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Self-assembly of colloidal nanoparticles into 2D
arrays at water—oil interfaces: rational
construction of stable SERS substrates with
accessible enhancing surfaces and tailored
plasmonic response

Ziwei Ye, Chunchun Li, Qinglu Chen, Yikai Xu & * and Steven E. J. Bell © *

Self-assembly at water—oil interfaces has been shown to be a cheap, convenient and efficient route to
obtain densely packed layers of plasmonic nanoparticles which have small interparticle distances. This
creates highly plasmonically active materials that can be used to give strong SERS enhancement and
whose structure means that they are well suited to creating the highly stable, reproducible and uniform
substrates that are needed to allow routine and accurate quantitative SERS measurements. A variety of
methods have been developed to induce nanoparticle self-assembly at water—oil interfaces, fine tune the
surface chemistry and adjust the position of the nanoparticles at the interface but only some of these are
compatible with eventual use in SERS, where it is important that target molecules can access the active
surface unimpeded. Similarly, it is useful to transform liquid plasmonic arrays into easy-to-handle free-
standing solid films but these can only be used as solid SERS substrates if the process leaves the surface
nanoparticles exposed. Here, we review the progress made in these research areas and discuss how these
developments may lead towards achieving rational construction of tailored SERS substrates for sensitive
and quantitative SERS analysis.

1 Introduction

Surface-electron oscillations on noble metal (particularly Au
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electromagnetic field, which is localized on the surface of the
nanoparticles (often referred to as localized surface plasmon
resonance, LSPR). The Raman scattering of molecules which
are adsorbed on the surface of such nanoparticles are signifi-
cantly enhanced by the LSPR. The electromagnetic enhance-
ment provided by LSPR together with other less significant
enhancing mechanisms, mainly chemical enhancement, gives
rise to surface-enhanced Raman spectroscopy (SERS). More
details of the mechanism of SERS have been summarized in
many excellent past reviews.'” More importantly, with its
unique combination of sensitivity and molecular specificity,
surface-enhanced Raman spectroscopy (SERS) has grown into
a powerful analytical technique which allows vibrational infor-
mation on molecules to be obtained down to even single-mole-
cule level.” However, real-world applications of SERS are still
very limited, mainly due to the difficulty associated with
finding methods for preparing SERS substrates.”” that can not
only give the required sensitivity and reproducibility but are
widely available to the potential user community. There are no
universally accepted standard enhancing materials because no
suitable materials have been demonstrated to either be
capable of being prepared successfully in any standard labora-
tory or available commercially at an affordable price. Current
strategies for producing SERS enhancing substrates generally
fall into two broad classes: top-down lithography, which typi-
cally involves carving nanostructures on bulk plasmonic
metals, and bottom-up synthesis, which typically involves
chemical synthesis of plasmonic metal nanoparticles and sub-
sequent  assembly
While top-down lithographic strategies are intrinsically more
suited for the production of highly uniform and reproducible
solid SERS substrates, the sophisticated equipment and pro-
cedures required for producing them greatly increases the
overall cost of this approach and therefore hinders their
routine use in most real-world applications. In contrast,
bottom-up synthesis offers a considerably cheaper method for
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producing highly plasmonically active substrate materials and
has therefore been the predominant strategy for fabricating
SERS substrates, particularly those intended for chemical
analysis.

Unfortunately, the electromagnetic enhancement obtained
from an individual colloidal metal nanoparticle is usually very
limited. For example, it has been shown that individual Au/Ag
spheres only give enhancement of ca. 10x, while individual an-
isotropic plasmonic metal nanoparticles with sharp edges and
tips, such as a nanostar/triangle, provide electromagnetic
enhancement up to 10°x.° The largest electromagnetic
enhancement is obtained when plasmonic nanoparticles are
assembled to form densely packed structures to create nano-
junctions, in which the electromagnetic fields of adjacent par-
ticles overlap. In these plasmonic “hot-spots” the electromag-
netic enhancement can reach 10'°, which allows the
vibrational signals of individual molecules to be detected.'®

The simplest way to create nanoparticle assemblies is by
adding inorganic salts to electrostatically stabilized Ag/Au col-
loids to prepare aggregates.f These aggregated colloids were
used to produce the earliest single-molecule SERS data and
remain a popular substrate for SERS due to their simple fabri-
cation and strong signal enhancement.""'* The main disad-
vantages of colloidal aggregates as enhancing substrates are
the low uniformity of their structure and poor stability, which
can cause major issues in acquiring SERS signals with the
reproducible absolute intensities that are critical for quantitat-
ive SERS measurements if internal standards are to be
avoided. This has meant that a significant amount of effort
has been devoted by the SERS community to develop methods
for fabricating stable colloidal assemblies which offer strong

T Here we use the term “aggregated” for consistency with the literature although
“agglomerated” is a better term for collections of particles which retain their
individual identity. In the broader context, aggregates would normally be
expected to have joined or fused and therefore would not be expected to be
highly SERS active.
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plasmonic enhancement along with good signal reproducibil-
ity."® Typical examples of these include colloidal dimers/
trimers,'*"> 1-dimensional (1D) arrays of nanoparticles i.e.

nanoparticle chains,'®'”  2-dimensional (2D) arrays of
nanoparticles'®'® and 3-dimensional (3D) arrays of
nanoparticles,>®*' such as multilayer particle assemblies and

core-shell systems with particle satellites. Depending on their
specific structures each type of nanoparticle assembly pos-
sesses unique advantages and drawbacks. For example, col-
loidal dimers/trimers normally provide weaker plasmonic
enhancement than other aggregates but are appropriately
sized for cell uptake which makes them useful for in vivo SERS
studies. Conversely, 3D arrays possess a high density of hot-
spots which increases the enhancement they can provide, but
the associated increase in sensitivity comes at the price of
complicated fabrication procedures and reduced reproducibil-
ity. In this review we are most concerned with 2D arrays since
they offer an appropriate balance between sensitivity, stability,
reproducibility, and affordability, which make them arguably
the most promising candidate for general SERS analysis in
real-life applications.

To date, a huge variety of methods have been developed to
fabricate highly ordered 2D arrays of plasmonic nano-
particles,”* amongst which self-assembly of colloidal nano-
particles at water-oil interfaces stands out as an excellent tech-
nique, particularly for the fabrication of substrates for routing
real-life SERS analysis. This is mainly because a wide range of
plasmonic nanoparticles can be induced to assemble at water—
oil interfaces into 2D arrays with procedures which are mild,
rapid, simple, and reproducible. Moreover, these interfacial
arrays can be used for multiphase detection, or as the precur-
sor to produce solid plasmonically active films. However,
despite the number of excellent recent reviews which discuss
the fabrication of SERS substrates using nanoparticle self-
assembly,>*>° reviews which are dedicated specifically to the
discussion of nanoparticle self-assembly at water-oil interfaces
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for SERS remain scarce. In this review, we will introduce the
general strategies for assembling plasmonic nanoparticles into
densely packed 2D arrays at water—oil interfaces, as well as the
associated advantages/disadvantages of using these materials
for SERS. This will be followed by discussions of the current
applications of 2D interfacial arrays in SERS and their trans-
formation into more robust solid 2D films which are more con-
venient for routine SERS measurements and applications in
the field. Finally, the current state-of-the-art in controlling the
structure of self-assembled interfacial 2D arrays will be dis-
cussed with particular emphasis on the potential impact this
might have on future SERS applications.

2 Self-assembly of nanoparticles at
water—oil interfaces for SERS

The field of interfacial self-assembly has witnessed tremen-
dous development in the past few decades and has now
become a reliable and versatile technique for creating highly
ordered nanoparticle arrays from plasmonic nanoparticles of
different sizes, shapes and compositions. Although the exact
procedure used to achieve interfacial self-assembly often varies
between research groups, they are all governed by the same
basic principles which underlie the migration of nanoparticles
to, and localisation at, the water-oil interface. In general, the
driving force is the reduction of the Helmholtz free energy, AE,
which is given by the following equation:

AE = —nR*y(1 + cos )’

(1)

where R is the radius of the nanoparticle, y is the interfacial
tension between two immiscible liquid phases, and @ is the
contact angle of the nanoparticles at the interface.***’

Simple inspection of eqn (1) shows that the reduction in
the energy of the system reaches a maximum when the par-
ticles are adsorbed at the interface with a 90° contact angle,
which is easy to understand as this is the situation where the
particles reduce the contact between oil and water to the
maximum extent. This has led to a substantial amount of
research on modifying the surface of nanoparticles with
amphiphilic capping ligands with the aim of driving inter-
facial self-assembly.***° However, closer inspection of eqn (1)
shows that self-assembly of nanoparticles at water—oil inter-
faces is always energetically favoured (provided 6° # 0 or 180°).
Indeed, we along with other groups, have shown that nano-
particles are spontaneously driven to the water-oil interface
regardless of their surface hydrophobicity.*'* However, it is
important to point out that the hydrophobicity of the nano-
particle does affect its stability at the interface since particles
with extremely small/large contact angles are more subject to
thermal fluctuations and in turn are more likely to desorb
from the interface.*®

Often, the nanoparticles used for self-assembly carry a
surface charge, which is important because the resulting inter-
particle electrostatic repulsion prevents aggregation and there-
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fore stabilizes the particles in solution. However, this same
effect prevents charged nanoparticles from forming closely
packed arrays at the interface, although very loosely packed
arrays are permitted since electrostatic repulsion between
nanoparticles becomes negligible at long distances.*™** This is
particularly relevant for SERS since many commonly used
types of Ag/Au colloidal particles, such as citrate- and hydroxyl-
amine-reduced colloids, are charged but they need to be
packed tightly to form interparticle nanojunctions which are
<2 nm wide to provide strong SERS enhancement. Therefore, a
vital part of interfacial self-assembly to create SERS-active 2D
arrays is to overcome interparticle electrostatic repulsion to
form plasmonically-coupled films. Based on this line of
thought, methods for inducing interfacial self-assembly of
plasmonic nanoparticles at water—oil interfaces can be divided
into two broad categories: charge-reduction methods and
charge-screening methods, as illustrated in Fig. 1. The charge
reduction method can be further divided into subcategories,
where the charge from the surface-species is neutralized or the
charged surface-species are replaced.

2.1 Charge-reduction with chemical modifiers

The most direct way to overcome the electrostatic repulsion
between plasmonic nanoparticles at water-oil interfaces is by
chemically substituting the charged ligands on the surface of
the particles with charge-neutral ligands. Following initial
reports from Efrima et al. of interfacial nanoparticle arrays
formed by generating Ag nanoparticles in situ at water-oil
interfaces,® in 1989 McGarvey et al. first reported the for-
mation of metal-liquid like films (MeLLFs) with pre-formed

Promoter

Fig. 1 Schematic illustration of a charged nanoparticle sitting at the
water—oil interface, contrasted with charged nanoparticles assembled at
the water—oil interface with the aid of promoters and charge-neutral
nanoparticles assembled with the aid of modifiers or co-solvents.
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citrate-reduced Ag nanoparticles at water-oil interfaces
through the addition of a range of metal complexes, some of
which were later identified as charge-neutral modifying
molecules.’*?® Later, Wang et al. demonstrated the use of
2,2"-dithiobis[1-2-bromo-2-methyl-propionyloxyethane] as modi-
fiers to induce the formation of densely packed citrate-reduced
Au nanoparticle arrays at water-toluene interfaces (Fig. 2a).>®
At the time it was believed that the self-assembly was a result
of the contact angle of the particles at the interface being
moved from 60° to 90° due to the adsorption of the thiol
ligands rather than the removal of electrostatic repulsion.
Nonetheless, this work pioneered the use of charge-neutral
thiols as organic modifiers to produce noble metal nano-
particle arrays at water-oil interfaces, which remains a widely
employed approach.?”*°

In principle, it should be possible to remove charged
surface ligands to reduce electrostatic repulsion between Ag/Au
nanoparticles with any type of charge-neutral thiol modifier.
However, in practice it has been found that the molecular
structure of the modifier is very important and that the use of
small molecules, which are unable to provide sufficient inter-
particle steric repulsion as modifiers, typically leads to uncon-
trolled aggregation of the nanoparticles, resulting in the for-
mation of arrays with numerous defects, which is undesirable
for SERS measurements. An effective approach to overcome
this problem is to use bulky polymeric molecules, such as
polyvinylpyrrolidone ~ (PVP),  poly(N-isopropylacrylamide)
(NIPAM), thiolated poly (ethylene glycol) (SH-PEG) and thio-
lated polystyrene (SH-PS), as modifiers to provide interparticle
steric repulsion to prevent aggregation.’®™** For example, Liz-
Marzan et al. reported a method for the assembly of a wide
variety of Au and Ag nanoparticles of different sizes (up to
200 nm) and shapes (including spheres, rods and stars), as
shown in Fig. 2b.*> In their work, a combination of PEG-SH
and dodecane thiol were used as modifiers, since it was discov-
ered that the use of dodecane thiols alone led to particle aggre-
gation. As shown in Fig. 2c, the 2D arrays showed varying plas-
monic properties depending on the type of nanoparticle build-
ing block used. Using 4-mercaptobenzoic acid as the test
analyte, the best signal enhancement was obtained from 2D
arrays formed from Au nanospheres 100 nm in diameter.
Alternatively, thiol modifiers with bulky tail groups have also
been shown to be able to effectively prevent uncontrolled
aggregation of nanoparticles at interfaces to form uniform 2D
arrays. For example, Tian and Fang et al. have shown that 2D
arrays of Au nanoparticles can be generated at the water—
hexane interface with a mixture of 4-mercaptopyridine and
dodecanethiol modifiers (Fig. 2d).>® Within this system the
bulky dodecanthiols acts as a spacer to prevent aggregation of
the nanoparticles while the 4-mercaptopyridine acts as an
internal standard for quantitative SERS measurements.

Although using modifiers to remove surface-charge is an
efficient method to fabricate densely packed 2D arrays of plas-
monic nanoparticles which exhibit strong plasmonic pro-
perties, one major drawback with this approach is that the
modifier molecules will inevitably compete with analyte mole-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Schematic illustrations of thiol modifiers adsorbed on the
surface of Au and Fe,O3z nanoparticles to induce interfacial self-assem-
bly. Optical image and electron micrograph of a 2D Au array formed
using thiol modifiers. (b) Schematic illustrations of the phase-transfer
and interfacial self-assembly process induced by a combination of
PEG-SH and dodecane thiol modifiers. Transmission electron
microscopy (TEM) images of 2D arrays formed with (i) Au nanospheres,
(i) Au nanostars, (iii) Au nanorods and (iv) Ag nanospheres. (c) SERS
spectra of 4-mercaptobenzoic acid obtained using the different types of
2D nanoparticle arrays shown in (b). (d) Schematic illustrations and SEM
images of 2D Au nanoparticle arrays formed at water—oil interfaces
using modifiers. The spectrum shows the SERS signal obtained by using
the nanoparticle array as enhancing substrate for malachite green. Panel
(a) adapted with permission from ref. 28. Copyright 2004 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Panel (b and c) reproduced with
permission from ref. 42. Copyright 2015 American Chemical Society.
Panel (d) reproduced with permission from ref. 39. Copyright 2019
American Chemical Society.

cules for the enhancing surface, which is particularly undesir-
able for SERS studies of analytes at low concentrations and/or
with weak affinity for the enhancing surface. As a result, the
use of 2D nanoparticle arrays fabricated with modifiers in
SERS has been mostly limited to studying model analytes with
strong affinity for metal surfaces.

2.2 Charge-reduction with co-solvents

An alternative method of reducing the charge on nanoparticles
so that they self-assemble into densely packed arrays at water—
oil interfaces is to add a third co-solvent, typically ethanol, as
shown in Fig. 3a.**™*® This method is arguably the most
popular method for producing 2D nanoparticle arrays for
SERS since it has been shown to be effective for different types
of Ag/Au nanoparticles and does not involve the use of strongly

This journal is © The Royal Society of Chemistry 2021
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adsorbing modifiers. Despite its widespread use, the detailed
mechanism for this self-assembly process has remained
elusive.

The use of ethanol to induce self-assembly of Au nano-
particles at water-oil interfaces was first reported by
Vanmaekelbergh et al.*’ In their pioneering work, it was
suggested that the ethanol induced nanoparticle self-assembly
by competitively adsorbing onto the surface of nanoparticles,
reducing surface-charge in a manner similar as modifiers.
This was supported by the observation of a gradual decrease in
the surface-charge density of their citrate-capped Au nano-
particles when increased amounts of ethanol were added to
the colloid, as shown in Fig. 3b. Although no 3D aggregates
were observed within the product 2D arrays, the resulting 2D
arrays lacked long-range uniformity due to the presence of
cracks and voids (Fig. 3b). This method was later perfected by
Sun et al. who were able to fabricate densely packed and
highly-ordered 2D arrays from several types of nanoparticles
(including Au) by fine-tuning the addition rate and total
amount of ethanol used for self-assembly.”® In their experi-
ments, it was observed that large amounts/high addition rate
of ethanol resulted in the formation of defects and aggregates
in the product film while the packing order of the particles
within the interfacial arrays was highly dependent on the
charge and type of capping ligand present on the surface of
the particles. For example, it was observed that nanoparticle
arrays formed from Au nanoparticles carrying charged citrate
ligands contained congeries and defects while Pt nanoparticles
carrying weakly-charged and bulky PVP polymer ligands had
larger interparticle gap-distances and less defects. The rele-
vance of capping ligands to particle packing order was also dis-
cussed by Yu et al. who in their work on assembly of nano-
particles capped with different surface ligands observed voids
in the interfacial arrays assembled with citrate-capped Au
nanoparticles while those formed from PVP-capped Ag nano-
particles were defect-free.** Moreover, a range of co-solvents
including ethanol, acetone, tetrahydrofuran, dimethyl-
formamide and isopropyl alcohol were found to be effective in
inducing nanoparticle self-assembly at water-oil interfaces
with no observable difference in packing order of the final
product arrays. The diversity in the chemical structure and the
general lack of strongly adsorbing functional groups within
the co-solvents both suggested that the co-solvents were not
acting as adsorbing modifiers during the self-assembly
process. In this context, Park et al. proposed that ethanol did
not reduce the surface-charge of nanoparticles through surface
adsorption but instead acted to decrease the dielectric con-
stant of the water that it was mixed with, which in turn
affected the dissociation constant of the charged ligands on
the surface of the particles.>*>!

Apart from the addition of a third co-solvent the surface-
charge of electrostatically stabilized nanoparticles can also be
reduced with the addition of appropriate amounts of aqueous
salts. Similar to the addition of a co-solvent, the aqueous salt
is believed to reduce interparticle electrostatic repulsion not by
adsorbing directly onto the particles surface but by disrupting

Nanoscale, 2021,13, 5937-5953 | 5941
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Fig. 3 (a) Schematic illustration of co-solvent induced self-assembly of
nanoparticles at water—oil interfaces. (b) Scanning electron microscopy
(SEM) and optical image of 2D Au nanoparticle arrays formed at water—
oil interfaces with ethanol. Plot showing the decrease of surface-charge
density of Au nanoparticles on adding ethanol to the aqueous Au nano-
particle colloid. (c) Optical image and schematic illustrations showing Au
nanoparticles packing tighter at the water—oil interface with thinner
electric-double layers caused by increased ionic concentration in the
solution. Panel (a) adapted with permission from ref. 49. Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (b) adapted with
permission from ref. 47. Copyright 2004 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. Panel (c) reproduced with permission from ref. 52.
Copyright 2012 American Chemical Society.

the electric-double layer which surrounds the electrostatically-
stabilized nanoparticles.”>® Indeed, Edel, Kornyshev et al.,
have shown that it is possible to alter the Debye length of the
electric double layer surrounding the particles by varying the
amount of NaCl added to Au colloids. As shown in Fig. 3c, the
authors showed that the density of nanoparticles at the inter-
face increased with increasing salt concentration.”® This was
reflected by a red-shift in the optical reflectance maxima of the
interfacial 2D array which showed an increased plasmonic
coupling between the nanoparticles.”

In summary, in contrast to strongly adsorbing modifiers,
the addition of co-solvents or aqueous salts, leaves the surface
of the nanoparticles in the product arrays chemically exposed
for further interactions with analytes, which is a significant
advantage for SERS. However, the reduction of surface-charge
inevitably leads to uncontrolled aggregation due to reduction
of electrostatic repulsion between nanoparticles. This leads to
arrays with defects and, in turn, non-uniform and irreproduci-
ble SERS measurements. Conversely, while many surface modi-
fiers have been found to provide the appropriate balance of
steric repulsion and intermolecular interactions to allow
highly uniform and reproducible interfacial arrays to be
formed, the addition of such modifiers and the surface block-
ing they create means that these approaches are still not ideal
for achieving highly reproducible quantitative SERS.

2.3 Charge-screening with promoters

An alternative way to overcome electrostatic repulsion between
particles located at the interface is through charge-screening

5942 | Nanoscale, 2021, 13, 5937-5953
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provided by “promoters” which are ions carrying the opposite
charge to the particles.>*° Fig. 4a illustrates the mechanism
underlying this approach, which was first reported by our
group in 2016.%* In this work we showed that since hydrophilic
ions with opposite charge to the nanoparticles are inherently
present in electrostatically-stabilized colloids, the key to suc-
cessful self-assembly is the addition of micromolar concen-
trations of hydrophobic promoter ions (Fig. 4e), which are
oppositely charged to the nanoparticles, such as tetrabutyl-
ammonium (TBA") for negative particles and tetraphenylborate
(TPB™) for positive particles. As shown by contrast SERS
studies in Fig. 4d, these promoters screen the electrostatic
repulsion between the parts of the particles which are
immersed in the oil phase, allowing densely packed nano-
particle arrays to be formed without passivating the surface of
the particles with strongly adsorbing chemical modifiers.
Moreover, since the surface-charge of the particles is retained,
uncontrolled aggregation of the electrostatically stabilized nano-
particles is prevented, which allows highly reproducible and
defect-free 2D arrays to be obtained even with poly-disperse Ag
nanoparticles. As a result, the SERS enhancement provided by
the product interfacial films was found to be extremely uniform
and stable.”” As shown in Fig. 4b, the SERS signals obtained
from the product arrays remained unchanged for at least
20 hours. Moreover, the standard deviation of the absolute
signal intensities recorded on different areas of the product
array was only 1.1% (Fig. 4c), which was significantly lower than
the typical point-to-point variation for state-of-the-art SERS sub-
strates fabricated through other bottom-up approaches.

Early reports by Fermin et al. also suggested that it was
possible to overcome interparticle electrostatic repulsion elec-
trochemically by applying a biasing potential between electro-
des immersed in the aqueous and organic phase.’® However,
the organic phase in these experiments contained organo-elec-
trolytes similar to TBA® promoters, which introduces some
ambiguity since it is possible that the observed self-assembly
behaviour of nanoparticles at the water-oil interface was trig-
gered at least partly by the presence of promoters. Indeed,
recent computational studies performed by Kral, Lin,
Schlossman et al. showed that ion condensation, particularly
condensation of counterions present in the oil phase of
electrochemical interfacial self-assembly systems play a critical
role in lowering the electrostatic barrier that prevents the
assembly of charged Au nanoparticles at water-oil interfaces.>®

In contrast to charge-reduction methods, charge-screening
provides a general route to assemble various types of plasmo-
nic metal nanoparticles into stable and densely packed inter-
facial arrays with chemically exposed surfaces for further
analyte adsorption, which allows stable and reproducible SERS
measurements to be performed. As a result, this method has
been adopted by various research groups for SERS analysis in
both applied and fundamental research.

2.4 Combined techniques for self-assembly

The search for methods to generate stable and uniform 2D
nanoparticle arrays at water-oil interfaces has also led to

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Schematic illustrations of “promoter” induced self-assembly
of charged colloidal nanoparticles at water—oil interfaces. SEM and
optical image of 2D Au nanoparticle array formed at water—oil interfaces
with promoters. (b) Plot comparing the SERS signal stability of 2D Ag
nanoparticle arrays formed with promoters and aggregated colloid. (c)
SERS signals obtained on 25 random sampling points on a 2D Ag nano-
particle array sample formed with promoters. (d) SERS spectra obtained
from 2D arrays of citrate-reduced Ag nanoparticles fabricated using
1-pentanethiol modifiers (i), aggregated citrate-reduced Ag nano-
particles (i), and 2D arrays of citrate-reduced Ag nanoparticles fabri-
cated using TBA* promoters (iii). (e) Molecular structures of typical
modifiers and promoters. Panel (a), (d) and (e) adapted with permission
from ref. 32. Copyright 2016 American Chemical Society. Panel (b and c)
adapted with permission from ref. 57. Copyright 2012 American
Chemical Society.

attempts to induce self-assembly using combinations of the
different approaches to overcome interparticle electrostatic
repulsion. As shown in Fig. 5a, the most widely reported
examples of these combined approaches are those where co-
solvents/aqueous salts were used to reduce surface-charge to
induce self-assembly while modifiers were used to prevent
aggregation of the nanoparticles.?*>>3

The combined use of promoters and modifiers for produ-
cing plasmonic interfacial nanoparticle arrays for SERS has
also been demonstrated.>>>°® As shown in Fig. 5b, He et al.
found that the use of tetramethylammonium (TMA") promo-
ters or 1-dodecane thiol (DDT) modifiers alone led to the for-
mation of sparse and aggregated 2D arrays of Au nano-
particles, respectively, and that optimal results were achieved
when the modifier and promoter were used in combination.®
It was determined in their work that the TMA" promoter did
not provide sufficient charge screening to generate densely
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Fig. 5 (a) Schematic illustrations comparing the difference between
particle packing in 2D arrays formed at water—oil interfaces with just
ethanol or with a combination of ethanol and thiol modifiers. (b)
Schematic illustrations of a nanoparticle stabilized at water—oil inter-
faces with the aid of promoters and modifiers. Optical image shows 2D
arrays of Au nanoparticles formed at the water—oil interface with a com-
bination of promoters and modifiers. (c) SERS spectra showing the
gradual change in the composition of the capping agents adsorbed on
the surface of Au nanoparticles with increasing concentration of
cetyltrimethylammonium bromide (CTAB). (d) Zeta potential data
showing the decrease in surface potential of the Au nanoparticles with
increasing amounts of CTAB added to the Au colloid. Panel (a) adapted
with permission from ref. 51. Copyright 2008 American Chemical
Society. Panel (b) adapted with permission from ref. 60. Copyright 2015
American Chemical Society. Panel (c and d) reproduced with permission
from ref. 61. Copyright 2020 the authors, published by Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

packed 2D arrays. This could be due to the low solubility of
TMA" in the toluene oil phase which they used in their work.
In addition to the work using combinations of agents for
nanoparticle self-assembly, we have recently shown that it is
also possible for a single compound to assume dual roles in
nanoparticle self-assembly. In this work we showed that
hexadecyltrimethylammonium bromide (CTAB), which is an
amphiphilic surfactant molecule commonly used as a growth
directing agent and stabilizing agent in the synthesis of plas-
monic nanoparticles can also induce self-assembly of Au nano-
particles at final concentrations between 3.5 x 1077-5.6 x 10™°
M.®' Moreover, we showed that depending on its concentration
CTAB acted as a modifier and/or promoter in the self-assembly
system. This is possible because a proportion of the CTAB
added to the oil-water system will dissolve into the oil phase
as CTA" anion and act as a promoter while the remainder of
the CTAB will adsorb onto the surface of Au particles and act
as charge-neutral CTAB modifiers. As shown in Fig. 5c and d,
using SERS and zeta potential measurements it was found that
at CTAB concentrations between 3.5 x 1077-1.4 x 10°® M the
modifier effect was negligible, which meant that self-assembly

Nanoscale, 2021,13, 5937-5953 | 5943
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was induced by charge-screening. However, as the concen-
tration of CTAB was increased from 1.4 x 107°-2.8 x 107° M, a
gradual but clear reduction in the net surface-charge of the Au
particles was observed, which showed the CTAB molecules
were acting as both modifiers and promoters. At CTAB concen-
trations between 2.8 x 107°-5.6 x 10~° M, the surface-charge of
the Au nanoparticles was completely removed, which showed
that the CTAB molecules were acting as modifiers. Consistent
with discussions above, it was found that highly uniform 2D
arrays were formed when the concentration was sufficiently
low that the CTAB acted predominantly as CTA" promoter,
while defected and aggregated 2D arrays were formed when
the surface-charge of the particles was reduced due to the
addition of higher concentrations of CTAB modifiers.

In general, up to now, interfacial plasmonic 2D nano-
particle arrays fabricated using combined techniques have not
shown significant advantages in SERS over their traditional
counterparts. However, these methods provide interesting fun-
damental insights into the self-assembly of plasmonic nano-
particles at water-oil interfaces and add to the versatility of
this approach for fabricating stable, uniform and active SERS
substrates.

2.5 SERS applications of 2D nanoparticle arrays at water-oil
interfaces

To date, interfacial 2D nanoparticle arrays have found appli-
cations as SERS substrates for the detection of various impor-
tant analytes.®”®* For example, Yang etc. showed indirect
quantitative SERS detection of a variety of microRNAs using
2D Au nanoparticle arrays formed at the water-hexane inter-
face (Fig. 6a).°” In their work, the target miRNAs were added to
a carefully designed sampling mixture which contained free
carboxyrhodamine (ROX) Raman reporters as well as DNA
strands functionalized with methylene blue (MB) Raman
reporters and magnetic particles. The interactions between the
target miRNA and DNA led to the release of the MB reporter
into solution along with the binding of ROX reporter onto the
DNA, which led to the simultaneous increase in the SERS
signal of MB and decrease in the SERS signals of ROX. By
measuring the intensity ratio between the characteristic peaks
of MB and ROX, the authors showed that miRNA 155 could be
quantitatively detected down to 1.10 aM, even though miRNA
155 did not generate any detectable SERS signals alone. Using
L-cysteine modifiers, Liu et al. showed SERS detection of tri-
nitrotoluene (explosive) with 2D Au nanoparticle arrays formed
at the interface between water and dimethyl carbonate as the
enhancing substrate.®® In their work, it was shown that the tri-
nitrotoluene molecules adsorbed onto the Au surface by
forming Meisenheimer complexes with the r-cysteine modi-
fiers while molecules of similar structures, such as dinitroto-
luene and 3-nitrotoluene could not. This allowed highly selec-
tive and sensitive detection of TNT down to 50 fM. Edel,
Kornyshev et al. demonstrated that a droplet of Au nano-
particle array formed with NaCl solution on a coverslip can
serve as a versatile substrate for quantitative SERS detection of
analytes including toxins, narcotics, explosives and other
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Fig. 6 (a) SERS spectra of two Raman tags, carboxyrhodamine (also
known as "ROX") and methylene blue (MB) obtained using 2D Au arrays
formed at water—oil interfaces for ratiometric quantitative detection of
miRNA. (b) The SERS signal intensities of the characteristic peaks of
4-nitrophenol (4-NTP) and three different characteristic peaks of 4,4-
dimercaptoazobenzene (DMAB) obtained using 2D Ag arrays formed at
water—oil interfaces and plotted versus time. (c) Optical images of 2D Au
arrays formed at water—oil interfaces containing different types of edible
oils. 3D principle component analysis score plots obtained from the
SERS signals of the 2D arrays containing different oils. (d) Schematic
illustrations showing SERS detection of Hg(i) in aqueous solution using
2D Au arrays functionalized with polyaromatic ligands as the enhancing
substrate. Panel (a) adapted with permission from ref. 65. Copyright
2020 American Chemical Society. Panel (b) adapted with permission
from ref. 68. Copyright 2020 American Chemical Society. Panel (c)
reproduced with permission from ref. 72. Copyright 2019 American
Chemical Society. Panel (d) adapted with permission from ref. 76.
Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

hazardous chemicals.®” Even with simple spherical Au nano-
particles, the limits of detection for the majority of the ana-
lytes were below nanomoles. Moreover, they showed that the
interfacial arrays were also effective at detecting airborne ana-
lytes which could be captured by the liquid droplets and trans-
ferred onto the enhancing surface.

In addition to being highly plasmonically active, the high
stability of 2D nanoparticle arrays compared to other liquid-
based SERS substrates makes them excellent candidates for
performing in situ kinetic SERS studies. For example, Haisch
et al. showed that Ag nanoparticle arrays formed with TBA"
promoters can be used as a convenient and highly stable SERS
substrate for mechanistic studies of surface-plasmon reso-
nance driven reduction of 4-nitrothiophenol to 4-aminothio-
phenol.®® As shown in Fig. 6b, the authors were able to simul-
taneously monitor evolution of the SERS signals of the reactant
(4-nitrophenol), intermediate (4,4-dimercaptoazobenzene) and
product (4-aminophenol). Moreover, by modifying the surface
of particles with PVP polymer, highly stable 2D arrays were pro-
duced which allowed the effect of different ionic concen-
trations to be probed without affecting the reproducibility of
the SERS measurements.

Another significant advantage of 2D arrays formed at
water-oil interfaces as SERS substrates is that the enhancing

This journal is © The Royal Society of Chemistry 2021
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particles are open to the adsorption of molecules present in
both the organic and aqueous side of the interface. Moreover,
since the chemical composition of the oil is unimportant, as
long as it provides a high energy interface with water for self-
assembly, a variety of organic solvents can be used as the oil
phase, which provides an extremely versatile SERS platform,
especially for studying dipolar analyte molecules with low solu-
bility in water.®*””> For example, Liu et al. showed that six
edible oils can be distinguished using SERS and interfacial 2D
Au nanoparticle arrays as enhancing substrates (Fig. 6c).””
Moreover, they showed that oxidation and adulteration of the
edible oils could also be detected with the assistance of prin-
ciple component analysis.®®”> In a separate study from the
same research group, it was shown that four different polycyc-
lic aromatic hydrocarbons (PAHs) could be detected with a
detection limit of 10 ppb using 2D Au nanoparticle arrays
assembled at water-chloroform interfaces as the SERS enhan-
cing substrate.”> More impressively, they showed that multiple
PAHs could be detected simultaneously from different types of
edible oils, which provides a convenient and sensitive platform
for food quality monitoring. It should be noted that even for
analyte molecules which are soluble in water, the solubility
difference of the analyte in water and oil can still be exploited
to improve SERS analysis. For example, Tan and Liu et al.
showed that convenient and highly quantitative SERS analysis
of thiabendazole fungicide in apple juice samples can be
achieved by using the oil phase (chloroform) as an extraction
phase.”* This was achieved by simply shaking the apple juice
containing thiabendazole with chloroform to facilitate phase
transfer of thiabendazole molecules into chloroform, which
was then used as the oil phase for self-assembly of plasmonic
Au nanoparticles.

Apart from introducing analytes with low solubility in
water, the oil phase of 2D plasmonic arrays has also been
exploited as the reaction medium for modifying the surface of
the enhancing particles with dipolar modifiers to facilitate
detection of non-adsorbing analytes. For example, Edel,
Wilton-Ely et al. exploited the oil phase of 2D Au nanoparticle
arrays to functionalize the surface of the plasmonic nano-
particles with polyaromatic ligands (PAL), such as 1,8-diamino-
naphthalene, which had low solubility in water.”® As shown in
Fig. 6d, this allowed successful SERS detection of Hg(u) and Ag
(1), which do not adsorb directly to Au nanoparticles, by
forming metal-PAL complexes. The concentration of Hg(u)
could be assessed through a systematic change of PAL SERS
spectrum. Moreover, it was demonstrated that it was possible
to detect Hg(u) present both in water and air using these PAL
functionalized 2D Au nanoparticle arrays as the SERS
substrate.

2.6 2D nanoparticle arrays at curved water-oil interfaces

Finally, it is useful to note that it is possible to prepare struc-
tures in which 2D nanoparticle arrays at water—oil interfaces
are curved into a 3D spheres, the best known being Pickering
emulsions, which are composed of particle-coated liquid dro-
plets sitting within an immiscible liquid. In general, the forces
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driving the interfacial particle assembly to form Pickering
emulsions are similar to those governing formation of the ana-
logous planar 2D nanoparticle arrays. However, in addition to
these forces it is also necessary to consider the properties
which the nanoparticles need to possess in order to stabilise a
curved liquid meniscus,”” which are related to the particle
hydrophobicity and have been extensively investigated,
forming a large research area in their own right. In practice,
stable plasmonic Pickering emulsions can be formed readily
from a variety of particle types and have been shown to be
highly active substrates for a variety of SERS applications
ranging from reaction monitoring to bioanalysis.”®®°
Moreover, plasmonic Pickering emulsions can also serve as
template materials to form multi-dimensional substrates for
SERS. For example, evaporation of the oil core of plasmonically
active emulsions produces spherical particle-aggregates which
are stable and give very high SERS enhancements®** while
pre-doping the oil with polymer before evaporation yields
SERS-active particles fixed onto a solid polymer core.?*%

3 Transforming soft 2D plasmonic
arrays into solid SERS films

Despite the many advantages provided by plasmonic arrays
sitting at water-oil interfaces these materials also have limit-
ations associated with both stability and ease of handling
which are particularly significant for real-life applications.
Specifically, the arrangement and stability of the particles at
the interface and in turn their plasmonic response, is closely
associated with the chemical and physical properties of the
nanoparticles’ surface, the water—oil interface and the bulk
liquid environment. Moreover, 2D nanoparticle arrays at
liquid-liquid interfaces are inherently less convenient to store,
handle and dispose of than solid substrates. As a result, con-
siderable effort has been devoted towards transforming such
arrays into solid films for routine SERS analysis.

3.1 Transferring soft-arrays onto rigid-substrates

The most straightforward and widely applied strategy to trans-
form nanoparticle arrays assembled at water—oil interfaces into
solid films is by physically depositing pre-formed nanoparticle
arrays onto solid substrates. For example, we and other
research groups have demonstrated that the interfacial arrays
can be transferred onto solid substrates, such as silicon wafers
or quartz slides, by sliding the solid substrate material
beneath the particles at a tilted angle and then carefully lifting
the particle array out horizontally.*>*° Similarly, it has been
shown that arrays can be deposited onto the substrate material
by placing the substrate at the bottom of the reaction vessel
and then draining away the liquid phases.*>°"

The biggest advantage of the physical deposition strategy
lies in its versatility, which allows the nanoparticle arrays to be
transferred onto almost any type of solid surface with ease,
and the way in which the product material can combine the
functionalities of both the 2D arrays and the solid substrates.

Nanoscale, 2021,13, 5937-5953 | 5945
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Fig. 7 (a) Reflection spectra obtained by uniaxial stretching Au nano-
particle mats parallel to optical polarization (left) and biaxial stretching
Au nanoparticle mats under unpolarised light. (b) Optical images
showing filter paper after being dip-coated with 2D Au arrays (i) SEM
image of the 2D Au layer on the surface of the filter paper substrate (ii).
(c) SERS spectra of rhodamine 6G obtained at different concentrations
using filter paper dip-coated with 2D Au arrays as enhancing substrate.
Panel (a) reproduced with permission from ref. 93. Copyright 2012
American Institute of Physics. Panel (b and c) adapted with permission
from ref. 94. Copyright 2015 American Chemical Society.

For example, Millyard et al. demonstrated that by depositing
Au nanoparticle arrays on polydimethylsiloxane (PMDS), the
interparticle distance could be varied by applying external
mechanical strain to the PDMS substrate, which enabled
reversible modulation of the plasmonic response of the SERS
substrate (Fig. 7a).>> Liu and Ji et al. demonstrated that when
chromatographic paper was used as the solid substrate, the
target component can be separated from the sample mixture
based on polarity differences and concentrated at the tip of
the paper substrate, which is coated with plasmonic 2D nano-
particle arrays, by lateral flow (Fig. 7b). As an example, they
showed that this allowed the detection of rhodamine 6G down
to attomolar level with just microliters of sample (Fig. 7c).*
We have recently shown that 2D arrays of plasmonic nano-
particles can be deposited onto the hydrophilic tips of copper
needles with superhydrophobic side-walls, which allowed sub-
micromolar SERS detection of analytes, such as crystal violet,
trinitrotoluene and adenine deposited from sub-microliter
volumes of analyte solutions.®

3.2 Converting soft-arrays into flexible polymer-based films

Although the physical deposition method for converting inter-
facial 2D arrays into solid films is convenient and versatile it
does have a major disadvantage, which is that the particles are
only weakly attached to the surface of the substrate.”® As a
result, it is extremely difficult to preserve the long-range uni-
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formity of the 2D arrays during the deposition process, which
leads to poor signal uniformity and batch-to-batch reproduci-
bility in SERS measurements. Moreover, the weak interaction
between the plasmonic particle layer and the substrate
material also means that the product material is unable to
sustain more challenging and
manipulation, such as sonication or continuous agitation,
which are often required if the SERS analysis is more challen-
ging than simple detection of pure analytes under ideal labora-
tory environments.

A potential strategy to maintain the long-range uniformity
of the 2D arrays during physical deposition is by locking the
relative positions of the nanoparticles within the 2D array at
the interface, either through ligand-ligand interactions
between  neighbouring  particles or  particle-particle
sintering.”°® For example, Fiatkowski et al. demonstrated that
interfacial Au nanoparticle arrays can be deposited as a highly
uniform and defect-free monolayer onto silicon wafers by
chemically crosslinking the particles at the interface prior to
physical deposition.”® As shown in Fig. 8a, this was achieved
by functionalizing the surface of the nanoparticles with ami-
nothiolate ligands which could be used along with a cross-
linking agent to connect neighbouring particles and increase
the stability of the 2D array during physical deposition.
Similarly, Cheng et al. have shown that using thiolated-poly-
styrene as the capping agent yielded mechanically strength-
ened Au nanoparticle arrays at water-oil interfaces.**!°713
The resulting films could then be transferred onto TEM grids
or silicon wafers to form SERS substrates with excellent uni-
formity and reproducibility.'®®

However, since ligand-ligand interactions requires the
surface of the plasmonic particles to be covered with strongly
adsorbing modifiers, the enhanced uniformity and integrity
comes at the price of surface accessibility, which is crucial for
SERS. To mitigate the effect of modifiers on the SERS perform-
ance of the product substrates, various methods, such as
oxygen-plasma and NaBH, treatment have been
proposed.'**'% However, these methods add to the complexity
of the substrate fabrication process, which lowers their appli-
cability. Therefore, the ideal method to transform interfacial
2D arrays into solid 2D substrates should allow both the initial
structure and accessibility of the parent interfacial array to be
preserved while adding the ease of use and robustness of solid
substrates. This can be achieved by partially trapping the 2D
arrays in gels/polymers, such as PDMS, polystyrene, poly
(methyl methacrylate) and polyvinyl chloride, to create
polymer films with arrays of exposed nanoparticles anchored
on their surfaces.'®'%® As shown in Fig. 8b, Ling et al
adopted a two-step method initially created to measure the
three-phase contact angle of nanoparticles at fluid interfaces
to anchor interfacial 2D arrays of Ag nanocubes onto PDMS
films for SERS.'® In this method, the nanoparticles are first
assembled at the water-oil interface with gellan gum dissolved
in the aqueous phase. After formation of the 2D array, gelling
of the aqueous phase was initiated by lowering the tempera-
ture of the solution, which resulted in the relative position of

sampling environments
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the particles at the interface being locked by the solidified gel.
Finally, the oil phase was replaced with PDMS solution which
cures slowly at room temperature to form a robust and flexible
film that could be peeled off with the particle layer anchored
on the surface. More recently, we have shown a one-pot
method which takes advantage of the solubility of polystyrene
in oils, such as dichloromethane and chloroform, to produce
2D Au/Ag plasmonic arrays anchored on polystyrene films.'"°
As shown in Fig. 8¢, in this method the polystyrene was predis-
solved into the oil phase prior to self-assembly and could be
triggered to deposit as a film by evaporating the oil at room-
temperature. Since polystyrene is immiscible in water, this
meant that the polystyrene film formed only on the oil side of
the interface, which allowed the particle arrays to be anchored
tightly into the product polystyrene film with the bulk of their
surfaces exposed for interaction with SERS analytes. The
strong attachment between nanoparticles and the polystyrene
substrate was demonstrated with ASTM pencil tests, which
showed that the particle array could not be scraped off the
polymer surface without first breaking the polymer film.
Moreover, this method allowed the long-range packing and in
turn, the SERS uniformity of the parent interfacial arrays to be
preserved with excellent batch-to-batch reproducibility, as
shown by measuring SERS signals of thiophenol model ana-
lytes on two different batches of nanoparticle-polymer
films.111,112

An emerging application of nanoparticle-polymer enhan-
cing substrates in SERS that came with the unique combi-

This journal is © The Royal Society of Chemistry 2021

nation of robustness, flexibility and transparency of polymer
substrates is for the in situ detection of analyte molecules dis-
persed on uneven surfaces. This typically involves stamping
the nanoparticle-polymer substrate onto the sample surface
with the particle side contacting the analytes while the SERS
signals are collected from the polymer side of the
substrate.’®'%*1°7111 Ag shown in Fig. 9a, Zheng et al. reported
that stamping flexible Au-PMMA films onto fish allowed detec-
tion of malachite green isothiocyanate down to 0.1 pM.'®” By
taking advantage of the flexibility of the polymer substrate and
accessibility of the plasmonic nanoparticle array, we have
recently shown that SERS of solid analytes can even be
obtained by stamping the particle side of nanoparticle-
polymer films directly onto completely dry solid analytes to
press the analytes into plasmonic hots-spots, as shown in
Fig. 9b."™ Since the analytes are physically pressed into hot-
spots rather than being adsorbed, the method can be readily
adopted for SERS detection of various weak/non-adsorbing
analyte molecules, which have already included explosives,
novel psychoactive substances (“legal highs”), biomolecules
and pharmaceutical drugs. Moreover, the excellent signal uni-
formity of the nanoparticle-polymer films allowed not only
highly reproducible quantitative SERS detection of the analyte
molecules down to nano/picogram levels but also the spatial
distribution of the analyte molecule on the sample surface to
be mapped.

It is worth noting that before this, stamping with nano-
particle-polymer films has always been performed on a wet
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Fig. 9 (a) In situ SERS detection of different concentrations of mala-
chite green on fish. (b) Schematic illustration of solvent-free SERS
achieved by physically pressing solid analyte crystals into plasmonic
hot-spots. (c) SERS heat-signature map obtained by stamping a solid
line of crystal deposits with polystyrene—Au nanoparticle films. Inset
shows an optical image of the sampled area. (d) SERS spectra obtained
by stamping different amounts of crystal violet crystals with poly-
styrene—Au nanoparticle films. Inset shows the calibration plot of SERS
signals versus the logarithm of amount of crystal violet. Panel (a) repro-
duced with permission from ref. 107. Copyright 2014 American
Chemical Society. Panel (b—d) reproduced with permission from ref. 111.
Copyright 2018 Elsevier Ltd.

sample surface to facilitate the adsorption of the analyte mole-
cules into the plasmonic hot-spots. In fact, the majority of
SERS in general has required the analyte to be in the liquid or
vapour phases so that analyte molecules can diffuse into plas-
monic hot-spots which are typically only a few nanometres
wide. The ability to carry out solvent-free SERS with nano-
particle-polymer enhancing substrates opens new possibilities
for SERS analysis of crystal structures, precious samples or
non-soluble materials.

4  Future directions: towards
fine-controlled nanoparticle behaviour
at water—oil interfaces for tailored
plasmonic properties

With the establishment of methods to produce stable, uniform
and surface-accessible plasmonic 2D arrays and to further
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transform these soft-arrays into robust easy to handle hybrid
materials, increasing effort is now being devoted towards
developing methods to accurately manipulate the behaviour of
nanoparticles at water-oil interfaces and in turn their plasmo-
nic properties. In this context, the most widely researched area
has been the fine tuning of the gap distance between adjacent
nanoparticles."* "> For example, by modifying the surface of
the Au nanoparticles with acrylamine, Huang and Chen et al.
demonstrated that the size of the interfacial films formed with
these particles can shrink by more than 50% upon UV light
irradiation due to the crosslinking of acrylamine on the
surface of neighbouring particles (Fig. 10a)."*® In their work,
the authors showed that the crosslinking led to gradual
decrease in gap distance between adjacent nanoparticles from
ca. 5 nm to ca. 0.5 nm with increasing reaction time, which
resulted in an increase in the SERS intensity of 4-aminothio-
phenol signal recorded on the assembled films. In addition,
since the shrinkage of interfacial films effectively reduced the
number of voids, the uniformity of SERS signals across the
films also increased. Similarly, other groups have demon-
strated that the gap distance between nanoparticles in inter-
facial arrays can be tuned by changing the length of ligands,
such as alkyl thiols, alkyl amines and polymers, adsorbed on
the surface of the plasmonic nanoparticles."***>!'” While
adjusting the length of ligands on the surface of Au nano-
particles provides a simple method to manipulate the interpar-
ticle distance of 2D nanoparticle interfacial arrays, the
addition of strongly adsorbing ligands inevitability decreases
the accessibility of the plasmonic surface, which is undesirable
for SERS. In an effort to circumvent this issue, Kang et al.
recently demonstrated a method based on Au@SiO, nano-
particles which allowed the distance between the plasmonic
cores in interfacial arrays to be controlled without the use of
surface-passivating molecular modifiers."'® As shown in
Fig. 10b, this was achieved with a multi-step method which
involved assembling Au@SiO, nanoparticles at water-oil inter-
faces, followed by transferring the soft-arrays onto a solid sub-
strate and finally etching away the SiO, shell with NaOH solu-
tion. By controlling the NaOH etching time the distance
between the plasmonic cores could be controlled with ~1 nm
precision. However, it was observed that the gap distance
between adjacent nanoparticles upon complete removal of the
SiO, shell did not resemble the thickness of the initial SiO,
layers between the plasmonic cores, but was set at ca. 2 nm.
This was attributed to an increase in attractive van der Waals
forces between the bare Au particles compared to Au@SiO,
particles, which led to the particle moving closer towards each
other. Despite this unexpected result, the authors showed that
the formation of small ~2 nm gaps led to increased SERS
enhancement which allowed two model test analytes to be
detected down to nanomolar concentrations.

With increased understanding of the forces controlling the
gap distance between adjacent particles at the interface, Yuan,
Yao et al. have been able to demonstrate that the plasmonic
properties of interfacial 2D Au nanoparticle arrays can be
dynamically controlled by altering the size of the liquid inter-

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (a) Optical and TEM images of 2D Au arrays formed at water—oil
interfaces before (i—iii) and after (iv—vi) photo-crosslinking. (b)
Schematic illustrations and SEM images of Au@SiO, nanoparticle arrays
before and after chemical etching. The scale bars in the SEM images
correspond to 50 nm. SERS spectra showing the difference in signal
enhancement provided by the 2D arrays before and after chemical
etching. (c) Schematic illustrations of the arrangement and corres-
ponding SERS signals of nanoparticles on the surface of a droplet
throughout droplet evaporation. Panel (a) reproduced with permission
from ref. 116. Copyright 2018 American Chemical Society. Panel (b)
adapted with permission from ref. 118. Copyright 2015 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Panel (c) adapted with permission
from ref. 119. Copyright 2017 The Royal Society of Chemistry.

face.'*

As shown in Fig. 10c, it was observed that the signals
of the Raman reporter, thiophenol, increased with continuous
evaporation of the aqueous phase supporting the 2D plasmo-
nic array. This was attributed to the shrinking of the interface
which led to tighter packing of the Au particles at the interface
and, in turn, increased SERS activity. While in this case the
change in the observed SERS activity reflects only the average
gap distance of the plasmonic array, it does give a clear indi-
cation of the significance of gap distance in SERS. Although
methods to dynamically and precisely control interparticle gap
distance in plasmonic interfacial arrays have been demon-
strated, current limitations in the size of the Au/Ag nano-
particles that can be manipulated using these methods mean
that they cannot be used for SERS applications. For example,
Ding, Baumberg et al. showed that the interparticle distance of

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

polymer functionalized Au nanoparticle arrays at water-oil
interfaces could be dynamically controlled with temperature.**
More specifically, Au nanoparticles 15 nm in diameter were
modified with poly-N-isopropylacrylamide (PNIPAM), which
reversibly contracts and relaxes depending on the environment
temperature and allowed the gap distance between nano-
particles at the interface to be manipulated. With this method,
it was possible to reversibly adjust the peak of the elastic scat-
tering of the interfacial 2D array from 640 nm to 690 nm by
adjusting the temperature from 35 °C to 25 °C. Varying the
electric potential of the interface with externally applied vol-
tages has also been explored as an approach to control the gap
distance of interfacial 2D arrays.’®*®'*° For example,
Kornyshev, Edel et al. recently showed an electrochemical
nanoplasmonic platform which allowed reversible fine-tuning
of the gap distances in 2D Au nanoparticle arrays at water-oil
interfaces.'”" With 16 nm diameter Au nanoparticles functio-
nalized with 12-mercaptododecanoic acid, the authors demon-
strated that 2D plasmonic arrays could be reversibly controlled
from full assembly (2.8 nm gap distance) to complete disas-
sembly, where the nanoparticles are returned to the bulk
aqueous phase as a colloidal dispersion.

In addition to controlling gap distance, another widely
researched method to obtain interfacial 2D arrays with
improved plasmonic properties is the use of anisotropic nano-
particles as building blocks. Some examples of these aniso-
tropic nanoparticles include rods, stars, octahedra, plates and
boxes.*>'**7'** In general, the basic forces which govern the
assembly of anisotropic nanoparticles at water—-oil interfaces is
the same compared to isotropic nanoparticles. However, the
added geometric complexity of anisotropic nanoparticles
makes their orientation also a deciding factor in their plasmo-
nic properties at the water-oil interface. For example, Zhang,
Li et al. compared the SERS activity of Ag nanorods with
different particle lengths assembled into horizontal or vertical
2D arrays at water-oil interfaces.'* As shown in Fig. 11a, it
was found that the SERS enhancement of the horizontally
aligned arrays was independent to the length of the nanorods
while the SERS enhancement of the vertically aligned arrays
increased near-linearly with the length of the nanorods. As a
result, although the SERS enhancement observed for vertically
and horizontally aligned arrays were similar for nanorods that
were ca. 150 nm in length, with ca. 350 nm nanorods the verti-
cally aligned arrays was found to give >2x the SERS enhance-
ment of horizontally aligned nanorods.

Notably, Lee, Ling et al. have systematically investigated the
orientation of highly plasmonically active Ag octahedrons at
water-oil interfaces.'%%'*>2>127 They showed that several dis-
tinctive interfacial packing configurations could be obtained
by tuning the surface hydrophobicity of the Ag octahedrons
with different types/compositions of modifiers or by tuning
the polarity of the oil phase used for self-assembly
(Fig. 11b).'°%"'2*12% Importantly, they demonstrated with mole-
cular dynamic simulations that the different nanoparticle con-
figurations observed corresponded to different thermodynamic
equilibrium states rather than random transient states.'*
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Fig. 11 (a) SEM image of (i) horizontally and (ii) vertically assembled

interfacial Ag nanorods arrays. (iii) Plot showing the trend in SERS signal
enhancement versus the length of nanorods in vertically and horizon-
tally aligned Ag nanorod arrays. (b) Schematic illustration of the orien-
tation of Ag nanocubes at water—oil interfaces in relation to the surface-
hydrophobicity of the nanocubes or the polarity of the interface. (c)
Plots showing the SERS signals and signal enhancement obtained from
arrays of Ag nanocubes packed as open hexagonal (OH), hexagonal
close-packed (HCP) and square superlattices. Panel (a) adapted with
permission from ref. 122. Copyright 2017 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. Panel (b) adapted with permission from ref. 125.
Copyright 2017 American Chemical Society. Panel (c) reproduced with
permission from ref. 123. Copyright 2015 Macmillan Publishers Limited.

Moreover, it was found that the different configurations of the
nanoparticles at the interface had very different plasmonic
properties. Surprisingly, as shown in Fig. 11c, it was found
that 2D arrays formed with octahedrons in the standing orien-
tation, which had low packing density, exhibited the highest
SERS activity.'*>'>>'?” This was attributed to large-area electro-
magnetic field delocalization effects and shows the signifi-
cance of particle orientation in SERS.

5 Conclusions and perspectives

In conclusion, significant advances have been made in the
assembly of nanoparticles at water—oil interfaces which can be
used directly as uniform and sensitive SERS substrates or
further fabricated into solid substrates which are even more
stable and easy-to-use. Notably, the development of promoters
for inducing assembly allows high quality arrays of particles
with exposed surfaces to be formed. In addition, in situ gel/
polymer trapping techniques allow the liquid-arrays to be con-
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verted into solid nanoparticle films, while preserving the plas-
monic properties and surface-accessibility of the parent arrays,
which paves the way for a range of fundamental and applied
applications of SERS.

To further enhance the plasmonic properties of interfacial
2D arrays and to build the next generation of affordable and
smart SERS substrates will require development of methods to
manipulate the position of individual nanoparticles at the
interface. Some exciting progress has already been made in
this area with preliminary results demonstrating that signifi-
cant improvements in SERS performance could potentially be
obtained by fine-tuning the gap-distance and orientation of
particles in plasmonic assemblies. The next challenge is to
build on these results by developing methods to achieve more
precise control of the behaviour of nanoparticles at interfaces
without passivating the surface of the particles and to trans-
form these interfacial 2D arrays with tailored gap-distance into
solid substrates for convenient application. To fully recognize
the development in the above fields, it will be equally impor-
tant to establish standard protocols to compare the SERS
activity and uniformity of different plasmonic 2D arrays.
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