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Abstract

Surface-enhanced Raman scattering (SERS), a powerful technique for
trace molecular detection, depends on chemical and electromagnetic en-
hancements. While recent advancements in instrumentation and sub-
strate design have expanded the utility, reproducibility, and quantita-
tive capabilities of SERS, some challenges persist. In this review, ad-
vances in quantitative SERS detection are discussed as they related to
intermolecular interactions, surface selection rules, and target molecule
solubility and accessibility. After a brief introduction to Raman and
SERS, impacts of surface selection rules and enhancement mechanisms
are discussed as they relate to the observation of activation and deacti-
vation of normal Raman modes in SERS. Next, experimental conditions
that can be used to tune molecular affinity to and density near SERS
substrates are summarized, and considerations while tuning these pa-
rameters conveyed. Finally, successful examples of quantitative SERS
detection are discussed, and future opportunities are outlined.
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1. INTRODUCTION

This review article explores how surface-enhanced Raman scattering (SERS) has been used
for the the quantitative detection of small molecules. The article begins with a brief review
of the fundamentals, then proceeds with our current understanding of SERS and recent
progress towards reliable quantification of small molecules.

1.1. Overview of Vibrational Spectroscopy

Vibrational spectra reveal unique information about chemical bonding as well as rota-
tional and vibrational motion associated with molecules.(1) This information is obtained
through the presence and location of observed spectral features. Infrared (IR) absorption
and Raman scattering provide complimentary vibrational features, which depend on their
selection rules.(2) While infrared spectroscopy relies on a change in dipole moment within
a molecule, Raman scattering arises from changes in polarizability upon vibrational excita-
tion. Although the probability of observing IR absorption is higher than that for Raman
scattering, water absorption can limit aqueous IR measurements. As such, this review arti-
cle focuses on Raman scattering and its potential applications for molecular quantification
in aqueous solutions.

Raman scattering depends on a change in molecular polarizability as bond angle or
length changes (g—g).(l, 2) Vibrational spectroscopy originates from bond polarization
induced by the oscillation of the incident electric field, and this induced polarization is
described as a product of polarizability («) and the incident electric field (E):(2)

P=aE = [ao + (%)][Emos(?ﬂﬁot)]

= apEocos(2mnt) + EoQ (570() cos(2m(o + P)t) + cos(2m(vo — P)t)

0Q 2

The first term describes Rayleigh scattering while the following terms represent anti-Stokes
at (o + ) and Stokes scattering at (7o — 7). As such, Raman scattering depends on the
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distortion of the electron cloud upon interaction with an applied electric field. Changes
in molecular polarizability are realized through molecular vibrations allowing the electron
clouds of each atom to vary in both relative distance and position.(1) Analyzing these
spectra leads to the identification of specific vibrational modes assigned to unique changes
in polarizability for functional groups. This identification process is the basis of chemical
specific vibrational spectroscopy.

Raman scattering can be used to detect molecules based on observation of unique vi-
brational modes. As previously shown, Raman scattering is reported by calculating energy
differences between incident and emitted photons. These quantized frequencies are distinct
for each group of bonded atoms (i.e., functional group). Because each molecule contains
a unique combination of different functional groups, resulting spectra contain distinguish-
able vibrational modes.(1) These vibrational spectra provide information that distinguishes
chemicals by the absence or presence of unique vibrational features.

1.2. Correlating SERS Vibrational Modes to Functional Groups

Vibrational mode frequencies and band widths arising from ensemble-averaged measure-
ments depend on the chemical properties of the molecules in the laser beam and the sur-
rounding matrix.(1) Bond strength and polarizability govern the expected vibrational fre-
quencies for a molecule or functional group.(2) While the amount of energy required to
induce excited state oscillations can be modeled as a function of force constant and reduced
mass, polarizability is an inherent property of a molecule or functional group that is de-
pendent on its surroundings. Additionally, the band width of a given vibrational mode is
typically quantified by its full-width at half maximum (FWHM) and is greatly affected by
interactions between the environment and nearby functional groups.

Vibrational frequencies, which depend on the local environment, are different for Ra-
man and surface-enhanced Raman scattering (SERS). The local environment of a molecule
observed in Raman can be modeled in free space whereas molecules observed in SERS must
include an interface, which induces a change in the electron density of that molecule.(3, 4)
If a molecule contains an electron-rich functional group that has affinity for the metal,
molecule-to-metal electron transfer between the metal and molecule decreases, which also
decreases its electron density and bond strength. As a result, the vibrational frequency
red-shifts in SERS vs. normal Raman scattering.

Vibrational band widths observed in SERS spectra are governed by the uncertainty prin-
ciple and variations in intermolecular interactions as well as molecular orientation.(1) Band
widths of ensemble averaged measurements, which can be quantified through FWHM, are
limited by uncertainty.(5, 6) The FWHM of a vibrational feature can be quantified experi-
mentally and related to the partial derivative of potential energy as a function of position.
As a result, potential energy wells are used to describe vibrational motion/modes in terms of
an anharmonic oscillator model, which is represented by Morse potential energy diagrams.
The potential energy wells are used to describe the probability of finding an electron within
a bond or, more generally, its local electron density.(1) Local electron density is expected
to change with the presence and strength of intermolecular interactions, which depend on
both the type of interactions as well as the orientation of the molecules probed. As inter-
molecular interactions increase in number and/or strength, the potential well flattens as the
uncertainty of knowing electron position increases. This causes the potential well depth to
decrease and the FWHM of a resulting vibrational frequency to increase.
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1.3. Exploiting SERS Intensities for Quantification

The probability of detecting spectral features, which are described by Raman cross sections,
increases as SERS intensities become distinguishable from noise.(7) Raman cross sections
represent the ratio of scattered to incident photons. Thus, Raman-active vibrations arising
from functional groups with larger scattering cross sections are more likely to be detected
than those with smaller values. Raman cross sections can also be used to relate the amount
of scattered light to the probability of a feature being detected. As the amount of scattered
light increases, the probability of observing the relevant mode increases assuming noise is
constant.

Chemical enhancement mechanisms, including ground state, charge-transfer, and res-
onance Raman enhancements, are short range effects (less than 1 nm) that lead to an
increase in Raman signals by 100-10,000 times.(7, 8, 9) (Figure 1a) While smaller in mag-
nitude than electromagnetic enhancement, these effects are very short range (typically on
the Angstrom level). Ground state chemical enhancement does not require the formation of
new electronic states to arise between the substrate and molecule. The most common chem-
ical enhancement mechanism is through charge-transfer in which a metal-molecule charge
transfer state is induced when the metal and molecule interact at short distances. If the
incident photons are in resonance with this new charge transfer state, resonance Raman
enhancement occurs.(8)

Electromagnetic enhancements further increase Raman signals by 6-8 orders of magni-
tude and depend on the induced electric fields resulting from plasmon excitation.(7) The
electromagnetic enhancement arises when molecules are placed in an induced electric field
near a SERS substrate. The magnitude and direction of this field play direct roles in de-
termining the extent of signal enhancement.(7) Typical electromagnetic enhancements are
considered to be long-range (1-10 nm from a surface) and decay quickly as the distance
between the analyte and metal surface increases.(7, 10)

1.4. Recent Progress in Quantitative SERS Detection

Recent efforts in promoting quantitative SERS detection focus on controlling and or max-
imizing electromagnetic enhancement through substrate design, improving selectivity of
analyte binding to the substrate, and/or accurately identifying vibrational bands. Quanti-
tative detection can be achieved when plasmonic enhancement is preserved, an effect typ-
ically achieved by preserving the composition, shape, and size of SERS substrates.(11, 12)
Surface modification is often key as chemical or physical changes associated with the sub-
strate must be minimized, or internal standards must be used to correct for variations in
the resulting induced electric field.(13, 14, 15, 16, 14) Additionally, functional groups on
SERS substrates can be introduced to increase selective interactions with the molecule of
interest thus reducing the spatial fluctuations of SERS intensities, but this surface chem-
istry increases the distance between the SERS substrate and chromophore.(17, 18) This has
the unintended consequence of reducing SERS intensities.

Improving the plasmonic stability of SERS substrates leads to reproducible measure-
ments assuming the molecule interacts with the substrate at short distances. This ap-
proach preserves the induced electric field that molecules experience near a nanostruc-
tured surface thus enabling a direct correlation between SERS intensity and molecu-
lar concentration.(12, 19, 20) Microporous silica membranes, for example, were shown
to effectively minimize impacts from collisions between solution-phase nanoparticles,
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Figure 1

(a) Enhancement mechanisms associated with SERS. Panel a adapted from Reference 8; copyright
2020 American Institute of Physics. (b) An example of a plasmonic nanojunction where
aggregation is mediated by an empty cucurbit[7]uril (CB7) while uric acid (UA) is enriched on the
surface of Au nanoparticles via host-guest complexation (left) and a correlation between SERS
intensity at skeletal ring deformation mode (640 cm™!) as a function of UA concentration (right).
Panel b adapted from Reference 17; copyright 2020 MyJove Corp.(c) Ilustration of surface
selection rules

and electromagnetic coupling between nanoparticles was approximately constant and
molecules could diffuse through small, sub-2 nm diameter nanopores for quantitative SERS
enhancements.(21, 22, 23) Because SERS intensity depended on the molecules instead of
variations in the plasmonic properties of the SERS substrates, the kinetics and thermody-
namics of adsorption, structural rearrangements, and protonation states of molecules were
successfully investigated. SERS substrates functionalized by polymers(24) and proteins(25)
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were also utilized to prevent solution-phase nanoparticle aggregation thus facilitating quan-
titative SERS detection.

Using internal standards facilitate SERS-based quantification even when the induced
electric fields near SERS substrates vary.(13, 14, 15, 16) The internal standard should pos-
sess a similar affinity to the plasmonic surface as and a similar Raman cross-section to the
analyte to prevent competitive adsorption and so that similar dynamic ranges for quan-
tification are possible.(14, 26) Additionally, ensuring that the internal standard and target
molecule experience similar or predictable electromagnetic enhancement increases the likeli-
hood that relative SERS intensities can be used for quantification.(26) 2-Naphthalenethiol,
for example, was used as an internal standard in the SERS detection of 4-nitrothiophenol
using silver nanoparticles.(13) The internal standard was engineered to be inside the silver
nanostructures while the analyte adsorbed to the exterior of these nanostructures. Unique
ring stretching modes from both molecules were observed in SERS spectra, and the ratio
of analyte-to-internal standard intensities was used to quantify 4-nitrothiophenol. Because
the analyte induced nanoparticle aggregation, slight changes in the plasmon resonance of
these nanostructures arose but could be tolerated in the assay as the relative ratio remained
correlated to analyte concentration thus facilitating successful quantification. Another ex-
ample of successful quantification using internal standards was achieved for the quantifica-
tion of 4-mercaptobenzoic acid. In this study, 1,4-benzenedithiol was used as an internal
standard and cellulose filter paper containing silver nanoparticles was used to maximize
quantification.(14) This SERS assay was, in part, successful because the use of internal
standard caused the relative standard deviation of SERS intensities for 4-mercaptobenzoic
acid across the filter paper to impressively decrease from 53% to 11%. In both of these
cases, internal standards promoted quantitative SERS detection by correcting for changes
in both chemical and plasmonic variations in the sampling volume.

Minimizing impacts of electric field variations near SERS substrates promote quan-
titative SERS detection. For instance, surface modification(17, 18) can be employed to
simultaneously facilitate interactions between target molecules and SERS substrate while
also maintaining the analyte-to-surface distance. One successful example of this mecha-
nism to maximize quantitative SERS detection involved cucurbit|[7]uril (CB7) to selectively
capture uric acid via host-guest complexation as shown in (Figure 1b).(17) Given this
selective chemistry, SERS from uric acid immobilized inside CB7 was observed rather than
from molecules in solution. CB7 also induced the formation of precise plasmonic junc-
tions between gold nanostructures, which induced a strong and stable electric field and
consequently, quantitative SERS intensities for uric acid. A second example of quantita-
tive SERS detection utilized an electrochemically assisted platform to promote molecular
adsorption.(18) The SERS substrate consisted of Au-capped silicon nanopillars on a silica
wafer, which was negatively charged and served as a working electrode, and the electro-
chemical potential was varied to facilitate the adsorption of positively charged melamine
at pH 3.6. Quantitative SERS detection was only observed at negative potentials where
electrostatic attraction between positively charged melamine and the SERS substrate was
achieved. This method was also successful in complex matrices such as milk, which further
expanded the powerfulness of this quantitative SERS platform.
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2. SELECTION RULES AND THE IDENTIFICATION OF VIBRATIONAL
MODES

Group theory and surface selection rules can be used to predict the presence and enhance-
ments of vibrational modes observed in a SERS spectrum, respectively.(27, 28) Group theory
utilizes matrices to represent a molecule and its spatial orientation thus providing a physi-
cal description for molecular vibrations.(28) Once a vibrational mode is identified, surface
selection rules provide a spatial representation given by group theory to correlate the polar-
izability tensor with respect to the induced electric field from plasmon excitation.(27) In this
section, correlations between group theory and vibrational spectroscopy, and enhancement
mechanisms and vibrational mode symmetry are discussed.

2.1. Group Theory and Vibrational Spectroscopy

Matrices simplify a point group in the form of a character table thus facilitating the straight-
forward identification of Raman-active modes. In group theory, every point group has a
specific character table that summarizes each symmetry operator and active vibrational
mode.(28) Each character table is composed of matrices representing the movement of
atoms upon application of a symmetry operator. Character tables display well organized
information about symmetry and Raman activity of each vibrational mode.

Point groups categorize molecular structure by symmetry and mathematically describe
how molecular orbitals change during vibrations. Every molecule is sorted through a system-
atic process following the absence or presence of symmetry in a specific order of molecular
structure, rotation axes, reflection planes, then complex symmetry.(28) Grouping molecules
leads to the utilization of a character table for each group thus distinguishing vibrational
similarities between molecules. Vibrational motion associated with any molecule can be
understood through the use of point groups and symmetry operators.

Symmetry operators are used to derive irreducible representations in a character table
for determining Raman-active modes. These operators include molecular rotations, reflec-
tions, inversions, as well as a combination of these. Irreducible representations are derived
from reducible representations, which are matrices representing the movement of atoms
after applying a symmetry operator. Each character table contains linear and non-linear
functions to describe the activity of each irreducible representation. The functions describe
combinations of symmetry operators that abide by a specific irreducible representation. Lin-
ear functions in character tables are IR-allowed whereas non-linear functions are associated
with Raman-allowed modes.(28)

2.2. Correlation of Enhancement Mechanisms to Vibrational Mode Symmetry

Irreducible representations describe the local symmetry of a functional group near SERS
substrates.(28) Irreducible representations can be utilized to describe the orientation of a
molecule or specific vibration mode in space with respect to an interface. Because elec-
tromagnetic enhancement depends on the magnitude and direction of the induced electric
field, largest enhancements arise from the parallel alignment between the induced electric
field and vibrational motion. Enhancement decreases as the angle between the induced
electric field and vibration increases until these vectors are perpendicular. This is the basis
of surface selection rules for SERS (Figure 1c).

The local symmetry of functional groups can change upon interaction with an inter-
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face, which subsequently and selectively activates or deactivates vibrational modes. These
changes are predicted using surface selection rules.(28, 29) When a molecule interacts with
a SERS substrate, the symmetry operators applicable to the molecule can change because
of variations in its local symmetry. Both the formation of a new bond or changes in lo-
cal electron density, which leads to a distortion in intramolecular structure, can arise. As
such, polarizability can vary thus impacting the observation of vibrational modes in SERS
spectra. If these substrate interactions cause the polarizability vector to be parallel to the
plasmon induced electric field, SERS intensities are often maximized.(29) Alternatively,
perpendicular orientation of these would lead to the absence of a feature.(27) As a result,
surface selection rules can be used to understand and predict the absence or presence of
various vibrational modes in a SERS spectrum.

Chemical enhancement mechanisms typically promote the enhancement of asymmetric
modes due to symmetry changes induced from direct or short-range interactions with an
interface.(8, 9, 30) The activation of asymmetric modes is highly dependent on variations in
the electron density of a molecule upon interaction with a metal.(22, 31) The asymmetric
stretching mode of an aromatic ring, for instance, can be activated upon initial adsorption
to gold.(22, 31) Increasing the packing density of the monolayer causes the 7 electrons in
the aromatic rings to become delocalized, which causes the asymmetric stretching mode
to decrease. A similar phenomenon was observed when the enhancement of asymmet-
ric stretching modes for sulfonate was promoted when one of the nitrogen atoms in the
Good’s buffer HEPES became deprotonated and the relative electron density in sulfonate
increased.(32) Both of these examples illustrate the impacts of short range interactions and
chemical enhancement of asymmetric vibrational modes.

Highly symmetric vibrations are typically enhanced electromagnetically.(28, 33) This
enhancement mechanism depends on surface selection rules and the alignment between
the polarizability and induced electric field vectors. When the change in polarizability is
largest and the vectors are aligned, SERS intensities of symmetric stretching modes can be
combined with out-of-plane bending modes to determine the orientation of molecules at the
metal interface.(34)

Finally, the intensity of a vibrational mode observed in SERS depends on the magnitude
of the induced electric field of both the substrate and analyte as well as the direction
and magnitude of the polarizability tensor. Namely, the SERS intensity is approximately
proportional to the electric field to the fourth power, or more precisely to the square of the
plasmon induced electric field multiplied by the square of that from the molecule. Once the
local symmetry of a functional group is determined with respect to an enhancing surface,
the observation of the resulting modes depends on vector alignment and both chemical and
electromagnetic enhancement mechanisms.

3. RELEVANCE OF MOLECULAR PROXIMITY TO AND DENSITY NEAR
SERS SUBSTRATES

Ensemble-averaged SERS intensities scale with the number of molecules in the induced
electric field and not on the analyte concentration added to solution. While surface selection
rules previously suggest that the SERS effect is maximized when the polarizability (&)
and induced electric field (E) are parallel, SERS intensity also depends on |Esurjace |2,
which varies with analyte-to-surface separation distance, and the number of molecules that
experience the induced electric field.(35, 36) As such, high molecular density and their close
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proximity to the metal interface promotes quantitative SERS detection. In this section;
impacts of ions, solvent, and surfactants on quantitative SERS detection are evaluated.

3.1. Molecular Affinity for and Proximity to SERS Substrates

Surface stabilizers can either block or promote SERS activity depending on steric effects
and/or relative binding affinities. For solution-phase SERS substrates, stabilizing agents
are often employed to reduce surface energy through promotion of elastic, electrostatic, and
osmotic forces. Thus, the physical stability of these nanomaterials can be varied by using
different stabilizing agents. Bulky polymers such as polyvinylpyrrolidone,(37) polyethylene
glycol,(38) or proteins(39)) increase repulsive steric interactions between nanostructures
upon collision thereby facilitating the suspension of nanoparticles in both organic and bi-
ological environments. Interactions between analytes and these steric barriers, however,
can potentially prevent analytes from being detected using SERS because of their density
which can block molecular diffusion and/or their thickness which occupies volumes associ-
ated with the highest electric fields.(11) Ionic stabilizing agents such as citrate(40, 41) or
HEPES(42), promote the physical stability of solution-phase nanoparticles through elec-
trostatic repulsive forces. These stabilizing agents can be used to overcome the distance
dependence limitations associated with thick steric barriers. In addition, target molecules
can either undergo intermolecular interactions with functional groups associated with the
stabilizing agents(41) or displace them.(40) These examples emphasize the importance of
surface chemistry as well as molecular affinity for and proximity to a substrate for promoting
SERS quantification.

Molecules that directly bind to SERS substrates experience the largest induced electric
fields and are more likely to be detected than those farther away from the SERS interface.
Functional groups containing S, O, and N atoms were previously shown to have high bind-
ing affinities for metal surfaces,(43, 44) so molecules possessing functional groups contain
these often displace surface stabilizers and directly adsorb to SERS substrates. Examples
of analytes that can directly bind to Ag and Au SERS substrates are shown in (Figure
2a). Thiol groups, for example, commonly adsorb to plasmonic metallic surfaces for SERS
detection because of their high binding energy (~40 kcal/mol) to gold surfaces.(45) Thi-
ols have been shown to displace a wide range of stabilizing agents including citrate,(40)
HEPES,(42) EPPS,(46) or polyvinylpyrrolidone(47) by directly binding to a metal. This
allows target molecules to be easily detected because of maximized chemical and electro-
magnetic enhancements.

Previously, 2-naphthalenethiol(48) was detected at low micromolar concentrations by
displacing citrate on gold nanospheres. As distance between the analyte and surface in-
creases, however, SERS intensities decrease because of the decaying electric field. An ex-
ample of SERS distance dependence was illustrated when gold nanospheres encapsulated
by microporous silica shells with thicknesses varying from 1.7 to 14.5 nm were used for
the detection of 2-naphthalenethiol.(10) As the silica thickness increased, SERS intensity
at 1380 cm™ (vee/C-C symmetric stretching) decreased rapidly, and the molecule became
undetectable once the silica shell exceeded 4 nm thus emphasizing the importance of the
distance between the analyte and SERS substrate.

The direct and spontaneous binding of a monolayer of ligands results in the formation
of self-assembled monolayers (SAMs) where ligand density and intermolecular interactions
influence their orientation with respect to the surface normal, and consequently, the po-
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Figure 2

(a) Cartoon of various surface-affinity ligands, which can immobilize target molecules through
physisorption, chemisorption, electrostatics, molecular sieving effects using porous materials such
as metal organic frameworks (MOFSs), host-guest recognition using macrocycles or molecular
imprinted polymers, biological recognition using DNA or peptides, and chemical derivatization
using self assembled monolayers (SAMs). Panel a adapted from Reference 44; copyright 2021
Royal Society of Chemistry. (b) Illustration of the Formation of the Ag
nanoparticles/mercaptobenzoic acid/aniline. Panel b adapted with permission from Reference 51;
copyright 2014 American Chemical Society. (c¢) Comparison of the S:Au surface ratio (left-hand y
axis) and packing density (right-hand y axis) vs incubation time for thioctic acid functionalized
gold nanospheres prepared in the presence and absence of NaCl. The solid lines represent
exponential fits for the S:Augy face atomic ratio vs incubation time. Panel ¢ adapted with
permission from Reference 84; copyright 2011 American Chemical Society.

larizability vectors associated with their vibrational modes. Electrostatic repulsive forces
between terminal groups were shown to impact the tilt angle of thiophenol and its derivatives
on metals.(22, 34) At equilibrium, p-aminothiophenol and 4-mercaptobenzoic acid have tilt
angles of 33 and 44° while thiophenol lies in a nearly parallel orientation with respect to
the surface normal.(34) As this tilt angle increases, the intensity of the C-H in-plane bend-
ing mode decreases as its polarizability vector becomes orthogonal to the induced electric
field. Opposite trends are observed for the C-H and C-C-C out-of-plane bending modes as
their polarizability vectors are initially perpendicular to the induced electric field and then
become oriented in a parallel manner. In alkanethiol SAMs, van der Waals attractive forces
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between adjacent alkyl chains influence the tilt angle of molecules.(49) As the length of the
alkyl chain increases from 2 to 11 carbons, increasing van der Waals forces causes the tilt
angle relative to the surface normal to decrease. This causes the C-C symmetric stretch as
well as the CHs wagging and deformation vibrations from longer aminoalkanethiols to be
observed. In contrast, vibrational modes arising from amines were detected in SERS spec-
tra of the shorter SAMs. This is yet another example of factors that need to be considered
when pursuing quantitative SERS detection.

Molecules with poor affinity to SERS substrates can be detected via initial surface
modification, which can subsequently be used to increase the dwell time of molecules
in a plasmon induced electric field via a wide range of intermolecular interactions in-
cluding electrostatics,(50) hydrogen bonding,(51) van der Waals forces,(52) and covalent
bond formation.(53) Surface modification commonly utilizes thiols, which contain an addi-
tional functional group that is capable of inducing intermolecular interactions with target
molecules. This, however, increases the distance between the chromophore and SERS sub-
strate and weakens the observed SERS intensities. 4-Mercaptobenzoic acid, for example,
formed a SAM on silver nanoparticles. Aniline was subsequently detected via hydrogen
bond formation with the terminal carboxylate groups as illustrated in (Figure 2b).(51)

Evidence of aniline detection was apparent from changes in SERS features associated
with 4-mercaptobenzoic acid. Vibrational modes that are sensitive to hydrogen bond for-
mation were most impacted. In addition, interactions between the carboxylic acid (electron
withdrawing) and amine (electron rich) groups increased the polarizability of C-C, C-H, and
C-S bonds in 4-mercaptobenzoic acid thus influencing their SERS intensities. As aniline
concentration increased, intensities for the in-plane ring breathing (1022 and 998 cm'l), C-H
out-of-plane deformation (691 cm™), and C-S symmetric stretching (417 cm™) modes in-
creased. Another example in which a carboxylate group promoted quantitative SERS detec-
tion is through uranyl coordination. Uranyl has poor affinity to gold but is readily detected
using to SERS substrates containing SAMs with terminal carboxylate groups.(53, 54, 55)
The Gibbs free energy associated with uranyl coordination to carboxylate was approxi-
mately 8 kcal/mol.(53) The quantitative SERS signals associated with uranyl detection,
however, also depends on SAM thickness. As the alkanethiol chain length increased from 3
to 11 carbon atoms, saturated SERS intensities associated with vy o, decreased by a factor
of 8. These examples further emphasize the importance of the proximity of the chromophore
and relative affinity between the target molecules and SERS substrates.

3.2. Importance of lons, Solvent, and Surfactants for SERS

SERS detection depends on the solubility of the target molecule in its initial phase. For
instance, parameters that promote molecular dissolution in a solvent ultimately increases
its detectability. As discussed in the previous section, SERS signals are typically maximized
when molecules experience the largest electric field strength near a SERS substrate. Thus,
molecular and SERS substrate solvation must be considered. Because target molecules
can contain polar and/or non-polar functional groups, an ideal solvent or solvent mixture
should possess a similar degree of polarity as the analyte to maximize its solubility. Organic
compounds such as benzene(32), benzene derivatives,(56) and 2-naphthalenethiol, (40, 48)
are non-polar and poorly soluble in water. To promote their detection in aqueous solutions,
these compounds can be initially solubilized using low polarity solvents (i.e., alcohols,(32,
40) acetone,(57) or acetonitrile(58)) before adding them to water.
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Protonation can also influence the dissolution and SERS detection of molecules.(59, 60)
For example, the addition of an acid or a base was found to protonate secondary amines and
deprotonate carboxylic acid groups, respectively, in ciprofloxacin. By adjusting the proto-
nation state of the molecule, dissolution and SERS detection in an aqueous environment
were promoted.(60) Acidification (pH<7) also favored SERS detection of uranyl hydroxide
complexes, which are more soluble in acids vs. bases.(54, 59) As such, solvents and pH
play an important role in promoting dissolution of analytes thus increasing the likelihood
of detecting molecules using SERS.

The surface reactivity of a nanostructure, which includes but is not limited to dissolu-
tion, oxidation, ripening, and aggregation/agglomeration, needs to be considered for select-
ing experimental conditions for quantitative SERS measurements. Typically, nanoparticles
exhibit high surface energies and chemical potentials relative to bulk materials because
of the large number of surface to total atoms. As a result, nanostructures more readily
undergo dissolution in acidic solution relative to bulk materials.(61, 62, 63) Additionally,
aromatic thiols suspended in hexane were shown to promote metal dissolution through the
formation of Au(thiol)2 compounds, which were thermodynamically favored over Au atoms
or clusters.(64)

The solubility of oxygen varies with solvent composition (65, 66). As a result, metal
oxidation is impacted (i.e., Ag(67, 68) and Cu(69)) as is the affinity between the SERS sub-
strate and SERS chromophore. At standard pressure and temperature, oxygen is most sol-
uble in water and alkanes, then in alcohols and aromatic solvents. As the alkyl chain length
increases, oxygen solubility increases in alcohols but decreases in alkanes. Furthermore, the
presence of protons,(32, 70) halides,(32, 71, 72, 73) salts,(74, 75) and solvents(76, 77) can
weaken the affinity of surface stabilizing agents. One potential consequence of weakening
interactions between stabilizing agents and a SERS substrate are morphological transforma-
tions of high surface energy nanostructures through surface atom migration or dissolution.
Thus, the plasmonic properties of SERS substrates can vary thereby influencing quantitative
SERS measurements.

Relative molecular affinities to SERS substrates compared to ions, solvent, and/or sur-
factants, govern surface accessibility and as a result, SERS activity. Halide anions, which
have strong affinity to metal surfaces,(73) often have weaker or comparable binding energies
to SERS substrates as SERS chromophores. If halides bind, the surface density of target
molecules can decrease, which negatively impacts quantitative SERS detection. Increas-
ing the concentration of chloride in solution reduced the adsorption of flumetsulam(78)
and biotin(79) to gold leading to a decrease in SERS intensities for both molecules. At
the highest chloride concentrations, no analyte was detected at the interface because the
surface was saturated by chloride. The same effect was observed for surfactant-stabilized
nanoparticles in which a surfactant bilayer prevented target molecules from diffusing near
the metal interface for SERS detection.(80, 81) CTAB bilayers, for example blocked the
binding and SERS detection of 4-mercaptopyridine onto gold nanorods suspended in water
as the surfactant bilayer formed a steric barrier that inhibited ligand exchange and mini-
mized SERS activity. When the CTAB bilayer was disrupted by the addition of acetonitrile,
the molecule was readily detected as it was able to bind to gold.(82).

Solvents can also impact the surface accessibility of SERS chromophores with weak
affinities for metals.(58) Methanol and acetone were shown, for example, to compete with
copper phthalocyanide (CuPc) adsorption to silver. While acetone and methanol bind to
silver through oxygen leading to a vc=o mode, CuPc formed an induced dipole-induced
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dipole interaction with silver via its aromatic ring resulting in the appearance of Sc—_nu
(C-H bending mode). Furthermore, the lone pair electrons of the oxygen atom in acetone
formed a stronger interaction to silver vs. methanol, so the adsorption rate of CuPc was
slower in acetone vs. methanol. This suggests that solvents influence surface accessibility
of SERS chromophores.

Finally, electrostatic interfacial energies, which depend on ion composition and con-
centration, can be minimized to increase molecular density near the metal interface and
increase SERS intensities. Previous studies showed that the electrostatic interfacial ener-
gies (EEL ) between two point charges are inversely proportional to the ionic strength of
the solution.(83, 84) As ionic strength increases, shielding effects cause EPL to decrease
leading to an increase in molecular surface density. This was demonstrated for the adsorp-
tion of thioctic acid to gold in the presence of NaCl.(84) The zeta potential of thioctic acid
functionalized gold nanospheres was less negative when the SAM formed in the presence
of NaCl. X-ray photoelectron spectroscopy (XPS) results (Figure 2c) showed that the
ratio of sulfur (S) to Au increased suggesting that the packing density of thioctic acid had
increased, an effect that was attributed to shielding. The same effect was observed with thi-
olated DNA on gold surface but was attributed to charge shielding along the charged DNA
backbone.(85) All examples in this section emphasize that ions, solvent, and surfactants
must be considered when designing quantitative SERS assays.

3.3. Importance of Electric Field Strength and Gradient for Quantitative SERS

SERS intensities depend on electromagnetic coupling between plasmonic nanostructures
and as a result, the induced electric field magnitude and its gradient. When the induced
electric field varies over the length of a bond, electric field gradient effects rather than po-
larizability gradients govern Raman and SERS selection rules. While electromagnetically
isolated nanospheres exhibit an induced but relatively weak electric field, electromagnetic
coupling between two slightly separated nanospheres induces a strong electric field at the
junction.(86, 87) A non-uniform distribution in induced electric field for anisotropic nanos-
tructures where the strongest field extends from the features with the smallest radius of
curvature.(88) These fields are often exploited in single molecule detection where SERS
intensities depend on the relative position of the chromophore in the field. The variations
are averaged out in ensemble-averaged measurements because fluctuations in the induced
electric field are averaged out.

SERS intensities are inversely proportional to distance because of the rapid decay of
the electric field.(10, 89, 90) Previously, SERS intensity was shown to be proportional to
|Esurface |?, which decreases as a distance from an interface increases. This correlation is
described as follows:(10)

—10
| Er | och(”T)

where Ey is the induced electric field at the metal interface, r is radius of curvature, and
T is the distance between the metal interface and the point where |Ep | is evaluated.
This SERS distance dependence was illustrated for single-strand DNA detection using gold
nanospheres.(90) As the number of adenine bases repeated in the strand increased from 2
to 18, the distance between terminal fluorescein and gold increased from 5 to 16 nm causing
the intensities at Bc—cn (from fluorescein dye) and vec,ring (from adenine) to decrease
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following equation 2. A similar phenomenon was observed in the SERS detection of uranyl
where gold nanostars functionalized with mercaptoalkanoates containing 3 to 11 carbons
were used.(53) As the chain length increased, the SERS intensity for uranyl (vvo,) scaled
with uranyl concentration as well as SAM thickness.

Quantitative SERS is promoted when ”warm” SERS effects are exploited. For instance,
steric barriers can be used to minimize electromagnetic coupling between nanostructures
and also reduce the electric field strengths at nanostructured interfaces. Electromagnetic
coupling is observed when the distance between two metal surfaces is less than two times
that of the nanostructure decay length (i.e., the distance away from a surface where the
electric field decreases by e (Euler’s number)).(91, 92) As the separation distance between
metal nanoparticles decrease, the strength of the induced electric field increases exponen-
tially before reaching a maximum value (i.e., hot spot).(91) When a sub-nanometer gap
is achieved, quantum tunneling diminishes SERS intensities of molecules present at these
junctions.(93) Because nanoscale variations in inter-nanoparticle distances influence field
strength,(94) quantitative detection is often limited. To overcome these challenges, ” warm”
spots where the distance between metal interfaces is larger than two times the nanos-
tructure decay length can be introduced using well-controlled steric barriers.(21, 95, 96)
Microporous silica membranes, for example, effectively minimized electromagnetic coupling
between plasmonic nanostructures when shell thickness is greater the decay length of plas-
monic nanoparticles.(97) Because nanopores in these membranes allowed small molecules
to diffuse inside the silica membranes to the metal cores, quantitative SERS measurements
were facilitated. Other examples involving silica shells(98, 99) and bulky polymers(100, 101)
have also been used for molecular quantification using SERS. Successful quantification was
facilitated by immobilizing SERS-active reporter molecules on the metal before shell encap-
sulation. This indirect SERS approach expanded the utility of SERS detection to include
molecules with small Raman cross sections and improved the robustness of the nanostruc-
tures by maximizing their chemical and physical stabilities (Figure 3a).

Repulsive electrostatic forces between nanostructures helps preserve the induced elec-
tric field strength thus promoting quantitative SERS detection. These long range repul-
sive interactions(11, 46) can be achieved by manipulating the protonation states of func-
tional groups on nanoparticle surfaces through pH variations (Figure 3b).(102, 103, 104)
For example, gold nanospheres functionalized with 4-mercaptobenzoic acid remained plas-
monically stable at pH 7, while experiencing electromagnetic coupling at pH 5(102)
as the carboxylic acid groups became protonated around their pKs surface. The same
trend occurred with gold nanospheres functionalized with 11-mercaptoundecanoic acid
(PKs,surface=4).(103) These nanospheres underwent electromagnetic coupling and aggrega-
tion below its pKs surface. These examples emphasize the importance of plasmonic stability
for facilitating quantitative SERS detection.

Solution-phase nanoparticle aggregates facilitate quantitative SERS detection when
loosely packed because of ”warm” SERS effects. To exploit these effects, the dynamics and
kinetics of plasmonic nanoparticle cluster formation can be considered.(75, 78) Diffusion-
limited cluster formation was found to preserve the induced electric field strengths because
dense SAMs formed quickly(40) and diffuse clusters with large interparticle spacing was
observed.(105, 106) In this limit, SERS intensities scaled with nanosphere concentration
and diameter as long as plasmonic losses were minimized (Figure 3¢ and 3d). When
cluster dynamics were considered, SERS substrates exhibited warm and uniform electric
fields that could be exploited for quantitative SERS detection.
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Figure 3

(a) Silica-coated gold nanoparticles with Raman reporters embedded at the core-shell boundary.
Panel a adapted from Reference 98; copyright 2003 American Chemical Society. (b) The surface
charge of gold nanoparticles is designed to be neutralized owing to the protonation of
11-mercaptoundecanoic acid (MUA) under the mildly acidic conditions. Panel b adapted from
Reference 104; copyright 2017 American Chemical Society. (c) SERS intensity at 1067 cm™" as a
function of nanoparticle concentration and (d) as a function of nanosphere diameter. SERS
experimental conditions: Aex = 785 nm, tiny = 20 sec, Plaser = 83.3 mW. Panels ¢ and d adapted
from Reference 40; copyright 2020 American Chemical Society.

4. SUMMARY AND OUTLOOK

Quantitative SERS detection requires accurate identification of vibrational modes from
target molecules that are located near plasmonic substrates which induce reliable elec-
tric fields. Understanding the origins of vibrational modes and correlating these to SERS
enhancement mechanism and vibrational frequency facilitates accurate predictions and as-
signments of SERS spectral features. The probability of detecting a molecule using SERS
increases if its exhibits appreciable affinity to the enhancing substrate and if the number of
molecules at that interface is maximized. This can be tuned by varying the composition of
ions, solvents, and surfactants present in solution. SERS quantification is further promoted
if the enhancing substrate is both chemically and physically stable.

From our discussions, we propose three opportunities to further improve the capabilities
of quantitative SERS detection. First, silica encapsulation of plasmonic nanostructures with
small radius of curvature features and large plasmonic fields(107) could be synthesized. Gold
nanostars are one excellent candidate. These structures have been successfully synthesized
for indirect SERS assays and through careful silica engineering.(108, 109) These structures,
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however, have not reached their full potential due to limitations in morphology tuning(110)
and subsequent SERS assay development.

Second, exploiting single nanoparticles for better understanding field gradient effects
could be utilized. Theory suggests that field gradients are small near nanospheres(111) and
significant near small radius of curvature features such as at the end of a nanorod.(107,
112) The dependence of SERS intensity on the position and orientation of the Raman
chromophore in the field gradient could assist in understanding SERS quantification under
these conditions.

Finally, impacts of molecular diffusion and affinity to the metal surface on quantitative
SERS detection could be investigated under reaction-limited conditions, where cluster for-
mation relies on the kinetics of molecular adsorption and flux.(106) Because the resulting
clusters are typically closely spaced, methods to better control gap spacing between nanos-
tructures could be used to further promote quantitative SERS detection using solution-
phase nanostructures.
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