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ABSTRACT: We report an investigation of the adsorption of thiol
and isocyanide molecules on colloidal Ag nanocubes through
surface-enhanced Raman scattering (SERS). Specifically, we collect
SERS spectra in situ at different time points from a mixture of Ag
nanocubes and ligand molecules at a specific concentration. We
demonstrate that 4-nitrothiophenol could readily bind to the Ag
surface through strong thiol−Ag interaction. We also observe red
shifts for the SERS peaks as the concentration decreases, suggesting
a change to the molecular orientation relative to the surface.
Likewise, 4-aminothiophenol also adsorbs onto Ag quickly, but
gives much weaker SERS signals relative to 4-nitrothiophenol
because the electron-donating amine group would retard the chemical enhancement of SERS. Different from thiols, 1,4-
phenylene diisocyanide binds to Ag surface through a relatively weak, σ-donation bond. With an increase in concentration,
molecules tend to adsorb on the nanocubes with the benzene ring tilting away from the surface. We further investigate the
competitive binding of thiol and isocyanide, demonstrating the capability of thiol to inhibit the adsorption of isocyanide when
these two ligands are presented in a mixture.

■ INTRODUCTION

The surface of metal nanoparticles is prone to the adsorption
of organic molecules because the adsorbates can reduce the
interfacial energy between the metal and its surrounding
medium.1 If the organic molecules have a functional group
with strong affinity toward the metal atom, they tend to
spontaneously arrange themselves into a self-assembled
monolayer (SAM),2 presenting a robust method for engineer-
ing the interfacial properties.3−6 Although there are extensive
reports on the formation of thiol-based SAMs on Au
nanoparticles,2,7−10 it remains challenging to characterize the
surface adsorption process in gathering information such as
coverage density, conformation of the adsorbed ligands, and
the relative binding strengths of different ligands. To this end,
it is of importance to develop a technique capable of probing
the adsorption of organic molecules on the surface of
nanoparticles in situ. Such a technique would also find
immediate use in areas such as surface science and
heterogeneous catalysis.
There are a number of documented techniques for

characterizing the adsorption of organic molecules on a solid
surface. As a direct method, scanning tunneling microscopy
(STM) has been used extensively to visualize the SAM on a
metal thin film by obtaining topological information with
resolution down to the molecular level.11,12 Recent reports
suggested that STM could analyze mixed-ligand SAMs on Au

nanoparticles with sufficient sensitivity to distinguish between
the regions comprised of different types of thiol molecules.13,14

Unfortunately, STM measurements demand a high-vacuum
environment,15 making it impractical to gather information
from a solution-phase system. Additionally, it is difficult to
extract configuration of organic molecules on a solid surface
from the STM data. In comparison, other indirect methods can
reveal the structural details of the adsorbed molecules by
leveraging molecular vibrations. Among them, Fourier-trans-
form infrared spectroscopy (FTIR) is well-known for its ability
to reveal the molecular fingerprints about the adsorbates. For
example, Murray et al. demonstrated the use of FTIR to
evaluate the conformations of alkanethiol molecules adsorbed
on Au nanoparticles as a function of particle size and under
different conditions (e.g., solid state vs solution phase).16,17

They discovered that alkanethiols would show less ordered
packing on smaller particles or for the nanoparticles dispersed
in nonpolar solvents. On the basis of the nonlinear optical
responses from the surface of nanoparticles,18,19 second-
harmonic generation (SHG) spectroscopy serves as a sensitive
technique to create the adsorption isotherm,20 to determine
the adsorption energy and coverage density,21 and to
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investigate the exchange of different ligands on the surface of
Au nanoparticles.22 However, SHG inherits a number of
intrinsic problems, including bulk-phase interference, sensitiv-
ity restriction, limited range of wavenumbers, and an inability
to detect vibrational modes parallel to the interfacial plane as a
result of surface-selection rules.
Surface-enhanced Raman scattering (SERS) offers a power-

ful tool for analyzing molecular adsorption on the surface of a
plasmonically active metal such as Au or Ag in liquid phase and
under ambient conditions. SERS shares several attributes with
electron energy loss spectroscopy (EELS), including the
excellent sensitivity toward low wavenumbers and the ability
to detect most adsorbate through their vibrational modes. In
the 1990s, Weaver and others used SERS to study the interface
between an aqueous phase and an electrocatalytic material that
includes a roughened noble-metal electrode or an electrode
decorated with nanoparticles of 1−2 nm in size.23−27 They
argued about the feasibility to monitor molecular trans-
formations on a catalytic surface by following the vibrational
fingerprints of catalytically relevant molecules, such as
ethylene, methanol, and carbon monoxide, as a function of
electrode potential.23−25 In recent years, SERS has been
implemented to probe chemical reactions in situ on nano-
particles consisting of a plasmonic metal such as Au or Ag and
a catalytic metal such a Pd or Pt.28−30 Most recently, we
further demonstrated the utility of SERS in probing the
heterogeneous nucleation and growth of Pd or Pt on Ag
nanocubes in solution with the introduction of an isocyanide
probe.31,32 Despite these prior reports, SERS has not been fully
explored for in situ monitoring of the adsorption of an organic
ligand onto the surface of metal nanocrystals in a solution
phase.33−35

Herein, we demonstrate the use of SERS as a platform
technique to investigate the competitive adsorption of thiol
and isocyanide molecules on the surface of Ag nanocubes. As
illustrated in Figure 1, we selected three different ligands, 4-

nitrothiophenol (4-NTP), 4-aminothiophenol (4-ATP), and
1,4-phenylene diisocyanide (1,4-PDI), to investigate their
(competitive) adsorption on the surface of Ag nanocubes. It
is well-known that both 4-NTP and 4-ATP can chemisorb
onto Ag via the establishment of a Ag−thiolate linkage.36,37

Since −NO2 and −NH2 are an electron acceptor and a donor,
respectively, 4-NTP and 4-ATP have been used to study the
role of charge transfer in affecting the SERS activities of Ag
nanoparticles.38,39 A number of groups have also investigated
the production of an azo-compound from 4-NTP or 4-ATP on

the surface of Ag or Au nanoparticles using SERS.39−41

Different from thiol molecules whose vibrational modes exhibit
essentially no dependence on the metal surface, the binding of
the isocyanide group (−NC) to a transition metal is similar to
that of carbon monoxide, making the stretching frequency of
the NC bond (νNC) sensitive to the interaction between the
−NC group and the metal.42−45 The carbon is assumed to
bind to Ag through σ-donation, by which the lone-pair
electrons are donated from the antibonding σ* orbital of the
−NC group to the d-band of Ag. It is anticipated that there are
two possible configurations of 1,4-PDI on the surface of Ag
nanocubes. The first configuration involves the binding of one
−NC group to Ag in a standing geometry with respect to the
surface while leaving the other −NC group free.46 The second
one reflects the binding of both −NC groups to the Ag surface.
Because the νNC(Ag) and νNC(free) peaks have distinctive Raman
shifts, it is feasible to characterize the configuration of 1,4-PDI
on the surface of Ag by SERS. It is worth acknowledging that
isocyanides have received attention in the molecular
electronics community due to the lower barrier to electron
transfer at the isocyanide−metal junction than that at the
thiol−metal junction.47,48 It has been argued that 1,4-PDI
could serve as a molecular linker to bridge two metal
electrodes through the two −NC groups and π-conjugated
benzene ring to achieve efficient electron transfer.48

In this work, we investigate the adsorption of 4-NTP, 4-
ATP, and 1,4-PDI on the surface of colloidal Ag nanocubes
suspended in ethanol by in situ SERS. In a typical process, we
disperse the acid-treated Ag nanocubes in an ethanol solution
containing either 4-NTP, 4-ATP, or 1,4-PDI, followed by the
collection of SERS spectra at different time points. Because the
SERS hot spots are located on the edges of Ag nanocubes, we
actually monitored the adsorption of thiol or isocyanide on the
edges. By varying the concentration of each solution, there are
some subtle differences in the vibrational peaks from the SERS
spectra, suggesting that the configurations of molecules on the
Ag surface likely change when the surface coverage of ligand
molecules was altered. More interestingly, we further evaluate
competitive adsorption of thiol and isocyanide by dispersing
Ag nanocubes in an ethanol solution containing both thiol (4-
NTP or 4-ATP) and 1,4-PDI. Our results confirm the
preference of thiol over isocyanide in adsorbing onto Ag
surface when these two ligands are presented in comparable
concentrations.

■ EXPERIMENTAL SECTION
Chemicals. Ethylene glycol (EG) was purchased from J. T.

Baker (Avantor Performance Materials, LLC, Center Valley,
PA). Silver trifluoroacetate (CF3COOAg, ≥ 99.99%), sodium
hydrosulfide hydrate (NaHS·xH2O), poly(vinylpyrrolidone)
(PVP) with an average molecular weight of 29 000 (PVP-29),
aqueous hydrochloric acid (HCl, 37 wt %), L-ascorbic acid
(H2Asc, 99%), ethyl alcohol (ethanol, ≥ 99.5%), 1,4-phenylene
diisocyanide (1,4-PDI, 97%), 4-nitrothiophenol (4-NTP,
80%), and 4-aminothiophenol (4-ATP, 97%) were ordered
from Sigma-Aldrich (St. Louis, MO). Acetone (≥99.5%) was
purchased from Alfa Aesar (Haverhill, MA). All chemicals were
used as received. Deionized (DI) water with a resistivity of
18.2 MΩ·cm at room temperature was obtained from the
EMD Millipore Direct-Q 3UV ultrapure water purification
system (MilliporeSigma, Burlington, MA).

Synthesis of Ag Nanocubes. We followed a published
protocol involving polyol reduction to synthesize the Ag

Figure 1. Molecular structures of the ligands and schematic
illustrations showing how these ligand molecules bind to the surface
of Ag nanocubes.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b05383
J. Phys. Chem. C 2019, 123, 21571−21580

21572

http://dx.doi.org/10.1021/acs.jpcc.9b05383


nanocubes.49 The as-prepared Ag nanocubes were washed
once with acetone, followed by three times with water, and
then dispersed in water for storage and future use. The stock
suspension of Ag nanocubes contained 1.2 × 1013 particles per
mL.
Acid Treatment of Ag Nanocubes. In a standard

protocol, we mixed 0.5 mL of aqueous H2Asc (0.1 M) and 2
mL of aqueous PVP-29k (1 mM) in 0.5 mL of water in a 23
mL glass vial under magnetic stirring at 650 rpm. Next, we
injected 25 μL of Ag nanocubes to the acidic solution to attain
approximately 3.0 × 1011 particles. The mixture was magneti-
cally stirred under ambient conditions for 2 h. Afterward, the
solution was divided and transferred into three centrifuge
tubes, followed by their centrifugation at 5500 rpm for 15 min.
After the removal of the supernatant, the solids were used
without further modification for the SERS experiments. For
TEM characterization, the solids were washed with ethanol
twice and drop-casted onto a TEM grid.
Monitoring the Adsorption of 4-NTP, 4-ATP, or 1,4-

PDI on Ag Nanocubes by SERS. In a standard protocol, we
first recorded a Raman spectrum from the ligand, such as 4-
NTP, 4-ATP, or 1,4-PDI in ethanol solution at the
concentration of 10−5 M, as a reference. Next, we mixed the
ligand solution with the Ag nanocubes, followed by rigorous
shaking to disperse the nanocubes. Finally, we withdrew
aliquots from each sample at 3, 15, 30, 45, 60 min for SERS
measurements. For the experiments involving different
concentrations of ligand, we followed the standard protocol
except that the ligand solution was changed to either 10−4 or
10−7 M.
Monitoring the Competitive Adsorption of 1,4-PDI

and 4-NTP, as well as 1,4-PDI and 4-ATP, on Ag
Nanocubes by SERS. In a typical experiment, we mixed two
ligand solutions (4-NTP and 1,4-PDI or 4-ATP and 1,4-PDI),
each at a doubled concentration (that is, 2 × 10−3, 2 × 10−5, or
2 × 10−7 M) relative to the standard protocol, in equal
volumes. As a result, the final mixture would preserve the
concentrations of each ligand relative to the single-ligand
experiments. We then followed the standard protocol except
that the mixture was used as the ligand solution.
Raman Measurements. We performed our Raman

measurements using a Renishaw inVia Raman spectrometer
(Wotton-under-Edge, U.K.) coupled with a Leica optical
microscope (Leica Camera, Wetzlar, Germany). In a typical
measurement, we transferred an aliquot of 20 μL from the
sample into a transparent polydimethylsiloxane (PDMS) cell,
covered the cell with a thin cover glass, and placed the cell on
the sample stage of microscope. After we used the static mode
for collecting consecutive Raman spectra every second to
confirm that the Raman signal was relatively stable (variation is
within 100 counts), we recorded the Raman spectrum in the
extended mode, using the excitation wavelength of 532 nm,
100× objective, 10% of the laser power (maximum power of 50
mW), and 10 s collection time.
Quantitative Analysis of Raman Data. We used

Renishaw’s WiRE 5.1 software to calculate the area under
the peaks of the characteristic Raman bands present in the
SERS spectra at each time point in the experiment, specifically
the νCC band of 4-NTP and the νNC(Ag) band of 1,4-PDI. For
each data point, we performed the analysis according to the
following procedure. In the first step, we loaded the raw data
into the software and then centered the viewing window
around the peak of interest (1520−1620 cm−1 for the νCC

band, and 2000−2300 cm−1 for the νNC band). In the second
step, based on the curve-fitting function in the software, we
attempted to fit the data using a single GaussianLorentzian
peak (50% of each character). The software optimized the
curve fit model to minimize the sum of the squared deviations
of the fitting from the experimental data, updating the
information such as the peak center, peak width, peak height,
and the shape (proportion of the Gaussian character). If we
could not fit the band, we would add a second peak and
perform the optimization again to better capture the peak area
of this band. Finally, we took the sum of the peak areas of all
curves used in this fitting to obtain the total area under the
peak.

Instrumentation and Characterization. The nano-
particles were collected using an Eppendorf 5430 centrifuge
(Eppendorf North America, Hauppauge, NY). The pH values
were measured using a FiveEasy pH Meter (Mettler Toledo,
Columbus, OH). The UV−vis spectra were collected using the
Cary 60 spectrophotometer (Agilent Technologies, Santa
Clara, CA). Transmission electron microscopy (TEM) images
were captured on a Hitachi HT7700 microscope (Tokyo,
Japan) operated at 120 kV.

■ RESULTS AND DISCUSSION
We prepared Ag nanocubes by following the protocol
published by Xia and co-workers.49 To remove any oxides
on the surface, we dispersed the Ag nanocubes in an acidic
solution (pH = 3.1) containing H2Asc and PVP under
magnetic stirring for 120 min. Figure S1 shows TEM images
of the samples before and after acid treatment, indicating no
significant changes to the morphology of nanocubes. After
collecting the acid-treated Ag nanocubes via centrifugation, we
immediately redispersed them in an ethanol solution
containing the ligand molecules, followed by withdrawing
aliquots from each sample at various time points for SERS
measurements. In this study, we assume that the primary
contribution to SERS signals would come from molecules
adsorbed on the edges of individual Ag nanocubes where hot
spots are located, rather than from those situated in the
interparticle junctions.31 To validate our hypothesis, we
recorded UV−vis spectra from the Ag nanocubes dispersed
in the acid solution and the acid-treated nanocubes redispersed
in the ethanol solution. As shown in Figure S2, there was
essentially no change to the UV−vis spectra, confirming the
absence of aggregation for the acid-treated Ag nanocubes
redispersed in the ethanol solution. It is also worth mentioning
that we could use the Raman peak of ethanol at 879 cm−1 as an
internal reference to calibrate the Raman system. As confirmed
by the spectra in Figure S3, this band remained at essentially
the same position before and after the introduction of Ag
nanocubes.
We initially studied the interaction of thiols with Ag

nanocubes by employing 4-NTP as the ligand. Figure 2A
shows Raman spectra collected from a 4-NTP solution (10−5

M) in ethanol before and after adding the acid-treated Ag
nanocubes. On the basis of our back-of-the-envelope
calculation, it is reasonable to assume that the 4-NTP
molecules at this concentration would be able to form a full
coverage on the Ag nanocubes. In the absence of Ag
nanocubes, the Raman spectrum only shows the peaks
associated with ethanol. At t = 3 min after the introduction
of nanocubes, the characteristic peaks of 4-NTP appeared at
1083 (C−S stretching, νCS), 1336, 1347 (NO2 stretching,
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νNO2
), and 1572 cm−1 (C−C stretching, νCC). The frequencies

and intensities of these peaks did not change over a period up
to t = 60 min. It is worth mentioning that we calibrated our
Raman spectrometer using Si(100) as a reference every time
before we performed SERS measurements. On the basis of 20
calibrations, Table S1 shows that the spectrometer consistently
gives the Raman shift of Si(100) at 520.29 cm−1 with a
standard deviation of 0.09 cm−1. With regard to the peak
intensity, Figure 2B shows the time-dependent SERS spectra
(in the form of a heat map) of 4-NTP collected 3 min after the
introduction of Ag nanocubes into 10−5 M 4-NTP ethanol
solution, suggesting that the SERS signal remains stable during
the collection time of 10 s. It is interesting to note that the
stretching mode of NO2 (νNO2

) was split into two peaks at
1336 and 1347 cm−1. Although this observation is different
from those reported in previous ex situ SERS experiments

involving 4-NTP,41,50 we are still unable to fully elucidate the
nature of these two peaks at the moment.
By varying the concentration of 4-NTP while keeping the

number of Ag nanocubes unchanged in the ethanol solution,
we investigated how the molecules would interact with the Ag
surface differently. At t = 60 min, Figure 2C shows the SERS
spectra of 4-NTP adsorbed onto the Ag nanocubes from
solutions with concentrations at 10−7 and 10−4 M, respectively.
At 10−7 M, we noticed that the Raman peaks of 4-NTP were
noticeably red-shifted to 1079 (νCS), 1330 (νNO2

), and 1568

cm−1 (νCC), respectively, while the other νNO2
peak at 1346

cm−1 was missing. Based on peak areas of νNO2
, the SERS signal

became 20-fold weaker relative to that of 10−5 M. Conversely,
at 10−4 M, the peaks of 4-NTP appeared at 1083 (νCS), 1334,
1347 (νNO2

), and 1573 cm−1 (νCC), consistent with the peak
positions at 10−5 M. Also, the peak intensities were comparable
to those shown in Figure 2A.
To further evaluate the concentration-dependent adsorption

of 4-NTP on Ag nanocubes, we performed SERS measure-
ments three times at concentrations of 10−7, 10−5, or 10−4 M,
respectively. By fitting the νcc band (see details in the
Experimental Section), Figure 3 shows three plots of the
peak area as a function of time at three concentrations. Our
data suggest that the SERS signal reached a stable state within
3 min regardless of the concentration of 4-NTP, suggesting
that the adsorption of 4-NTP on the surface of Ag nanocubes

Figure 2. (A) Raman spectrum of 4-NTP ethanol solution (10−5 M)
and the SERS spectra of 4-NTP collected from the same solution at
different time points after the introduction of Ag nanocubes. (B)
Time-dependent SERS spectra of 4-NTP collected at 3 min. (C)
SERS spectra of 4-NTP collected at t = 60 min after introducing Ag
nanocubes into the 4-NTP ethanol solutions at concentrations of 10−7

M and 10−4 M, respectively.

Figure 3. Plots of peak area for the νCC band of 4-NTP as a function
of time at the concentration of (A) 10−7, (B) 10−5, and (C) 10−4 M,
respectively.
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could reach equilibrium at a time scale less than 3 min.
Because the SERS hot spots are located on the 12 edges of a
Ag nanocube while the cube is predominantly enclosed by six
side faces, it is not surprising to resolve much weak SERS
signal at a concentration of 10−7 M when only a limited
number of molecules occupied the edges of nanocubes. In
comparison, when the concentration was increased to 10−5 and
then to 10−4 M, the SERS signals became stronger and reached
saturation, suggesting that the molecules could fully cover the
edges of Ag nanocubes where the SERS hot spots were located.
On the other hand, the difference in Raman shifts of 4-NTP at
various concentrations may suggest that the 4-NTP molecules
could adsorb on the surface of Ag nanocubes in different
configurations. It has been established that the orientation of
the adsorbed thiols on a metal surface is dependent on the
packing density and thus the concentration of the ligand
molecules.2 For example, alkanethiols have been reported to
assume an orientation parallel to the metal surface when used
at low concentrations, while taking a more or less
perpendicular orientation at relatively high concentra-
tions.51−53 From this perspective, it is possible that the red-
shifted SERS peaks observed for 4-NTP at 10−7 M reflects
those of parallel-lying molecules at a low packing density,
whereas the peaks of 4-NTP at 10−5 or 10−4 M correspond to
those perpendicular to the surface in a closely packed
monolayer.
We then examined the interaction of 4-ATP with Ag

nanocubes. When the electron-withdrawing nitro group is
substituted by an electron-donating amine group, we would
expect a change to the direction of electron flow between the
Ag surface and the molecule, leading to a diminish of chemical
enhancement for the SERS.39 Figure 4A shows the SERS data
collected from the acid-treated Ag nanocubes after being

redispersed in the 4-ATP ethanol solution (10−5 M). At t = 3
min, the characteristic peaks of 4-ATP appeared at 1080 (C−S
stretching, νCS) and 1593 cm−1 (C−C stretching, νCC). These
two peaks did not change their positions and intensities up to t
= 60 min, consistent with the behavior of 4-NTP. As
anticipated, when the ligands were used at the same
concentration of 10−5 M, the intensities of the 4-ATP signals
were much weaker than those from 4-NTP (Figure 2A). This
trend supports our argument that the signals from 4-ATP
should be weaker due to the lack of chemical enhancement. As
shown in Figure 4B, we could hardly resolve any peaks
associated with 4-ATP at 10−7 M while the two peaks located
at 1080 (νCS) and 1594 cm−1 (νCC) returned at 10−4 M at the
time point of 60 min.
Different from thiols that form a relatively strong Ag−S

bond with the Ag surface, 1,4-PDI weakly binds to the surface
of Ag nanocubes through σ-donation.44,46 Figure 5A shows

Raman spectra collected from a 1,4-PDI solution (10−5 M) in
ethanol before and after adding the acid-treated Ag nanocubes.
At t = 3 min, the characteristic peaks of 1,4-PDI emerged at
1164 (C−H bending, δCH), 1204 (C−NC stretching, νC−NC),
and 1597 (C−C stretching, νCC), 2125 (N−C stretching,
νNC(free)) and 2177 cm−1 (N−C stretching, νNC(Ag)). At t = 30
min, there was a slight increase in peak intensity. The SERS
spectrum then shows little change up to t = 60 min. It is
interesting to note that the N−C stretching mode appeared at

Figure 4. (A) Raman spectrum of 4-ATP ethanol solution (10−5 M)
and SERS spectra of 4-ATP collected from the same solution at
different time points after the introduction of Ag nanocubes. (B)
SERS spectra of 4-ATP collected at t = 60 min after introducing Ag
nanocubes into the 4-ATP ethanol solutions at concentrations of 10−7

and 10−4 M, respectively.

Figure 5. (A) Raman spectrum of 1,4-PDI ethanol solution (10−5 M)
and SERS spectra of 1,4-PDI collected from the same solution at
different time points after the introduction of Ag nanocubes. (B)
SERS spectra of 1,4-PDI collected at t = 60 min after adding Ag
nanocubes into the 1,4-PDI ethanol solutions at 10−7 and 10−4 M,
respectively.
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2177 and 2125 cm−1 in the SERS spectrum with their
assignments to the νNC(Ag) and νNC(free), respectively.

46 The
presence of the νNC(free) peak suggests that the 1,4-PDI
molecules would bind to the surface of the Ag nanocubes
through one of its two isocyanide groups only, with the
benzene ring tilting away from the surface. We also collected
SERS spectra of acid-treated Ag nanocubes after they had been
incubated with 1,4-PDI solutions of 10−7 and 10−4 M,
respectively, at the time point of 60 min. As shown in Figure
5B, at 10−7 M, the νNC(free) peak was not identified while the
νNC(Ag) peak remained almost unchanged at 2176 cm−1. In
comparison, at 10−4 M, we resolved both the νNC(Ag) and
νNC(free) peaks. Based on the peak areas of νNC(Ag), the overall
SERS signal is about 2-fold weaker at 10−7 M or 4-fold stronger
at 10−4 M compared with that of 10−5 M.
To confirm the orientation of 1,4-PDI on Ag surface, we

monitored the νCH band located at 3065 cm−1. According to
the surface selection rule, this band can only be identified when
the benzene ring is tilting away from the surface.53 Figure 6A

shows a small νCH band when Ag nanocubes were function-
alized with 1,4-PDI of 10−4 M. Interestingly, Figure 6B exhibits
the appearance of the νCH band when we functionalized 1,4-
PDI functionalized Ag nanocubes with 10−5 M and then
doubled the number of functionalized cubes used in the
standard protocol for SERS measurements. These results
support our previous argument that the 1,4-PDI molecules
would bind to Ag through a single isocyanide group with the
benzene ring tilting away from the surface, giving rise of the
νNC(free) peak at these two concentrations (see Figure 5, parts A

and B). When we functionalized Ag nanocubes with 1,4-PDI of
10−7 M, followed by SERS detection by increasing the number
of Ag nanocubes that are four times larger than those used in
the standard protocol to improve detection sensitivity, Figure
6C shows no observation of the νCH band even though the
increase in the number of nanocubes for this set of SERS
measurements was able to increase the peak intensity of νNC(Ag)
band significantly to the signal level comparable to that of
νNC(Ag) band collected from Ag nanocubes functionalized with
1,4-PDI of 10−5 M. Figure S4 shows the direct comparison of
the νNC(Ag) band, from which one still cannot resolve the
νNC(free) band. Altogether, we believe that a larger proportion of
the 1,4-PDI molecules would bind to the edges of Ag
nanocubes, the SERS hot spots, through a single isocyanide
group, likely in a benzene ring tilting away from the surface, at
a high concentration for accommodating closely packed
configuration. In the case of 10−7 M, it is possible that the
molecules might bind to the Ag surface through both
isocyanide groups rather than only one of them at such low
concentration.
Based on the results shown in Figures 2−6, we argue that 4-

NTP, 4-ATP, and 1,4-PDI all can readily adsorb onto the
surface of Ag nanocubes dispersed in ethanol. To further
examine the difference between thiol and isocyanide, we
evaluated their competitive adsorption onto the surface of Ag
nanocubes by introducing the acid-treated Ag nanocubes into
an ethanol solution containing both types of ligands at specific
concentrations. Figure 7A shows the Raman spectra collected
from an ethanol solution containing 4-NTP and 1,4-PDI (both
at 10−5 M). At t = 3 min, the peaks at 1083, 1336, 1347, and
1572 cm−1 could be assigned to νCS, νNO2

, and νCC of 4-NTP,
respectively. However, we could not resolve well-defined peaks
associated with 1,4-PDI, except an extremely weak peak
located at 2172 cm−1. The SERS spectrum remained essentially
the same up to t = 60 min. These data confirm that thiol would
adsorb onto Ag surface more competitively on the edges of Ag
nanocubes where the hot spots are located for SERS detection.
Interestingly, when we reduced the 4-NTP concentration by
100-fold to 10−7 M while keeping the concentration of 1,4-PDI
at 10−5 M, at t = 3 min, Figure 7B shows the appearance of
peaks characteristic of 1,4-PDI at 2123 (νNC(free)) and 2178
cm−1 (νNC(Ag)), together with characteristic peaks of 4-NTP at
1080 (νCS), 1330 (νNO2

), and 1568 cm−1 (νCC), We also
observed increase in peak intensity for the νNC(Ag) band of 1,4-
PDI while there was essentially no change to the peaks of 4-
NTP by t = 30 min. From t = 30 to 60 min, the SERS spectrum
remained unaltered. These results infer that 4-NTP and 1,4-
PDI could coexist on the edges of Ag nanocubes.
To further understand the concentration-dependent adsorp-

tion of 4-NTP and 1,4-PDI on Ag nanocubes, we repeated the
SERS measurements and then analyzed the results. Fitting the
νCC band of 4-NTP, Figure 8A, shows a plot of the peak area as
a function of time by benchmarking against 4-NTP (10−5 M).
In this case, we noticed that the SERS signal was comparable
to that of 4-NTP, suggesting that the 4-NTP could
competitively bind to the edges of Ag nanocubes over 1,4-
PDI when they were used at the same concentration. On the
other hand, when we decreased the concentration of 4-NTP to
10−7 M while keeping the concentration of 1,4-PDI at 10−5 M,
Figure 8B shows a plot of the νCC band of 4-NTP as a function
of time by benchmarking against the plot of 4-NTP (10−7 M).
Under this condition, we observed an increase in the peak area

Figure 6. SERS spectra of 1,4-PDI collected at t = 60 min by using
(A) Ag nanocubes prepared with a 1,4-PDI ethanol solution at 10−4

M, (B) Ag nanocubes prepared with a 1,4-PDI ethanol solution at
10−5 M with the number of particles doubled relative to those in part
A, and (C) Ag nanocubes prepared by with a 1,4-PDI ethanol solution
at 10−7 M with the number of particles quadrupled relative to those in
part A.
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of 4-NTP when 100-fold more 1,4-PDI molecules were
involved in the solution. Because 4-NTP at 10−7 M was
unable to cover the entire surface of Ag nanocubes, we suspect
that the adsorption of 1,4-PDI would occur on the side faces of
nanocubes, making it possible to favor the preferential
adsorption of 4-NTP molecules on the edges of nanocubes
for an increase in the SERS signal. Figure 8C shows a plot of
the νNC(Ag) band of 1,4-PDI as a function of time by
benchmarking against the plot of 1,4-PDI (10−5 M).
Interestingly, we observed a decrease in the SERS signal of
1,4-PDI when a small amount of 4-NTP was involved in the
solution. This result indicates that there were fewer number of
1,4-PDI molecules located at the SERS hot spots resulting
from the competitive binding of 4-NTP on the edges of
nanocubes. Altogether, we argue that it is feasible to use 4-
NTP to impede or even inhibit the adsorption of 1,4-PDI
molecules on the surface of Ag by maneuvering the
concentration of these two ligands.
We also evaluated the competitive adsorption of 4-ATP and

1,4-PDI on Ag using the same experimental approach. Figure
9A shows the Raman spectrum collected from an ethanol
solution containing 4-ATP and 1,4-PDI, both at 10−5 M. At t =

3 min, we observed the peaks of 4-ATP at 1080 (νCS) and
1595 (νCC) but not the νNC(free) and νNC(Ag) bands of 1,4-PDI.
Because the νCC bands of both1,4-PDI and 4-ATP overlap with
each other, we cannot reply on this band for the identification
of 1,4-PDI. From t = 30 to 60 min, there was essentially no
change to the SERS spectrum. These results are similar to the
case of 1,4-PDI and 4-NTP, confirming that thiol binds more
strongly to Ag surface than isocyanide regardless of the
difference in the terminal group (NO2 vs NH2). Because it was
difficult to resolve any SERS signal when decreasing the
concentration of 4-ATP from 10−5 to 10−7 M (see Figure 4B),
we increased the concentration of 1,4-PDI to 10−3 M while
keeping the 4-ATP concentration at 10−5 M to attain a molar
ratio of 4-ATP to 1,4-PDI molecules at 1:100. In this case, at t
= 3 min, Figure 9B shows the characteristic peaks of 1,4-PDI at
2125 (νNC(free)) and 2171 cm−1 (νNC(Ag)) in addition to the
peaks of 4-ATP. These results suggest that both 4-ATP and
1,4-PDI could adsorb on the edges of Ag nanocubes at
comparable rates when 1,4-PDI was in access, consistent with
results of 4-NTP and 1,4-PDI.

■ CONCLUSIONS
We have explored the use of in situ SERS to investigate the
adsorption of different ligands on the surface of colloidal Ag

Figure 7. (A) Raman spectrum recorded from an ethanol solution
containing 4-NTP (10−5 M) and 1,4-PDI (10−5 M) and the SERS
spectra of 4-NTP and 1,4-PDI collected from the same solution at
different time points after the introduction of Ag nanocubes. (B)
Raman spectrum of an ethanol solution containing 4-NTP (10−7 M)
and 1,4-PDI (10−5 M) and the SERS spectra of 4-NTP and 1,4-PDI
collected from the same solution at different time points after adding
Ag nanocubes.

Figure 8. (A) Plots of peak area for the νCC band of 4-NTP as a
function of time when the 4-NTP (10−5 M) was mixed with 1,4-PDI
(10−5 M) by benchmarking against 4-NTP (10−5 M). (B) Plots of
peak area for the νCC band of 4-NTP as a function of time when 4-
NTP (10−7 M) was mixed with 1,4-PDI (10−5 M) by benchmarking
against 4-NTP (10−7 M). (C) Plots of peak area for the νCN(Ag) band
of 1,4-PDI as a function of time when 4-NTP (10−7 M) was mixed
with 1,4-PDI (10−5 M) by benchmarking against 1,4-PDI (10−5 M).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b05383
J. Phys. Chem. C 2019, 123, 21571−21580

21577

http://dx.doi.org/10.1021/acs.jpcc.9b05383


nanocubes. In a typical process, we collected SERS spectra at
different time points from a mixture of Ag nanocubes and a
ligand such as 4-NTP, 4-ATP, or 1,4-PDI at a specific
concentration. Time-dependent SERS spectra of 4-NTP
indicate that the adsorption could be achieved within 3 min
due to the strong binding of thiol to Ag surface. We also
recorded the concentration-dependent SERS spectra of 4-
NTP, from which we observed a red shift for all peaks at a
concentration of 10−7 M relative to the case of 10−5 or 10−4 M.
We argue that such a red shift could be attributed to the
difference in molecular orientation, with the benzene ring
oriented parallel to or tilting away from the surface at low and
high concentrations, respectively. We confirmed that the
adsorption kinetics of 4-ATP on Ag was similar to that of 4-
NTP, although the SERS signals from 4-ATP were much
weaker due to the absence of chemical enhancement. Different
from the case of thiol, 1,4-PDI would bind to a Ag surface
through σ-donation, giving slower adsorption kinetics over a
time scale of 60 min. At a concentration of 10−5 M and above,
we observed both νNC(free) and νNC(Ag) peaks in the SERS
spectra, suggesting that the 1,4-PDI molecules could be
oriented with the benzene ring tilting away from the surface.
We further evaluated the relative binding strength of the thiol
and isocyanide groups toward Ag surface by dispersing Ag
nanocubes in an ethanol solution containing both ligands. The
SERS signals from 1,4-PDI were not detectable in either case

when it was used at the same concentration as 4-NTP or 4-
ATP at 10−5 M. However, the 1,4-PDI signals became
detectable when its concentration was increased by 100
times relative to 4-NTP or 4-ATP. Collectively, our data
indicate that the thiols have a much stronger binding to the
surface on Ag nanocubes, making it possible to impede or even
inhibit the adsorption of isocyanides.
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