QUEEN'’S

UNIVERSITY
BELFAST

E5TR1845

Unexpected Dual-Action of Cetyltrimethylammonium Bromide (CTAB)
in the Self-Assembly of Colloidal Nanoparticles at Liquid-Liquid

Interfaces

Li, C., Xu, Y., Li, X., Ye, Z., Yao, C., Chen, Q., Zhang, Y., & Bell, S. (2020). Unexpected Dual-Action of
Cetyltrimethylammonium Bromide (CTAB) in the Self-Assembly of Colloidal Nanoparticles at Liquid-Liquid
Interfaces. Advanced Materials Interfaces, [2000391]. https://doi.org/10.1002/admi.202000391

Published in:
Advanced Materials Interfaces

Document Version:
Publisher's PDF, also known as Version of record

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights

© 2020 The Authors.

This is an open access article published under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:28. Aug. 2022


https://doi.org/10.1002/admi.202000391
https://pure.qub.ac.uk/en/publications/0592b9b8-b003-44b3-a135-f1307fc13bfe

L)

Check for
updates

FULL PAPER

www.advmatinterfaces.d

Unexpected Dual Action of Cetyltrimethylammonium
Bromide (CTAB) in the Self-Assembly of Colloidal
Nanoparticles at Liquid—Liquid Interfaces

Chunchun Li, Yikai Xu,* Xinyuan Li, Ziwei Ye, Chaoyi Yao, Qinglu Chen, Yuanfeng Zhang,

and Steven E. J. Bell*

Self-assembly of colloidal nanoparticles at water—oil interfaces offers an
efficient way to construct multi-dimensional arrays. Self-assembly is generally
induced by using adsorbing molecular “modifiers” or co-solvents to remove
the nanoparticles’ surface charge. Here, it is shown that cetyltrimethylammo-
nium bromide (CTAB), which is commonly used in bulk quantities in colloidal
synthesis, can induce self-assembly of negatively charged colloidal nano-
particles at water—oil interfaces, even at sub-micromolar levels but it does
this by providing charge screening rather than removing the surface charge.
Since this is a physical effect, CTAB can promote assembly of nanoparticles
regardless of their morphology or material composition. In the specific case
of nanoparticles which allow CTAB to adsorb, such as Au, the self-assembly
mechanism switches from charge screening to chemical adsorption as the
concentration is increased. These both explain previous observations of spon-
taneous interfacial assembly and open up further possibilities for deliberately
constructing functional nanoparticle arrays without the need for additional

modifiers or co-solvents.

1. Introduction

Nanoparticles (NPs) often exhibit properties which differ enor-
mously from their bulk counterparts due to their exceptionally
large surface areas and unique quantum structures.!! These
properties have led to applications of NPs in a wide variety of
fields ranging from catalysis to sensing.??! To achieve even
more advanced functionalities, NPs can be used as functional
building blocks to construct multi-dimensional arrays.l An
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elegant and effective way to obtain 2D NP
arrays is through bottom-up self-assembly
of colloidal particles at the interface
between two immiscible liquids.l>-l

We are interested in preparing interfa-
cial NP arrays using methods which cause
minimum perturbation of the NP surface
chemistry so that the chemical properties
of the constituent particles are retained
in the array. In particular, it is important
to avoid modifying the surfaces of parti-
cles through adsorption of strongly bound
molecular passivating layers because these
will interfere with the functionality of the
array, e.g., by preventing intimate con-
tact between the surface and reactants in
catalysis or hindering the close approach
of target analytes to the surface which is
essential for surface-enhanced Raman
spectroscopy (SERS).110]

The ideal method for interfacial
assembly would be one in which the initial
colloidal suspension is simply shaken with pure nonaqueous
solvent and the particles spontaneously migrate to the inter-
face. Unfortunately, while adsorption of solid NPs to liquid—
liquid interfaces (LLIs) is highly favorable, since it significantly
lowers the energy of the interface, this is counterbalanced by
electrostatic repulsion between NPs. This means that NPs
seldom spontaneously migrate to LLIs in significant numbers
when aqueous colloids are simply mixed with highly immis-
cible oils.' Conventionally, films may be formed by functional-
izing the surfaces of charged colloidal NPs with charge-neutral
organic “modifiers” to reduce repulsion but this means that the
surface of the NPs is covered in a layer of strongly adsorbed
organic capping agents, which is undesirable for the reasons
outlined above.'>13] Alternatively, less polar co-solvents such as
acetone and ethanol may be added, which reduce the ability of
the aqueous phase to solvate ionic compounds and again sig-
nificantly weaken the electrostatic repulsion between NPs.[*1!
Although this method can be readily applied to assemble
various types of NPs, the loss of surface charge also leads to
unwanted aggregation of the particles and the formation of
structural defects in the product NP array.[!]

We have previously shown a third approach to induce self-
assembly of colloidal NPs into defect-free NP arrays, which is
based on adding amphiphilic salts to the biphasic system.[10:1718]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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If the salts contain ions which are of opposite charge to the
NPs and are also soluble in the organic layer, they can screen
the charge repulsion between the particles in both the aqueous
and organic layers and thus allow NPs to assemble in close
proximity to each other at the interface. Examples of these
promoters include tetrabutylammonium (TBAY) salts, which
are effective for assembling NPs with negative { potentials and
tetrafluoroborate (TPB") salts for positively charged NPs. This
“promoter” approach provides minimal perturbation of the
system since the promoters do not chemically adsorb onto the
particles and are present in low (typically uM) concentrations
but it does require addition of an external agent.

In contrast to the established methods described above,
recent reports have shown that citrate-capped gold nanorods
can assemble at LLIs without the need for any additional com-
ponents, other than the nonaqueous solvent layer, despite being
highly charged.’®-2? This implies that there is a novel mecha-
nism for interfacial assembly that allows the “ideal” case to be
achieved experimentally. However, the underlying mechanism
of this process has yet to be established.

Here, we explore this phenomenon in detail and present
evidence that even trace amounts of cetyltrimethylammonium
bromide (CTAB) surfactant, which is often present in colloids,
especially Au nanorods, can induce NP self-assembly at LLIs.
Interestingly, our experiments also revealed that CTAB’s role
in inducing interfacial self-assembly of citrate-stabilized Au
NPs switches between promoter and modifier depending on
its concentration, which is different from previously reported
mechanisms of CTAB-induced self-assembly of polystyrene/
silica NPs or any other previously reported promoter/modifier
compounds.?>#] This understanding is significant since it
rationalizes existing data and opens up the possibility of gener-
ally assembling colloidal NPs at LLIs using either residual or
deliberately added CTAB. We have illustrated this possibility by
forming NP arrays at LLIs with a variety of extremely different
negatively charged colloidal NPs, including, Au, Pt, SiO,, TiO,,
and Au+SiO, composites, using CTAB. CTAB is the best-known
representative of a large class of charged surfactants which are
widely used as site-governing agents in synthesis of colloidal
particles.?>?7) The discovery here that CTAB can induce inter-
facial self-assembly even at sub-uM concentrations bridges a
critical gap between the synthesis of colloidal NPs and their fur-
ther construction into functional multi-dimensional arrays.

2. Results and Discussion

One clear difference between the Au nanorods which show
apparent promoter-free assembly and other NPs we have inves-
tigated previously is that the nanorods were synthesized in the
presence of very high concentrations (=0.1 M) of CTAB, which
acted as a shape directing ligand and stabilizing agent.?8! How-
ever, these high surfactant concentrations are undesirable, e.g.,
very significant emulsification is observed if immiscible sol-
vents are added. Therefore, in experiments aimed at interfacial
assembly, the Au nanorods were treated using a two-step pro-
cess, after which the colloid was said to contain only “trace
amounts” of CTAB while the surface of the Au nanorods was
capped with negatively charged citrate molecules.?’! With this
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method, the exact amount of residual CTAB is difficult to estab-
lish and so in our work we took the approach of adding known
concentrations of stock CTAB solution into citrate-reduced Au
NPs synthesized without CTAB, which allowed us to precisely
control the concentration of CTAB in our studies.

As illustrated in Figure la—c, in a typical experiment, citrate-
reduced gold colloid (CRGC) was mixed with the required
amount of CTAB and the immiscible oil (dichloromethane,
DCM) before being shaken vigorously. As shown in Figure 1d, a
lustrous metal-liquid like film (MeLLF) was formed at the LLI
CTAB concentrations between 5 x 107° and 8 x 10~ m. For the
convenience of illustration, all CTAB concentrations refer to the
concentration of the CTAB feedstock (as shown in Supporting
Information S1, the final concentration of CTAB is =0.07 times
the feedstock concentration). Above this concentration range
significant emulsification occurred while below this range no
apparent changes were observed. Figure le shows scanning
electron microscope (SEM) images of a typical Au MeLLF which
was prepared using 107> m CTAB feedstock and where the par-
ticles were subsequently fixed in position by forming in situ a
polystyrene backing layer which allowed them to be removed
from the LLI for imaging while preserving their initial packing
order at the interface.*® The image shows a densely packed
and defect-free monolayer of NPs. As shown in Figure 1f, the
extinction spectra of the Au MeLLFs (ii) and the parent colloid
(i) show that in the Au MeLLFs there is strong extinction over
a broad wavelength range, which is due to strong electron cou-
pling between the densely packed NPs at the interface.

The experiments above showed that an appropriate amount
of CTAB in solution is clearly critical for inducing NP self-
assembly. To further investigate the role of CTAB in NP-
self-assembly process, in situ SERS measurements of the Au
MeLLFs were performed to study the surface chemistry of the
Au NPs before and after self-assembly. Interestingly, the SERS
signals from CRGC MeLLFs formed using CTAB changed dra-
matically with the concentration of CTAB. The spectra labeled
as set (i) in Figure 2a show the typical SERS signals acquired
from CRGC MeLLFs formed using lower CTAB feedstock con-
centrations (5-9 x 107 m). There was a weak Au-Br vibration
(180 cm™), which arose from the small amount of adsorbed Br~
species from CTAB and as a result, grew with the increasing
concentration of CTAB. However, in general the SERS signals
were dominated by vibrational bands which can be attributed
to Au-Cl (250 cm™), citric acid, and various oxidants of citric
acid (1537, 1432, 1374, 1300, 1246, 1165, 994, 760, and 492 cm™)
initially present on the surface of the Au NPs.?'33 These
data suggest that in this concentration range the amount of
CTAB adsorbed on the surface of the particles is small and
thus it should have a negligible effect on their surface proper-
ties. Indeed, the { potential of CRGC is barely affected by the
addition of CTAB at this feedstock concentration range and the
NPs remain highly charged (<-30 mV), as shown in Figure 2b-i.
However, at CTAB feedstock concentrations above 9 x 10 M
the intensity of the signals from the initial surface species sig-
nificantly reduced and the spectra became increasingly domi-
nated by CTAB bands at 1441, 1296, 760, and 180 cm™., which
shows that large amounts of CTAB was adsorbing onto the
NPs’' surface.* This effect is also clearly shown by the cor-
responding { potentials of the NPs at these increasing CTAB

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a—c) Schematic illustrations of CTAB-induced self-assembly of negatively charged citrate-reduced gold colloid (CRGC) NPs at a water—dichlo-
romethane (DCM) interface. d) Optical image of CRGC and DCM mixed with CTAB at different concentrations, at the highest concentration the sample
is emulsified. e) SEM images of CRGC metal-liquid like film (MeLLF) formed with 107> m CTAB feedstock. The high-magnification inset image shows
the NPs packed in hexagonal order. f) UV/vis extinction spectra of i) CRGC colloid and ii) CRGC MeLLF formed with 10~ m CTAB feedstock.

feedstock concentrations which gradually moved toward, and
effect was not simply due to the adsorption of just Br~ ions from
CTAB or large changes in the local ionic strength of the colloid,
contrast ¢ potential measurements were also performed on
CRGC mixed with NaBr solutions at the same concentrations
as CTAB. The results showed that within the relevant concen-
tration range, addition of NaBr had the opposite effect on the
colloids compared to CTAB and led to a more negative { poten-
tial, which demonstrated that the CTA* component must play
a significant role in the { potential change of CRGC observed
with the addition of CTAB (Figure S1, Supporting Information).

As discussed above, the key for inducing self-assembly of
charged colloidal NPs into tightly packed interfacial arrays
is to lower the interparticle aggregation barrier which arises
from strong interparticle electrostatic repulsion as described by
the classic DVLO (Derjaguin, Landau, Vervey, and Overbeek)
theory.® This has been achieved either by removing the NPs’
surface charge with modifiers or screening with promoters,
however, the SERS and { potential data in Figure 2a,b suggest
that CTAB induces CRGC self-assembly through two different
mechanisms, acting as modifier and/or promoter depending on
its concentration. As shown in Figure 3a, at the high-end of the
appropriate CTAB concentration range CTAB behaves as a mod-
ifier and adsorbs directly onto the surface of the NPs to form
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a monolayer of CTAB comprising chemisorbed Br~ ion paired
to CTAY, which is evident by the SERS spectra of the product
NP array becoming dominated by CTAB signals. Importantly, at
this concentration region there is not enough free CTA* to form
a charged bilayer on the NPs’ surface like that in CTAB-stabi-
lized positively charged Au nanorods.?® Instead, it is the hydro-
phobic alkyl chain tails of CTAB which are directed outward, so
the NPs are charge neutral, as shown in our ¢ potential meas-
urements.?>¥] Conversely, at the low end of the CTAB concen-
tration range, SERS data show that the amount of CTAB directly
adsorbed on the surface of the NPs is extremely low. As a result,
the NPs remain highly charged with {'lower than —30 mV. It is
well established that amphiphilic molecules such as CTAB have
the tendency to partition from water into nonpolar organic sol-
vents, such as DCM.B33] Moreover, we have previously shown
that various organo-ions, from tetrabutyl cations to crown
ether-Na* complexes, can transfer from aqueous solution into
organic solvents to act as promoters for NP-interfacial self-
assembly.71840] For CTAB, the dissociation into CTA* and Br~ in
the organic phase is also likely to be aided by the small amount
of dissolved water in the DCM. The result is that although at
lower concentrations there is insufficient CTAB adsorbed on
the surface of Au NPs to induce NP self-assembly by acting
as a modifier, there is still sufficient free CTA" in the organic
phase, to promote self-assembly through charge-screening

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) From top to bottom are SERS spectra acquired from CRGC MeLLFs formed using i) 5 x 107, 7 x 1075, 9 x 1075; ii) 2 x 103 iii) 4 x 1075,
6107, and 8 x 107> m CTAB feedstock. b) Plot showing the average { potential of CRGC at i-iii) CTAB feedstock concentration ranges corresponding
to the SERS data. c,d) SEM image of a typical CRGC MeLLF formed using CTAB as promoter (7 X 10 m) and modifier (6 X 107> m), respectively. Insets
show high-magnification SEM image of the samples. Scale bars in low- and high-magnification images correspond to T um and 50 nm, respectively.

on the oil side of the LLI, as shown in Figure 3b. This correlates
well with previous reports where CTAB was found to be able to
stabilize negatively charged polystyrene and silica NPs at liquid—
air interfaces by providing electrostatic charge screening.!*!
This effect, when combined with charge screening provided
by hydrophilic cations inherently present in the aqueous phase
and interparticle van der Waals attraction, allows NPs to self-
assemble into tightly packed monolayers at the LLI. Of course,
the amount of CTA" required to achieve sufficient screening
will vary depending on factors such as NP’s surface charge and
hydrophobicity. However, the amount of free CTA* required to
provide sufficient interparticle charge screening in the oil phase
to induce NP self-assembly is much lower than the amount of
CTAB modifier required for complete charge removal. This is
partly because charged NPs are generally hydrophilic so only a
small proportion of each particle will be submerged in the oil
phase upon self-assembly. In addition, some of the charged
hydrophilic species on the NPs' surface will either desorb or
recombine with counter ions upon entering the oil phase.*l
Therefore, only a part of the initial surface charge will be
retained on the parts of NPs immersed in the oil phase.

In the intermediate CTAB concentration range, there is
enough CTAB directly adsorbed on the surface of the NPs to gen-
erate a notable decrease in interparticle electrostatic repulsion.
However, this is not sufficient to allow the NPs to self-assemble
atthe LLI, and the free-CTA" in solution is also required to screen
the remaining negative charge between NPs at the interface.

Adv. Mater. Interfaces 2020, 2000391 2000391 (4 of 7)

Therefore, at this concentration range CTAB takes on the dual
role of modifier and promoter, as illustrated in Figure 3c.

The differences in the NP self-assembly mechanism at dif-
ferent CTAB concentration also lead to notably different particle
packing in the product MeLLFs. Figure 2c,d shows SEM images
of typical Au MeLLFs formed under identical experimental con-
ditions, apart from using CTAB concentrations where it acted
as a promoter or modifier, respectively. Since the interparticle
electrostatic repulsion was completely removed at high CTAB
concentrations, the NPs had a much higher tendency to form
aggregates at the interface so the resulting Au MeLLFs con-
tained large amounts of defects and 3D aggregates. Conversely,
Au MeLLFs formed using CTAB as promoter exhibited highly
ordered hexagonal packing.

The result of these considerations is that the role of CTAB
in the interfacial self-assembly of citrate-stabilized Au NPs is
complex and depends strongly on the concentration of CTAB,
switching from formation of an adsorbed charge-neutral layer
at higher concentrations to being a nonabsorbing charge
screening agent at lower concentrations within a narrow con-
centration range. It is worth noting that CTAB is the first com-
pound found to combine the ability to act as both modifier and
promoter in inducing interfacial NP self-assembly. The fact that
CTAB can act as a promoter is significant since this means that
it can still be used to promote Au MeLLF formation even when
the surface of the NPs is functionalized with negatively charged
capping agents with stronger affinity towards Au surfaces than

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Schematic illustration of the mechanism of CTAB inducing self-
assembly of negatively charged colloidal Au NPs at LLIs through a) charge
removal, b) charge screening, or c) a combination of charge removal
and charge screening. For clarity, only ions near the particle surfaces are
shown and dissociated CTA*, Br~, and undissociated CTAB in the bulk
aqueous and oil layers have been omitted.

CTAB, such as thiols. To illustrate this possibility, the surface of
CRGC was pre-functionalized with charged thiol modifiers to
produce thiol-modified Au colloids with typical zeta potentials
of —45 mV (Table S2, Supporting Information). More impor-
tantly, these surface-modified Au NPs could still be induced to
assemble into MeLLFs using CTAB, and their SERS signatures
remained unchanged and were dominated by the SERS sig-
nals of the thiol modifiers before and after self-assembly even
at the high CTAB concentrations (Figure 4, see Figure S2 in
the Supporting Information for another example). As shown
in Figure 4-i,ii, electrostatic interaction between the CTA* pro-
moter and SO;~ group in the 3-mercapto-1-propane sulfonate
(MPS") surface ligands causes a red shift of the 1074 cm™ peak
to 1057 cm .3 Conversely, when Au colloids were pre-func-
tionalized with positively charged thiols, such as thiocholine,
NP self-assembly could not be induced using CTAB.

Since CTAB can induce NP self-assembly through elec-
trostatic charge screening, which does not require CTAB to
chemically adsorb onto the particle surface, this means that
the ability of CTAB to promote NP interfacial self-assembly is
not material specific. Therefore, CTAB can be generally used
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Figure 4. SERS signals obtained from a control sample of i) MPS-
modified CRGC aggregated with 1 M (NH,),SO,4 and ii) an MPS-modified
CRGC MelLLF formed with 4 x 107> m CTAB feedstock. The spectra have
been rescaled for illustration.

to promote the formation of densely packed NP arrays at LLIs
using single or even multiple types of negatively charged
colloidal NPs, regardless of their surface chemistry, particle
morphologies, or material compositions. Figure 5a,b shows
SEM images of negatively charged P25 TiO, NPs and SiO, NPs
assembled into densely packed monolayer films using 107° M
CTAB feedstock solution. As shown in the inset high-magnifi-
cation SEM images, the TiO, NPs were packed randomly due

Figure 5. SEM images of CTAB-induced self-assembled 2D NP arrays
formed using: a) poly-disperse TiO, NPs; b) spherical SiO, NPs; c) spher-
ical Pt NPs with two different diameters; d) a mixture of spherical Au
and SiO, NPs. Insets show high-magnification images of the densely
packed NP arrays. €) Optical images of CTAB-induced self-assembled 3D
Pickering emulsions formed with Au NPs. Scale bars in (a)—(d) and in the
insets of (a)—(d) correspond to 500 and 100 nm, respectively. The scale
bar in (e) corresponds to 1 mm.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to their irregular morphologies, while the monodispersed SiO,
nanospheres were arranged into defect-free hexagonal arrays.
Figure 5c,d shows SEM images of composite NP monolayers
formed using a mixture of small (=60 nm in diameter) and
large (=220 nm in diameter) Pt nanospheres and a mixture of
SiO, and Au (both =50 nm in diameter) nanospheres, respec-
tively. Surprisingly, even in areas where different types of par-
ticles were packed against each other, these composite arrays
still self-arranged into densely packed hexagonal arrays like
those formed using single types of monodispersed nanospheres
(Figure 5c,d inset). From Figure 5c,d, it can also be seen that
the differently sized Pt NPs mixed randomly with each other in
the composite array while islands of different types of particles
formed in the SiO,-Au composite array. This dramatic contrast
in mixing behavior is most likely due to the difference in sur-
face chemistry of the NPs, which arises from the capping agents
initially on the surface of the particles. In the composite Pt
array, although the Pt NPs are different in size, they all carry a
layer of citrate on their surfaces. This gives the Pt NPs similar
surface properties, which results in the differently sized Pt NPs
packing randomly against each other. Conversely, in the SiO,-Au
composite array, the surfaces of SiO, and Au NPs are covered in
layers of hydroxide and citrate, respectively, which gives the SiO,
and Au NPs very different surface properties and leads them to
pack as islands. It is notable that these important insights would
not have been possible to obtain with conventional modifier
methods for inducing self-assembly since they all result in sig-
nificant changes to the surface chemistry of the NPs.

Finally, CTAB can also be readily used to promote the for-
mation of 3D Pickering emulsions, which is demonstrated in
Figure 5e with Au NPs. It is now well established that for NPs
to effectively stabilize the curved liquid meniscus from coa-
lescing in Pickering emulsions the surface of the NPs must
exhibit appropriate hydrophobicity, which we have shown for
Au NPs can be conveniently achieved by functionalizing the
surface of the NPs with MPS ligands.*”] However, since MPS-
functionalized NPs are negatively charged, this makes CTAB
promoters, which can screen interparticle electrostatic repul-
sion without replacing MPS on the surface of the NPs, crucial
for the formation of stable Au Pickering emulsions.

3. Conclusion

In summary, we have shown that CTAB, which is extensively
used in colloidal synthesis and is therefore often inherently
present in many colloidal NP suspensions, can act readily as a
charge screening promoter to induce self-assembly of negatively
charged colloidal NPs into densely packed multi-dimensional
arrays at LLIs. Since this promoter mechanism is purely electro-
static and does not involve material-specific chemical adsorption,
CTAB can be readily used as a general promoter for inducing
self-assembly of negatively charged colloidal NPs regardless of
their morphology, surface chemistry, or material composition.
Since CTAB acts as a promoter to induce NP self-assembly, it
does not replace the initial chemical species on the surface of
the NPs and therefore avoids significant changes to the surface
chemistry or local ionic balance of the colloidal particles. This
is crucial for the formation of surface-active and defect-free NP
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arrays, which is important for both fundamental research and
real-life applications. Interestingly, it was also found that CTAB
induced self-assembly of citrate-stabilized Au NPs through a
concentration-dependent dual mechanism. At relatively high
concentrations, CTAB induced self-assembly by acting as
a charge-removing modifier while at lower concentrations CTAB
predominately induced self-assembly by acting as a charge-
screening promoter. This unique property of CTAB makes it the
first chemical compound which has the ability to induce interfa-
cial self-assembly as both a modifier and promoter and explains
several recent observations in literature where citrate-stabilized
Au nanorod colloids containing trace amounts of CTAB could
spontaneously assemble into densely packed monolayers at LLIs.

4. Experimental Section

Materials: All chemicals used were ACS reagents purchased from
Sigma Aldrich and were used without further purification. SiO, colloid
(50 nm diameter, —46.8 mV zeta potential, 9.1 x 10" particles mL™") was
obtained from nanoComposix Inc. Aqueous P25 TiO, colloid (40 wt%)
was obtained from Evonik. All experiments used low TOC (<3.0 ppb)
18.2 MQ cm water.

Colloid Preparations: CRGC, citrate-reduced silver colloid, and citrate-
reduced platinum colloid were synthesized following protocols reported
in literature.[*6-481 Commercial SiO, colloids were diluted by x1000 before
use. Commercial TiO, colloids were diluted by x2000. The pH value of
the diluted TiO, colloids was tuned to 11 using NaOH (aq.) so that they
had a typical zeta potential of —30 mV.

Surface Modifications of CRGC: Surface modifications of CRGC with
3-mercapto-1-propane sulfonate sodium (MPS) and 2-mercapto-5-
benzimidazolesulfonate sodium (MBS) were performed by pipetting
100 pL of 107 m thiol (aq.) solution into 5 mL CRGC followed by gentle
stirring for 15 min. Thiocholine was synthesized following a method
reported in literature.’] Surface modifications of CRGC with thiocholine
chloride (TC) were performed following a method previously reported.%l

Interfacial NP Self-Assembly: To prepare 2D NP arrays with large
area sizes for SEM, typically a mixture of 5 mL of aqueous NP colloid
along with 3 mL of DCM and 80 puL of 107 m CTAB (aq.) was vigorously
shaken for =30 s in a 50 mL polypropylene centrifuge tubes (Corning
Incorporated). This resulted in the formation of particle-covered
emulsions, which would coalesce to form an interfacial NP array. The
particle density of the NP array would vary depending on the particle
concentration of the parent colloid. Under the exact experimental
parameters described above, the number of particles required to
generate a densely packed 2D NP array was 5 x 10" particles mL™".
NP arrays containing two different types of particles were fabricated by
premixing the two particle colloids together (1:1 volume ratio) prior self-
assembly. Au Pickering emulsions were fabricated by vigorously shaking
5 mL of aqueous colloid with 1 mL of DCM, 100 pL of 10~ m MPS, and
80 L of 1075 m CTAB for 1 min.

Instrumentations: UV-vis spectra were recorded using an Agilent 8543
single beam diode array spectrophotometer. For SEM measurements,
the interfacial NP arrays were anchored in situ onto a thin polystyrene
backing to preserve their initial structures at the LLI using a method
previously reported.?% SEM was performed with a Quanta FEG 250 at
an acceleration voltage of 30 kV under high chamber vacuum (under 8 x
107° mbar) with standard SEM copper tape. Samples containing SiO,
or TiO, NPs were sputtered with Au (2 nm thick) prior to imaging.
Zeta potentials of colloids were measured using a ZetaSizer Nano
ZS. All samples were measured at 25 °C and on average three times
in electrophoretic capillary cells. The cells were rinsed with absolute
ethanol and then with water each time before use. SERS measurements
of aggregated CRGC were acquired on the Avalon Raman Station which
was equipped with a 100 mW 785 nm laser, using a total accumulation
time of 20 s and 200 L of as-prepared colloid mixed with 20 pL of 1 m

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(NH,4),SO4 (aq.) as the sample. CRGC MeLLF samples for SERS were
prepared by shaking 0.9 mL of as-prepared aqueous colloid with 0.4 mL
of DCM and 0.1 mL of CTAB (aq.). After MeLLF formation, 0.9 mL of
the aqueous phase and 0.1 mL of DCM were removed from the sample
before the sample was poured into 96 well-plates. These samples were
analyzed using a Perkin Elmer RamanMicro 200F Microscope equipped
with a 785 nm laser (60 iim diameter spotsize) with 20 s accumulation
time and 40 mW laser power.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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