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ABSTRACT: Surface adsorption plays a critical role in a wide
variety of fields from surface catalysis to molecular separation.
Despite the importance, limited access to simultaneously
sensitive and selective detection mechanisms has hampered the
acquisition of comprehensive and versatile experimental data
needed to understand the complex aspects of mixture
adsorption, calling for a molecular detection method capable
of obtaining the surface adsorption isotherms over a wide
range of concentrations as well as distinguishing the
competitive adsorption of different adsorbates. Here, we test
surface-enhanced Raman spectroscopy (SERS) as an effective
analysis tool of surface adsorption phenomena. Using a
sensitive SERS substrate, we characterize the adsorption

SERS to study competitive adsorption isotherms
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isotherms of chemical species of various binding energies. We obtained the isotherms for strongly binding species in a
concentration range from subpicomolar to micromolar. A log-sigmoidal dependency of the SERS signals to the analyte
concentration could be modeled by surface binding theories accurately using molecular dynamics simulations, thereby bringing
out the potential capability of sensitive SERS for describing a single-compound adsorption process. SERS also enabled the
determination of competitive adsorption isotherms from a multiple-compound solution for the first time. The successful
demonstration of the sensitive and selective characterization of surface adsorption lends SERS adaptability to a cheap, facile, and

effective solution for chemical analysis.

1. INTRODUCTION

Understanding the surface adsorption phenomenon has been
one of the main issues of physical chemistry for decades.
Surface catalysis, etching, corrosion, separation, chemical vapor
deposition, and electrodeposition can be designed more
rationally with a better knowledge of the surface adsorption
physics. Methods for determining adsorption isotherms rely
prevalently on volumetry,"” gravimetry,' > voltammetry,' and
calorimetry,*™® most of which bear a certain extent of technical
challenges in detecting a trace amount of chemicals on the
surface. For instance, most adsorption isotherms found in the
literature based on these methods show as low a detection limit
as nanomolar. Also, absence of selective sensing mechanisms
could dwindle the distinguishability of individual isotherms
amid simultaneous adsorption of multiple chemical species on a
surface. These challenges call for a sensitive and selective
sensing technique capable of facile recognition of chemical
adsorbates over a wide range of concentrations amid
competitive adsorption.

Surface-enhanced Raman spectroscopy (SERS) is a selective
and rapid molecular detection method based on the orders of
magnitude amplification of the molecule-specific spectral
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signals via metallic nanostructures.””” The amplification of
the SERS signal is proportional to the fourth power of the
electric field enhancement induced by the coupling of surface
plasmons of metallic nanostructures with the light.*” Various
nanoarchitectures and micronanomanufacturing techniques
have been utilized to realize a strong SERS enhancement
eventually demonstrating subpicomolar detection of various
analytes.””'” Besides the sensitivity, SERS is a selective
technique, for it provides a fingerprint spectrum of chemical
species.

It has been widely accepted that the SERS signal intensity is
reliant on the local chemical concentration within the hotspots
(locations of enhanced electric field) of the SERS substrate.
Assuming that the number of molecules inside of the hotspots
is linearly proportional to the total number of the molecules
adsorbed on the surface, SERS can be used to obtain the
surface adsorption isotherms. Indeed, researchers have utilized
SERS to characterize the surface adsorption isotherms.'®™>'

Received: April 6, 2017
Revised:  June 12, 2017
Published: June 25, 2017

6999 DOI: 10.1021/acs.langmuir.7b01186

Langmuir 2017, 33, 6999—-7006


pubs.acs.org/Langmuir
http://dx.doi.org/10.1021/acs.langmuir.7b01186

Langmuir

Lemgmuir,w_28 Freundlich,”®*™*° and Brunauer—Emmett—Tell-
er’’ models are often utilized to relate the SERS data and
isotherms. An ultrasensitive SERS substrate can show a larger
picture of the surface adsorption isotherms as it can detect the
surface coverage at ultralow concentrations. Such comprehen-
sive data would facilitate a more realistic physical modeling of
the adsorption process.

Although the sensitivity of an SERS substrate is generally
described by its ability to enhance the electric near field, the
amplification of the SERS signal depends also on the
interaction between the chemical species and the substrate
surface. The chemical species having strong affinity to the
metallic surface have a better chance to fill the hotspots, leading
to stronger SERS signals. This effect is particularly important
for the solutions of multiple constituents in which molecules of
each species have their own affinity to the substrate because
analysis of a complex mixture becomes a key capability for such
applications as pesticide detection, micropollutant monitoring,
and so forth. In this context, the first important question is how
to detect a compound amid competitive adsorption with others
to an SERS substrate. The next question is the possibility of
estimating the competitive adsorption isotherms, given the
single-compound isotherms. To answer these questions, it is
crucial to undergo systematic SERS characterization of a
chemical mixture having various binding energies.

Recently, we have successfully established a facile preparation
method of a high-performance SERS platform, out of a myriad
of plasmonic nanowires intertwined to one another.'’ This
platform enables femtomolar-level detection of a test organic
species, 1,2-di(4-pyridyl)ethylene (BPE). By the use of this
ultrasensitive platform (Figure 1a), here we characterize the

N W.. ]
ALY
$ g,ﬁ‘ﬁ
g ‘5/" @‘ >

<7
(4
B S5y 5

~

Figure 1. (2) Scanning electron microscopy image of the Ag—HfO,—
CNT (carbon nanotube) substrate used in the experiments. (b)
Schematic illustration of the molecules used in the SERS character-
ization: Ibu, BTAH, and BPE. Red, white, gray, and blue symbols
represent oxygen, hydrogen, carbon, and nitrogen atoms, respectively.

surface adsorption of three different species and their binary
mixtures. We choose two strongly binding species, that is, BPE
and benzotriazole (BTAH), and a weakly binding species, that
is, ibuprofen (Ibu). Ibu is a popular pharmaceutical for pain
relief, and BTAH is a well-known corrosion inhibitor (Figure
1b). These chemicals are two micropollutants of a growing
concern in the water resources that threaten the biodiversity as
well as human health.*>*® Thus, early detection of these
micropollutants at trace concentration can critically avail the
environmental monitoring. Through this characterization, we
aim to understand the competitive adsorption isotherms of
chemical species with different binding affinities to the substrate
surface while exploring the potential of the SERS technology
for multicomponent micropollutant detection.
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The first section of this article presents the results of the
concentration-dependent SERS measurements for the single-
compound solutions. We will calculate binding energies to Ag
along with minimum-energy configurations of molecules to
interpret the SERS data. In the second part, we will present the
experimental results of the competitive adsorption isotherms of
the multiple-compound solutions. We will try to implement the
generalized Langmuir isotherm by fitting both the single- and
multicompound solutions.

2. EXPERIMENTAL SECTION AND METHODOLOGY

2.1. Fabrication of SERS Substrates. Vertically aligned CNTs
were synthesized by atmospheric pressure chemical vapor deposition
in a hot-wall reactor (1 in. diameter quartz tube in a Lindberg/Blue M
Mini-Mite furnace) using catalysts of 2 nm thick Fe atop 20 nm thick
Al on Si substrates (1 cm X 3 cm). These metal films were annealed at
a temperature of 780 °C for 30 min under 600 sccm H, and 450 sccm
Ar flows. The ramp rate was 52 °C/min to reach 780 °C. After
annealing, 250 sccm C,H, was supplied to the quartz tube for 2 min to
grow CNTs. During the growth and cooling, H, and Ar flow rates
remained constant. The samples were taken out of the quartz tube
when the reactor temperature reached 100 °C.

Ninety cycles of atomic layer deposition (ALD) made a conformal
coating of HfO, on individual or locally bundled CNTs (Picosun
SUNALE). One single cycle of an ALD is composed of a 1 s pulse of
tetrakis(ethylmethylamido)hafnium and a successive 1 s pulse of water
vapor followed by a nitrogen purge of 7 s; all were performed at a
substrate temperature of 300 °C. Fifty nanometer thick (quartz crystal
microbalance value) Ag was deposited by e-beam evaporation at a rate
of 2 A/s after the predeposition of 2 nm thick Cr as a sticking agent.

2.2. SERS Measurements. All of the Raman and SERS
measurements were recorded using a micro-Raman spectroscopy
system (Renishaw inVia) at a 785 nm excitation beam wavelength,
with a beam power of 0.3 mW and an integration time of 10 s. BPE,
BTAH, Ibu, and cysteamine were purchased from Sigma-Aldrich. The
test solutions were prepared in methanol. Before SERS measurement,
several 2 X 2 mm?® SERS substrates were soaked in 15 yL of solution
for 10 min. Then, each of the wet substrates was transferred into a
liquid cell and dripped with a S pL droplet on the surface. Afterward,
the surface was covered with a thin microscope glass to prevent the
evaporation of the solvent. The SERS signal was obtained by focusing
the laser beam on the CNT surface through the liquid solution,
followed by repeated measurements on several spots. For example, to
obtain an average value of the SERS intensities, minimum five
measurements were taken from different spots of the substrate for each
concentration. From the SERS spectrum, band intensities were
obtained through a profile analysis via Lorentzian curve fitting with
commercial graphics software (Origin 9.1). If an intermediary coating
of cysteamine is needed, bare SERS substrates were incubated in a 10
uM cysteamine solution (in methanol) for 10 min prior to Ibu
detection. The SERS spectrum of the solvent (methanol) is recorded
under an identical parametric condition (Figure S1).

2.3. Molecular Dynamics Simulations. We used the Forcite
module of Materials Studio 6.0 (Accelrys Inc., San Diego, U.S.A.) to
perform the geometry optimization and molecular dynamics
simulations. Simulation cells were formed and relaxed before forming
a three-dimensional (3D) periodic box of 350 methanol atoms with
one target molecule. Geometry optimization was performed on this
cell prior to placing it on the Ag[111] surface. If necessary, additional
geometry optimization was performed after placement of the
adsorbent molecule in the vicinity of the surface. Molecular dynamics
simulation was performed by the use of the isochoric—isothermal
(NVT) ensemble. Total simulation time, time step, and the
reconfiguration interval of the simulations were 400 ps, 1 fs, and
1000 fs, respectively. The temperature was set to 300 K. The
simulation employed COMPASS** force field, which combines
bonded and nonbonded force components.
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Figure 2. SERS spectra of (a) BPE and (b) BTAH at various concentrations. Concentration-dependent SERS intensities of (c) BPE and (d) BTAH.
Detection limits are 200 and 500 fM for BPE and BTAH, respectively. The concentration-dependent SERS signals are plotted using the intensities of
the bands at 1200 and 1392 cm™" (indicated by a black arrow) for BPE and BTAH, respectively. Generalized Langmuir model predictions are shown

on the concentration-dependent SERS signals of BPE and BTAH.
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Figure 3. (a) SERS spectra of Ibu at various concentrations. The detection limit is ~500 nM. (b) Comparison between Raman and SERS spectra of
Ibu. (c) Concentration-dependent SERS signal of Ibu obtained at 825 cm™". (d) Improved Ibu detection limit via cysteamine intermediary coating.
Blue arrows indicate newly emerging SERS bands inherent to Ibu upon cysteamine coating.

To calculate the binding energies, three additional simulations were
implemented considering (a) adsorbate and methanol, (b) methanol
and Ag, and (c) only methanol. The binding energy for each case was
calculated according to the following formula.>® The resultant binding
energy values were reported as an average of the three simulations.
Values of standard deviation are smaller than 10% in our calculation.

(1)

Eb = Etotal + EMeOH - Eadsorbate+MeOH - EMeOH+Ag

3. RESULTS AND DISCUSSION

3.1. Adsorption of Single Compounds. Our SERS
substrate enables the detection of BPE and BTAH, micro-
pollutant surrogates of this study, down to 200 and 500 fM
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concentrations, respectively, confirming the previously reported
femtomolar sensitivity.'” We also demonstrated the reprodu-
cibility of this detection sensitivity for BPE (Figure S1). The
characteristic bands of the spectra shown in Figure 2a,b agree
with the reported SERS spectra of these species.'”**” From
numerous experiments carried out with various CNT growth
conditions as well as thicknesses, we rediscover that the
substrates having a shape of intertwined metal nanowire canopy
(Figure 1la) can yield strong SERS signals. The CNT forest
density is an important parameter. A dense CNT forest results
in more nanowire junctions per unit projection area, allowing
higher field enhancement and stronger SERS signal. However,
if the CNT forest is too dense, metal would not coat nanowires

DOI: 10.1021/acs.langmuir.7b01186
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individually but rather blanket the entire CNT canopy to form
rough, continuously porous texture, leading to diminution of
the SERS signal. HfO, intermediary plays a role of a dielectric
barrier to eliminate the Ag surface plasmon quenching by the
CNT,"" whereas an excess coating of HfO, could aggregate
nanowires to eventually negate local electromagnetic field
enhancement. Hence, there are optimum thicknesses of Ag and
HfO, to create a canopy of intertwined nanowires full of Ag
“kissing nanowire” junctions.

Regarding concentration-dependent SERS intensities, our
sensitive substrate allows to obtain adsorption isotherms by
detecting the analytes in the femtomolar-to-micromolar
concentration range. We select bands at 1200 and 1392 cm™
from the SERS spectra of BPE and BTAH, respectively (Figure
2¢,d). It is remarkable that both intensity—concentration
diagrams show a sigmoidal curve in a linear-log plot, in
excellent agreement with our previous results."

Because BPE and BTAH are known to chemisorb on the
metallic surfaces,”****" the subpicomolar detection limits can
be explained partly by their strong affinity, if not entirely by the
strong electromagnetic field enhancement of the kissing
nanowires. Our substrate demonstrated a poorer detection
limit (500 nM) for Ibu that does not bind to the metal surface
strongly (Figure 3a). In the literature, chemical functionaliza-
tion of the surfaces is used to promote SERS detection of such
nonbinding species.*”*' Remarkably, our Ag—HfO,—CNT
intertwined substrate enabled the detection of Ibu spectra
without any chemical functionalization. Compared with the
spectra of BPE and BTAH, the concentration-dependent SERS
signal does not take a sigmoidal shape or reach saturation
(Figure 3c).

The use of a chemical bridging agent (thiol and amine
moieties of cysteamine) greatly enhanced the Ibu detection by
3 orders of magnitude (>300 pM, Figure 3d). We attribute the
enhanced Ibu detection to two mechanisms: an electrostatic
interaction between amine and carboxyl moieties of cysteamine
and Tbu, respectively,” and physical trapping of Ibu onto the
steric notch in the cysteamine coating."”*" The cysteamine
SERS spectra (Figure 3d) agree with the literature, showing
representative bands at around 636 and 725 cm™! that
correspond to gauche and trans conformers of the S—C—C
chain, respectively."” Blue arrows indicate the bands coming
from Ibu. Consequently, the SERS detection of nonbinding
species can be enhanced by optimizing the surface function-
alization.

In the literature, the sigmoidal trend of the adsorption
isotherm has been explained with cooperative adsorption™**
where the adsorbed molecules facilitate an easier adsorption of
the others, generally leading to a multilayer coating. However,
numerous research studies report similar sigmoidal depend-
encies where the process cannot be explained by the
cooperative adsorption alone.'*™*”**® As an example, the
experimental and computational studies on the adsorption of a
BPE molecule on the metallic surface do not give any indication
of cooperative adsorption.””*”** Therefore, the sigmoidal trend
calls for another explanation. Here, we propose the following
generalized Langmuir model” ™" (eq 2) to explain the
sigmoidal SERS signal with logarithmic concentration.

n
aK C

1+ K,C" @)
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In the formula, C, Keg and @ are the concentration, the
equilibrium constant of the adsorption, and the surface
coverage, respectively. When the parameters @ and n are
equal to unity, eq 2 yields to the basic form of the Langmuir
model, which has the following set of assumptions: (a) the
surface is perfectly flat and uniform, (b) all of the adsorption
sites are identical, (c) an adsorption site can accommodate only
a single molecule, (d) the adsorbed molecule does not diffuse
along the surface, and (e) once adsorbed, there is no additional
interaction among molecules.”” Accordingly, this model
assumes that all of the adsorption sites will be occupied for
the full coverage.

We appreciate that most of the aforementioned assumptions
might not be exactly representing the real cases. A rough
surface will have narrow notches that restrict covering of all
adsorption sites available on the surface. In other words, such
narrow notches, as the potential source of hotspots, may not be
directly accessible to the free molecules in the solution. Instead,
molecules could still diffuse nearby these sterically hindering
hotspots.”** Such a diffusion-controlled adsorption process
imposes the additional parameter, n, in eq 2, which can have a
value between 0 and 1 (see the Supporting Information). For
the surfaces imposing significant steric hindrance, # is expected
to have a smaller value.

Another important factor to take into account is that
diversity of the adsorption configurations of the chemical
species causes significant inhomogeneity to the adsorbent—
adsorbate interaction. Consequently, there could be unoccu-
pied adsorption sites even at the saturation coverage. This effect
can be quantified using a parameter, packing quality ™' (see
the Supporting Information). The parameter @~ should always
be smaller than 1. For an ideal case representing the perfect
covering, it will be unity. Therefore, the higher the packing
quality, the smaller the « is.

We used eq 2 to fit the concentration-dependent SERS
intensities for BPE and BTAH (Figure 2c,d) successfully. The
curve fitting results are summarized in Table 1. The exponent

Table 1. Results of the Curve Fitting for Single-Compound
Solutions of BPE and BTAH

fitting parameters BPE BTAH
ch 1997.1 907.4
n 0.387 0.382
at 0.88 0.96
adjusted R 0.992 0.993

« »

n”, which is related to the adsorption steric hindrance, yields a
very similar value of 0.38—0.39 for both species. Recollecting
the fact that we used similar substrates, fabricated with the
identical batch of CNTs, attaining the similar n values is not
surprising, for it is a parameter related to the surface
morphology of the substrate. It appears that the size difference
between BPE and BTAH did not affect the n value
considerably. The a™' value of BTAH is slightly larger than
that of BPE, indicating that BTAH has a slightly higher packing
quality than BPE at their maximum coverage. In fact, as shown
later, the minimum-energy configuration of BPE is different
from that of BTAH. BPE prefers to stand on the surface with an
inclination angle close to 45°. On the other hand, BTAH stands
normal to the surface on average to suggest a denser packing.

The K, values shown in Table 1 imply a stronger binding
energy for BPE. To confirm this finding, we carried out

DOI: 10.1021/acs.langmuir.7b01186
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molecular dynamic simulations (see the Supporting Informa-
tion). Simulation cells were formed and relaxed before forming
a 3D periodic box of 350 methanol atoms with one target
molecule (Figure 4). With the simulation, we determined the
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Figure 4. Example of the simulation cell before running the molecular
dynamic simulation. The cell consists of 350 methanol atoms, 1
adsorbent (BPE), and the Ag[111] surface.

binding energy and the minimum-energy configuration of BPE,
BTAH, and Ibu on the Ag[111] surface representing our SERS
substrate. It should be noted that for face-centered-cubic metals
such as Ag[111] planes have the minimum surface energy and
the highest surface density so that the largest surface area is of
this crystal orientation.”*~>°

Figure Sa—c shows the minimum-energy configurations
along with the binding energy values of BPE, BTAH, and
Ibu. BPE adsorbs onto the Ag[111] surface with its nitrogen
atom of the pyridine ring, at an angle of ~45°. This finding
agrees well with the literature reporting on the BPE adsorption
on Au via pyridine rings,36 For BTAH, the nitrogen atoms of
the triazole ring play a major role in adsorbing onto Ag, also in
good agreement with the literature.”” The Ibu case is distinct
from the other, in that the oxygen atom of the carboxyl moiety
positions closest to the surface to result in the minimum-energy
configuration. The calculated binding energy is very small,
supporting physisorption as a dominant interaction mechanism
between the Ibu molecules and the SERS substrate.

3.2. Competitive Adsorption of Multiple Compounds.
We designed three sets of experiments to carry out an SERS
analysis of solution mixtures. Prone to strong binding to Ag,
they are likely to compete for the binding sites. The first set of

7003

Figure S. Minimum-energy configurations of (a) BPE, (b) BTAH, and
(c) Ibu on Ag[111] in the methanol environment. E, denotes the
binding energy.

experiment is performed by SERS-analyzing solutions of BPE
and BTAH (concentration ratios: 125:1, 25:1, 5:1, 1:1, 1:S,
1:25, and 1:125, Figure 6a,b). The maximum concentration of
each compound was 50 nM in this experiment. To avoid cross-
contamination among samples, fresh SERS substrates were
prepared at each measurement. The BPE spectrum is invisible
when the BTAH concentration is 125-fold higher, whereas the
BTAH spectrum is undetected when the BPE concentration is
25-fold higher. It is obvious that there is an adsorption
competition between BPE and BTAH, with BPE slightly
dominating the surface occupancy. This result is not surprising,
for BPE shows superior detection limit in the single-compound
SERS analysis.

We have modeled the competitive adsorption isotherms
again using a generalized Langmuir model (see the Supporting
Information). The analytical estimation shows a successful
agreement with the experimental data except a slight
discrepancy for the BTAH-dominant part of the curve. This
discrepancy is attributable to the possible effect of the
difference in the diffusion constants and the geometry of the
molecules that we did not consider in our model.

The second set of experiments is to determine the
concentration-dependent SERS response of one species in the
abundance of another (Figure 6¢). We ran an SERS analysis by
varying the BTAH concentrations over a large BPE background
and vice versa. The measurements began with a mixture of 5
nM BTAH and 2.5 uM BPE and continued by increasing
BTAH concentrations every digit up to 50 mM. The SERS
signal from BTAH is seen only at >500 nM. It is interesting to
observe that the otherwise subpicomolar-level detection limit of
BTAH becomes degraded almost to the level of a weakly
binding species (e.g., Ibu) in the abundance of BPE (Figure
6d). The signal intensity of BPE did not change with the
increased BTAH concentration, implying that BPE molecules
already adsorbed to Ag are not replaced by BTAHs. We
speculate that a BPE coating on the rough Ag surface does not

DOI: 10.1021/acs.langmuir.7b01186
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Figure 6. (a) Multiplexed SERS spectra of a BPE—BTAH mixture of various concentration ratios. Each of the measurement was recorded on a fresh
SERS substrate. (b) Normalized SERS intensities of BPE and BTAH with respect to the concentration ratio of BPE to BTAH. The cross and round
points represent the analytical solution of the multiple-compound competitive adsorption model. The normalization was done with respect to the
signal intensities of single-compound solutions of S0 nM concentration. The band intensities at 1200 and 1392 cm™" were selected for BPE and
BTAH, respectively. (c) Multiplexed SERS spectra of the BPE—~BTAH mixture where the BPE concentration is constant (2.5 yM), whereas the
BTAH concentration varies. One SERS substrate is used for all measurements (in an order from low to high BTAH concentrations). (d)
Comparison of the concentration-dependent signal intensity of BTAH in its single species solution and when it is mixed with 2.5 M BPE. The inset
shows the SERS intensity of 2.5 yuM BPE at various concentrations of BTAH.
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Figure 7. (a) SERS spectra of the Ibu—BTAH mixture. BTAH concentration is set to 2.5 uM. (b) Comparison of the concentration-dependent
signal intensity of Ibu in its single species solution and when it is mixed with 2.5 uM BTAH.

form a perfect packing and that BTAH can find certain Giving molecular fingerprints of chemical species and
unoccupied space for adsorption. We performed a similar enabling ultrasensitive detection, SERS could serve as a
experiment with varying BPE concentrations at a large BTAH selective and sensitive method suitable for the monitoring of
concentration (2.5 M, data not shown). Again, the signal micropollutants. However, this sensitivity depends highly on
intensity of BTAH did not change when we soaked the the chemical environment. If there is a species having high

substrate in a solution of various BPE concentrations. affinity to the SERS substrate, the SERS signal of other species
Next, we carried out the final set of experiments on the

mixture of weakly and strongly binding species, that is, Ibu and
BTAH. As the concentration of BTAH was set at 2.5 uM, the
detection limit of Ibu was not great (25 #M). Unlike the drastic
improvement in the Ibu detection limit by the cysteamine

of low affinity will be quenched considerably as a result of
competitive adsorption. This effect can hamper the in situ
detectability of multiple compounds in food and environmental
samples with a single SERS substrate. On the contrary, an ex

coating, this BTAH intermediary coating actually deteriorates situ method of detection could be devised. For example, water

the detection limit by about 2 orders of magnitude (Figure 7). can be detected commonly from different clean SERS

Considering the molecular structure, it is unlikely that BTAH substrates in a sequence; hence, in the first detection process,

offers any physical trapping mechanism to enhance the the molecule with the strongest binding to metal will be
physisorption of Ibu. By contrast, the existence of BTAH on adsorbed, leaving the weaker binding molecules to be detected
the surface will primarily consume available sites onto which in the next detection step. This sequence can be repeated
Ibu to physisorb. This mechanism provides the understanding several times on clean substrates and hence filters out the
of the quenching of the Ibu signal. strongest species adsorbing on the substrate stepwise.
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4. CONCLUSIONS

SERS can lead to femtomolar detection limit for single-
compound solutions. This ultrahigh sensitivity implies a
potential application of a facile determination of adsorption
isotherms for a chemical species having affinity to the SERS
substrate over a broad concentration range from femtomolar to
micromolar. The concentration-dependent SERS signals for
BTAH and BPE describe sigmoidal adsorption isotherms with
respect to the logarithmic concentration. We employed the
generalized Langmuir isotherm model to successfully explain
the experimental findings from the mechanistic point of view.
The generalized Langmuir isotherm contains three parameters:
K.y a”l, and the exponent n, associated with the binding
affinity, packing quality, and the steric hindrance effect,
respectively. A molecule with randomly aligned adsorption
configuration will result in a lower packing quality (BPE) in
comparison to the ones having vertical adsorption orientation
(BTAH). If the exponent characterizes the steric hindrance
effect that makes the adsorption more diffusion driven, it is
likely that a metal surface having tiny notches will result in a
small value for n. Similarly, a macromolecule such as DNA or
RNA may also lead to a small value of n.

We showed that the generalized Langmuir model can also be
used to estimate the competitive adsorption isotherms. Using
the values of K, a”l, and n extracted from the single-
compound isotherms, it is possible to predict and evaluate the
competitive adsorption isotherms. This approach can be
particularly meaningful because it can save experiments
necessary to construct a calibration database for the analysis
of multiple-compound mixtures.

The femtomolar detection limit of BPE and BTAH can be
partly explained by their strong binding affinities to Ag (a
plasmon-active metal in the visible wavelength range) so that
even at low concentrations, there can be a sufficient number of
molecules adsorbed on the substrate, enabling a clear detection.
In the case of Ibu of which the binding energy is comparable to
the thermal energy, the adsorption is much weaker. In such a
case, very low detection limits cannot be demonstrated because
of the small amount of adsorbates. To realize the detection of
such weakly binding molecules, proper surface functionalization
is necessary. Finally, an important task is to determine SERS-
based adsorption isotherms for a target mixture. In this light,
the present report places the proof of concept of the SERS-
based determination of adsorption isotherms.
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