7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal

From bulk crystallization of inorganic
nanoparticles at the air/water interface: tunable
organization and intense structural colors¥

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/c9nr10965j

Jacopo Vialetto, @ § Sergii Rudiuk, @@ Mathieu Morel & and Damien Baigl & *

The “flipping method” is a new straightforward way to both adsorb and organize microparticles at a liquid
interface, with ultralow amounts of a surfactant and no other external forces than gravity. Here we
demonstrate that it allows the adsorption of a variety of inorganic nanoparticles at an air/water interface,
in an organized way, which is directly controlled by the surfactant concentration, ranging from amor-
phous to highly crystalline two-dimensional assemblies. With micromolar amounts of a conventional cat-
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jonic surfactant (dodecyltrimethylammonium bromide, DTAB), nanoparticles of different compositions
(silica, silver, and gold), sizes (down to 100 nm) and shapes (spheres and cubes) adsorb from the bulk and
directly organize at the air/water interface, resulting in marked optical properties such as reflectivity or
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Introduction

Two-dimensional (2D) materials made of colloidal particles,
organized in a long-range ordered fashion, find several appli-
cations in science and technology.'™ Particularly, the fabrica-
tion of structures composed of nanometer-size building-blocks
is an important goal in materials science due to their specific
responses arising from collective interactions. For example,
they can be used for the fabrication of sensors,” surfaces
with desired wettability® and reflective responses,””® and bio-
mimetic materials,” or for lithographic techniques.'® Among
others, optical properties are an exciting feature of organized
colloidal monolayers,""'* which can exhibit structural color-
ation originating from the interaction of the incident light
with periodic variations in the refractive index. Due to their
light processing properties, photonic crystals are extensively
studied to control, diffract, transmit or amplify the incoming
radiation.” A well-defined periodic arrangement is required
for the desired interaction with light; therefore precise control
over the particle positioning and order is of utmost impor-
tance. For this purpose, fluid interfaces are a useful tool as
templates for the formation of self-assembled structures,'*
with particle monolayers that span over macroscopic dimen-
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sions, having an exceptionally high degree of positional order,
up to single crystals of mm? size.'® Typically, for the formation
of ordered monolayers, particles are externally added to a
liquid interface by means of spreading drops from a concen-
trated suspension in a volatile solvent."®™® Crystallization can
be achieved by increasing the number of adsorbed particles by
several additions of spread drops,’® or by compressing the
monolayer with moving barriers (as in a Langmuir trough).*
As alternatives to these multi-step and multiphasic
approaches, a few one-step methods for achieving particle
assembly and crystallization on a liquid interface from their
suspension in a direct and precisely controlled fashion have
been studied. Surfactants were commonly used to promote
particle adsorption on liquid interfaces by modifying their
hydrophilic/hydrophobic character, which resulted however, in
the absence of external forces,”" in irreversible aggregation
and formation of amorphous assemblies.>* >* The presence of
millimolar amounts of salt,>*® coverage of the water solution
with a charged lipid layer,>®*” and the addition of excess thiol
ligands®® have also been explored for complete particle adsorp-
tion. In addition, external energy (ie., emulsification,® cen-
trifugation, and evaporation®®) had to be typically applied to
favor particle-interface proximity. All of these approaches have
offered great tools to create and study ordered arrays or dis-
ordered assemblies of nanoparticles at fluid interfaces but
share a level of experimental complexity that we propose to
challenge in this report. We thus looked for a highly robust
and single-step method and opted for the “flipping method”, a
strategy we recently described to organize particles at the air/
water interface.>**° This very simple method was shown to be
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particularly efficient for organizing microparticles in the pres-
ence of ultralow amounts of a surfactant, using no other
additional forces than gravity. Here, we characterized the per-
formance of this method to both adsorb and organize nano-
particles at the air-water (a/w) interface, by analyzing nano-
particles of different sizes (100 nm-1 pum), shapes (spheres,
cubes), and compositions ranging from silica to silver and
gold. For all these particle types, we studied how surfactants
controlled the nanoparticle adsorption and packing organiz-
ation. Under appropriate conditions, highly crystalline two-
dimensional assemblies displaying intense structural colors
were obtained.

Results and discussion

So far, the “flipping method” has been mainly used to tune
the organization of polystyrene (PS) spheres of a few
micrometers in diameter.?*® Here, we first applied this
method to explore how the organization of anionic microparti-
cles of a different composition could be tuned by the addition
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of minute amounts of a cationic surfactant. Briefly, a suspen-
sion of silica particles (2.4 um in diameter) in water (particle
concentration Cp, = 0.05 mg mL™') was placed in a narrow
cylindric cell to form a concave a/w meniscus, flipped upside
down to let particles reach the a/w interface, and flipped back
to its initial position. Only adsorbed particles remained at the
interface prior to accumulating at its center to form a dense
patch of particles. The particle suspension was mixed with
dodecyltrimethylammonium bromide (DTAB), a cationic sur-
factant with a critical micellar concentration (CMC) of
13.4 mM, not only to enable the particle adsorption but also to
tune the interaction between adsorbed particles and therefore
their organization. We varied the surfactant concentration (Cs)
and found, in a way similar to negatively charged PS micropar-
ticles,”® that the number of adsorbed particles dramatically
increased when Cy switched from 0 (Fig. S1}) to >1 uM (Fig. 1).
The primary role of the cationic surfactant at Cs ~ 10~* x CMC
was as follows. The surfactant was accumulated at the a/w
interface, not to compete with®"*> the adsorption of the
anionic silica particles at the negatively charged a/w interface,
but instead to promote it by decreasing the electrostatic

A) [DTAB]

10 pM

100 uM 1000 pM

B \ / \

0 5 10 15 20 250 5 10 15 20 25

r/D r/D

5“1MMWNULWVMM\W 5 lﬁ,
0 oL
0 5 10 15 20 25 0 5 10 15 20 25

r/D r/D

Fig. 1 Controlling the organization of silica microparticles adsorbed at the air/water interface. (A) Side-light reflection microscopy images of the
particle assemblies at the a/w interface. The samples are illuminated with a white light source parallel to the liquid surface, and are composed of
silica particles (diameter: 2.4 pm, C, = 0.05 mg mL™) mixed with various concentrations of the cationic surfactant (dodecyltrimethylammonium
bromide, DTAB). Scale bar: 1 mm. (B) High magnification brightfield transmission microscopy images of the center of the assemblies in A. Scale bar:
50 pm. Bottom row: radial distribution functions (RDFs) calculated in a larger window of the same images, of size 253 x 192 ym?. D is the particle

diameter, and r is the center-to-center distance.
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adsorption barrier.>® For C; > 1 pM, a large number of
adsorbed particles collectively deformed the interface to self-
confine in its center according to the so-called sinking mecha-
nism.** This resulted in the formation of large and dense
assemblies of particles in an organized way, which depended
on Cg (Fig. 1). When C, ranged from 1 uM (x10~* x CMC) to
100 pM (107> x CMC), particles maintained most of their
surface charge and formed highly organized structures of
repulsive particles. This was not specific to DTAB as using a
cationic surfactant with a different chemical structure but a
similar CMC led to particle crystallization in the same range of
Cs (Fig. S2t). At larger surfactant concentrations (Cs > 1 mM),
particles became nearly neutralized by surfactants and formed
amorphous assemblies.?*>* For 1 pM < C, < 100 uM, the par-
ticle patch consisted of adjacent nearly defect-free monocrys-
talline domains separated by boundaries. Radial distribution
function analyses allowed for a quantification of the positional
order of the particles and indicated a well-ordered arrange-
ment exceeding 20 particle diameters (Fig. 1B, bottom). A few
differences with PS particles® should be noted: (i) when par-
ticles organized at low Cs, not only its center but also the
whole patch crystallized and (ii) when the patch was amor-
phous at higher Cs, it did not form a loose gel-like assembly
but remained dense. These differences were attributed to the
higher density of silica compared to that of polystyrene,
leading to a stronger collective deformation of the interface®*
and therefore a stronger self-confinement of the particles.
Moreover, when the particle patches were irradiated with a
white light source parallel to the a/w interface (Fig. S37), poly-
crystalline structures exhibited bright structural coloration
(Fig. 1A) due to the diffraction and constructive interference in
the long-range ordered 2D crystals.'®*® Each single-crystal
domain was characterized by a distinct hue dependent on its
orientation as well as on the curvature of the overall crystal,
due to the deformation of the interface by the particles them-
selves through the collective sinking effect.** As a conse-
quence, the size of each domain in the crystal structure could
be visualized. We found that the domain size decreased with
an increase in Cg, from larger domains, of around 0.3 mm?® in
the patch center, at Cs =1 pM to smaller ones at Cg = 100 pM.
Finally, a further increase in C, caused the particles to assem-
ble as disordered aggregates, with an almost complete loss of
the structural coloration. These results show that the surfac-
tant concentration tuned the organization of silica microparti-
cle assemblies at the a/w interface and allowed the formation
of highly organized 2D colloidal crystals with monocrystalline
domains displaying specific structural colors and a size
directly tunable by Cs.

We then explored how this principle could be extended to
particles of much smaller dimensions. We thus used suspen-
sions of silica nanoparticles at the same concentration (C, =
0.05 mg mL ") but with different diameters (977 nm, 560 nm,
304 nm) and applied the “flipping method” in the presence of
DTAB at low (Cs = 5 pM) and high (Cs = 1 mM) concentrations
(Fig. 2). Compared to microparticles, the only difference was a
much longer time in the “flipped” position (20 h vs. 2 h) to let

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

DTAB: 1 mM

A) DTAB: 5 uM

Fig. 2 Silica nanoparticles adsorbed at the air/water interface: surfac-
tant-tunable organization and structural colors. Side-light reflection
microscopy images of the particle assemblies at the a/w interface for
samples containing silica particles (C, = 0.05 mg mL™) having different
diameters: 977 nm (A), 560 nm (B), and 304 nm (C). Left column: C, =
5 pM; right column: C; = 1 mM. Scale bars for all images: 1 mm.

the particles reach the interface (ESI, Experimental sectionf).
First, side-light reflection microscopy revealed the presence of
adsorbed materials at the water/air interface which was not
observed in the absence of the surfactant. This confirmed the
role of cationic surfactants to promote the adsorption of nega-
tively charged particles at the a/w interface and showed that
this method was still effective for silica nanoparticles regard-
less of their diameter. A strong dependence on the surfactant
concentration was also observed. For Cs = 5 pM, intense struc-
tural colorations appeared on the whole patch for all particle
diameters (Fig. 2, left). For the smallest particle size, success-
ful crystallization was obtained for C, > 0.01 mg mL™'
(Fig. S47), showing that a minimal amount of particles was
necessary to significantly deform the interface®* and induce
sufficient self-confinement. In contrast, for C; = 1 mM, the
patch was fragmented into large angular and whitish assem-
blies. By analogy with the observation made with microparti-
cles (Fig. 1), we interpret the emergence of structural colors at
low Cy as a result of the long-range organization of adsorbed
nanoparticles at the a/w interface. The weak dependency on
the particle size indicates that the structuration occurred
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through the interstitial voids between ordered particles with
similar arrangements and interparticle distances. Conversely,
at a high Cs, the loss of structural coloration (Fig. 2, right) indi-
cates the formation of disordered particle aggregates, which
scattered the incoming white light in a random fashion. To
confirm that the structural colors were actually due to the for-
mation of an ordered monolayer of nanoparticles, we trans-
ferred the adsorbed particle assemblies onto a solid substrate
for further characterization by scanning electron microscopy
(SEM). This was carefully achieved by a slow evaporation of the
water solution until the particle structure initially adsorbed on
the water surface was deposited on a glass substrate (ESI,
Experimental section and Fig. S5t). Note that the last step of
evaporation was however non-homogeneous, causing the depo-
sition of particles starting from the center toward the edge of
the patch (Movie S17). As a consequence, we expect this depo-
sition method to induce an in-plane expansion stress which
slightly perturbed the initial structure of the particle assembly.
Representative images of the center of the particle deposits are
displayed in Fig. 3. In the left, it shows the positional order
achieved in the presence of a low amount of the surfactant

A) DTAB: 5 pM

DTAB: 1 mM

Fig. 3 Microstructure of the particle assemblies adsorbed at the air/
water interface and then transferred to a glass substrate, as imaged
using a scanning electron microscope (SEM). Samples composed of
silica particles (C, = 0.05 mg mL™Y) having different diameters: 977 nm
(A), 560 nm (B), and 304 nm (C). Left column: Cg = 5 pM; right column:
Cs = 1 mM. Scale bars for all images: 5 pm.
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(Cs = 5 uM). Although few grain boundaries and vacancies
probably generated during deposition were present, particles
were forming hexagonally ordered, close-packed arrays regard-
less of their size. This indirectly confirmed that the nano-
particle assemblies at the a/w interface were 2D crystals.
Conversely, for C; = 1 mM, the particles on the solid substrates
were disordered and arranged in a multi-layered fashion
(Fig. 3, right), demonstrating that particle assemblies at the
a/w interface were amorphous, and probably multi-layered,
aggregates. These results show that, as for microparticles, the
surfactant not only allowed the adsorption of silica nano-
particles at the a/w interface, but also controlled the way the
nanoparticles organized once adsorbed. At Cy around 10~*
CMC, highly crystalline 2D assemblies with intense structural
colors were obtained.

Finally, we investigated whether metal nanoparticles, com-
monly employed for the assembly of light processing 2D
structures, such as photonic crystals'' or liquid mirrors,’
could be adsorbed at the a/w interface using our method. We
thus applied it to nanoparticles having different compo-
sitions and shapes, namely silver nanocubes coated with poly
(vinylpyrrolidone) (PVP), and gold nanospheres coated either
with lipoic acid, or with poly(ethylene glycol) (PEG) with car-
boxylic acid terminations. All nanoparticles had a character-
istic size of 100 nm. As in the previous cases, almost no par-
ticle adsorption at the a/w interface was observed in the
absence of the surfactant (Fig. 4A and D, left and Fig. S67).
In the case of silver nanocubes, a small aggregate was
occasionally observed in the center of the cell, but otherwise
the interface was devoid of particles. In contrast, adding a
very small amount of the surfactant (Cs = 5-10 pM) resulted
in a complete coverage of the a/w interface with particles, as
evidenced by reflection microscopy (Fig. 4A and D in the
right, and Fig. S6f). We quantified the amount of light
reflected by the interface with and without the added surfac-
tant, by looking at the pixel intensity distribution of the
reflection microscopy images (Fig. 4B and E). A shift of the
histograms towards higher intensities indicated that the
interface reflected the incoming white light more when the
surfactant was used. This is further indication that the use of
small amounts of the surfactant induced the adsorption of
metal nanoparticles, thus allowing enhanced reflection of the
incident light. To get better insight into the way particles
organized at the a/w interface, we transferred the adsorbed
particles on a solid substrate (Fig. S51) and characterized the
deposits by SEM (Fig. 4C and F). Both silver nanocubes and
gold nanospheres displayed a local organization into pm-
sized monolayered crystallites, coexisting with cracks attribu-
ted to the perturbation of the layer structure upon drying.
Although we do not have direct access to the exact organiz-
ation of the nanoparticles at the a/w interface, these results
clearly demonstrate that the “flipping method” also allowed
the adsorption of ordered monolayers of metal nanoparticles
at the a/w interface and emphasize the striking role of micro-
molar amounts of cationic surfactants in controlling the
behaviors of nanoparticles at the liquid interface.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Surfactant-induced adsorption of silver nanocubes (A-C) and
gold nanospheres (D—F) at the air/water interface. (A and D) Direct
reflection microscopy images of the air/water interface of samples con-
taining C, = 8 pug mL™* of 100 nm silver cubes (A) or of 100 nm gold
spheres (D), and various concentrations of DTAB. Scale bars: 100 pm. (B
and E) Pixel intensity distribution of the images in (A and D), respectively.
The light and dark grey curves correspond to the absence and addition
of DTAB, showing an increase in light reflection from the interface in the
presence of adsorbed particles. (C and F) SEM images of the microstruc-
ture of the particle assemblies adsorbed at the a/w interface and then
transferred to a glass substrate. Scale bars: 2 pm.

Conclusions

We studied the behaviour of aqueous suspensions of anionic
micro- and nanoparticles in a low cationic surfactant concen-
tration regime (10™* x CMC — 10" x CMC), focusing on par-
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ticle adsorption at the a/w interface and subsequent assembly
into crystalline or amorphous structures. Using the “flipping
method”, minute amounts of a conventional cationic surfac-
tant (here DTAB) were shown to efficiently induce the adsorp-
tion of a variety of colloidal particles. The mechanism was
found to be independent of the particle composition (silica,
silver, and gold), size (down to ~100 nm), shape (spheres and
cubes) and surface chemistry. The use of ultralow amounts of
surfactants (107 x CMC — 1072 x CMC) reproducibly resulted
in ordered structures with marked optical signatures, such as
light-reflective structures and polycrystalline assemblies dis-
playing intense structural coloration. Our results emphasize
the robustness of the “flipping method” to directly adsorb,
from the bulk, anionic particles at the a/w interface in a con-
trolled manner and its applicability to a variety of nanoparticle
systems. Compared to conventional protocols, our method is
advantageously simple, requiring nothing else than water as a
solvent and a straightforward sample cell, in phase with the
necessary development of “simple” material-fabrication tech-
niques.®® Gravity-based, it does not need any external com-
pression step as particles spontaneously organize by self-con-
finement. Furthermore, with an organization directly con-
trolled by small amounts of added surfactant, we suggest that
using photosensitive®® surfactants would be a straightforward
way to make these assemblies photoswitchable and obtain
their optical response, leading to new kinds of reconfigurable
photonic devices.
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