxide on AgNP
surface, respectively.

pathways were excluded on the basis of control experiments.
They showed no pH change or hydrogen gas generation occurs
when OT is adsorbed onto AgNPs (Figure S10). In contrast,
OT reaction with Ag" (in AgNO;) releases thiol protons and
reduces solution pH (Table S2). The reaction pathways
depicted by eqs 1 and 2 would lead to pH reduction or
hydrogen generation, respectively, when OT binds to AgNPs.
However, eq 4 leads to no pH changes, which was also
confirmed by control experiments that showed no pH change

when Ag,O powder was added into OT solutions (Figure S11).
We recently demonstrated that OT adsorption onto AuNPs in
water reduces solution pH, and the amount of the protons
released from OT's was linearly correlated to the amount of OT
adsorbed."" These pH measurements highlight the difference in
the fundamental mechanism between OT binding onto AgNPs
and AuNPs in water. The OT interaction with AuNPs involves
the deprotonation of R—SH, while the OT interaction with
AgNPs is primarily due to the reaction of R—SH with Ag,O
formed on the AgNP surface.*' ™ Henglein reported that
AgNPs are extremely sensitive to environmental oxygen.**
Exposing AgNPs synthesized under argon protection to
ambient air as short as 1.5 min induces substantial change in
the AgNP LSPR. This change is due to the AgNP surface atom
oxidation.** Since the commonly used citrate-reduced AgNPs
are normally prepared and stored with no inert gas protection
or solution purging, it is reasonable that surface Ag atoms are
oxidized soon after the AgNP preparation.

Notably, the SERS spectra in Figure 6 show that not all the
—SH hydrogen atoms are released in any of the p-BDT reaction
products with AgNO;, Ag,O, or AgNPs. Indeed, a substantial
S—H stretch feature (~2500 cm™) appeared in the SERS
spectrum obtained with p-BDT adsorbed on AgNPs and in the
Raman spectra of the p-BDT/Ag complexes obtained by p-
BDT reaction with Ag,O or Ag". This remained true for the p-
BDT/Ag complexes formed by mixing AgNO; and p-BDT with
an AgNO,/p-BDT concentration ratio of 3:1 (Figure 6D).
These data strongly suggest that only one —SH in p-BDT
reacted with AgNP, Ag,O, or Ag’ under our experimental
conditions. This result is consistent with our recent pH titration
experiment that reveals that the pKs of the two SH groups in
p-BDT differ by at least 7 pK, units both in p-BDT solutions

15(A) (8) & 3[© « = ]100
'Z-MG!U\QNF' 2-MBUAgNP ¢ ° o NIT.I"DQEI'I { -
N, air g_ . Air " 180 2
| =
® 1.0t = 2t | g
= E 160 ﬁ
€ 5 . 140 @
2 05| a1 sa Bl
< A R 120 5
ook _ R — ) & Ofe o
280 320 280 320 0 10 20 30 40 50 60 70
Wavelength (nm)  Wavelength (nm) Time (h)

Figure 8. (A) UV—vis spectra obtained with the supernatants of the (A) the nitrogen-filled and (B) air-filled 2-MBI/AgNP mixtures as a function of
the sample incubation times. (C) The amount of 2-MBI adsorbed onto the AgNPs as a function of the sample incubation time for (O) nitrogen- and
(M) air-filled 2-MBI/AgNP mixtures in (A) and (B). Experimental details are described in the Supporting Information. The nominal 2-MBI and
AgNP concentrations in the samples are S0 yuM and 20.55 pM, respectively.
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Figure 9. (A) Representative UV—vis spectra obtained with (A) Au foil/2-MBI and (B) Ag foil/2-MBI mixtures as a function of the sample
incubation time. (C) The amount of 2-MBI adsorbed onto the metal foils and nominal 2-MBI packing density on the foil as a function of the sample
incubation time for (O) Au foil/2-MBI and (O) Ag foil/2-MBI mixtures in (A) and (B). The initial 2-MBI concentration is 17.5 #M in both
samples. Arrows in (A) and (B) indicate increasing sample incubation time. Complete 2-MBI adsorption onto Ag foil is evident from the absence of
the 2-MBI UV—vis absorption in the UV—vis spectrum obtained with the 2 day incubated Ag foil/2-MBI sample. Experiment details are described in

the Experimental Section.

and for p-BDT on AuNPs."! On the other hand, these data
disagree with the previous reports that both thiols in p-BDT are
deprotonated on AuNP and AgNPs.***’

The presence of this S—H stretching feature also excluded
the possibility that the coating layer on the p-BDT-treated
AgNP is polydisulfurized p-BDT —(S—C4H,—S),—. Polydisul-
fide would not have significant S—H stretch in the SERS
obtained with the p-BDT treated AgNPs. Indeed, detectable
disulfide formation can also excluded on the basis of the Raman
and SERS spectra of the OT and OT/AgNP complexes
obtained in the Raman shift region from 250 to 1650 cm™
(Figure S12). Diphenyl disulfide has a strong S—S stretch at
524 cm™1.** The complete absence of a S—S$ signal in the
OT/AgNP SERS spectra indicates that there is no significant
disulfide formation in the OT adsorbed onto AgNPs in any of
the samples.

The OT reaction with AgNPs in water via the silver oxide
pathway described above disagrees with the view that OT
adsorption onto AgNPs involves the deprotonation of the thiol
proton in the OTs.***"* A reactive adsorption mechanism
through Ag,O is also supported by additional 2-MBI binding
experiments that were conducted in two different reaction
vessels, where the headspace was filled with a constant flow of
either air or nitrogen (Figure 8). During an experimental period
of 2 days, the 2-MBI added into the air-filled aqueous AgNP
suspension was totally depleted from the supernatant, and the
amount of 2-MBI adsorbed onto AgNPs onto the air-filled
sample is 3.4 times higher than the 2-MBI reacted with AgNPs
in the nitrogen-filled sample. Complete 2-MBI disappearance
was demonstrated by the absence of any 2-MBI UV-—vis
spectral feature in the supernatant from the AgNP/2-MBI
mixture (Figure 8B). Importantly, no significant pH changes
occurred in either of the solutions. This excludes the possibility
of 2-MBI reactions with Ag* and Ag(0). In other words, the 2-
MBI interactions with both the nitrogen- and air-filled AgNPs
in water must predominately follow the silver oxide pathway.

The time courses of 2-MBI adsorption onto AgNPs depicted
in Figure 8 are consistent with the literature reports that as-
synthesized AgNPs in water are coated with Ag,0.*'~* The
most plausible explanation for the rapid and mostly identical
initial 2-MBI loss from the supernatant solutions in both the
air- and nitrogen-filled AgNP samples is that the AgNP surface
atoms have been oxidized to Ag,O before the addition of 2-
MBI. Otherwise, the initial 2-MBI adsorption onto the
nitrogen-filled AgNP sample would reduce solution pH or
release hydrogen gas as predicted with reactions 1—3 in Figure

27152

7. Unfortunately, it is currently impossible to determine the
thickness of the silver oxide shell for AgNPs in water. However,
the fact that 2-MBI can be slowly, but continuously, adsorbed
onto AgNPs in the nitrogen-filled sample during the entire 2
day experimental period suggests the possibility that multiple
layers of Ag atoms near the AgNP surface were oxidized before
2-MBI addition.

Continuous 2-MBI adsorption has also been observed with
planar silver foil in water, which is in sharp contrast to 2-MBI
adsorption on the gold foil (Figure 9). 2-MBI reached
saturation adsorption on gold foil after ~10 h of sample
incubation. However, continuous 2-MBI adsorption onto silver
foil was observed during the entire 2 day experimental period
until complete 2-MBI consumption occurred. The nominal 2-
MBI packing densities on the gold and silver foils in Figure 9
were calculated on the assumption that foils were perfectly
smooth and all the 2-MBI adsorbed onto the foils remained
attached to the metal surfaces. The nominal saturation 2-MBI
packing density observed on the gold foil is ~40% higher than
the monolayer 2-MBI gacking density (570 pmol/cm?)
reported for the AuNPs.***° One most likely reason for this
discrepancy is the gold foil surface roughness. The actual
surface area of the gold foil should be inevitably larger than that
used for calculation. Consequently, the actual 2-MBI packing
density on gold foil should be smaller than the nominal 2-MBI
saturation calculated in Figure 9. On the other hand, if we
assume that surface roughness of the silver foil is similar as that
of the gold foil, the only reasonable explanation for the
exceedingly high 2-MBI packing density on the silver foil is
multilayer 2-MBI adsorption onto the silver foil. This
explanation is consistent with aforementioned experimental
observation of the multilayer 2-MBI adsorption onto AgNPs in
water. Presumably the mechanism for the continuous 2-MBI
adsorption onto the silver foil in water is the same as that
proposed in this work for the aromatic OT adsorptions onto
AgNPs in water.

B CONCLUSIONS

In summary, OT adsorption experiments onto AgNPs and
Au@Ag provide unequivocal evidence that the aromatic OTs
probed in this study can continuously react with AgNPs in
water until complete OT or AgNP consumption has occurred.
The initial OT adsorption onto the AgNPs in water proceeds
through OT reaction with Ag,O on AgNP surfaces. Environ-
mental oxygen is involved in this continuous reactive OT
adsorption onto the AgNPs. This reaction of core Ag atoms
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with OT in the presence of oxygen may be depicted with the
equation 2Ag + 2RS—H + O, = 2RS—Ag + H,0. This reaction
scheme is consistent with our observation that the OT
adsorption onto the AgNP does not involve hydrogen gas
generation or the release of protons. The RS—Ag complexes
formed can remain on the AgNP surfaces, converting these
particles into core—shell structures. The shell thicknesses
increase with increased OT adsorption. This work, in
combination with our recent report of OTs interaction with
the AuNPs,'! highlights the striking difference in the
fundamental mechanisms of the OT interaction with AuNPs
versus AgNPs.
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