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ABSTRACT: Controlling the organization of particles at liquid−gas
interfaces usually relies on multiphasic preparations and external applied
forces. Here, we show that micromolar amounts of a conventional
cationic surfactant induce, in a single step, both adsorption and
crystallization of various types of nanometer- to micrometer-sized anionic
particles at the air−water interface, without any additional phase involved
or external forces other than gravity. Contrary to conventional surfactant-
induced particle adsorption through neutralization and hydrophobization
at a surfactant concentration close to the critical micellar concentration
(CMC), we show that in our explored concentration regime (CMC/
1000-CMC/100), particles adsorb with a low contact angle and maintain
most of their charge, leading to the formation of two-dimensional
assemblies with different structures, depending on surfactant (Cs) and
particle (Cp) concentrations. At low Cs and Cp, particles are repulsive and
form disordered assemblies. Increasing Cp in this regime increases the number of adsorbed particles, leading to the formation of
mm-sized, highly ordered polycrystalline assemblies because of the long-range attraction mediated by the collective deformation
of the interface. Increasing Cs decreases the particle repulsion and therefore the interparticle distance within the monocrystalline
domains. A further increase in Cs (≈CMC/10) leads to a progressive neutralization of particles accompanied by the formation
of disordered structures, ranging from densely packed amorphous ones to loosely packed gels. These results emphasize a new
role of the surfactant to mediate both adsorption and crystallization of particles at liquid−gas interfaces and provide a practical
manner to prepare two-dimensional ordered colloidal assemblies in a remarkably robust and convenient manner.

■ INTRODUCTION

Controlling adsorption and two-dimensional (2D) organization
of particles at a fluid interface is a crucial process1 that is directly
involved in numerous industrial, environmental, and techno-
logical applications.2,3 From a fundamental viewpoint, particles
at interfaces also provide both a rich playground for studying
physical phenomena in two dimensions4−13 and an invaluable
technological platform for the development of functional
materials with tunable properties.14−17 In this study, we describe
a new and remarkably simple way to induce the adsorption of
colloidal particles at an air−water interface and further control
their 2D organization.We show that, when aminute amount of a
cationic surfactant is added to a dilute aqueous suspension of
anionic microparticles, a significant number of particles adsorb
at the air−water interface. Depending on both surfactant and
particle concentrations, we find that the adsorbed particles can

organize into various 2D structures, from closely packed
colloidal crystals to loosely packed gels.
Our strategy markedly differs from what has been reported so

far regarding the 2D self-assembly of colloidal particles at a fluid
interface in the following aspects. First, in our approach, the
particles are transported from the bulk of the suspension to the
air−water interface where they directly adsorb. This is in
contrast to most studies, where a small amount of an external
suspension of particles in an organic solvent is spread on the
surface of an aqueous solution (usually exempt of particles).
This forces the particles to stay at the air−water interface after
the evaporation of the organic solvent.3 This spreading
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methodology has been widely used to study the behavior of
particle monolayers at the air−water interface, especially during
compression or expansion in Langmuir troughs.18 Second, we
report an effect of the surfactant at concentrations 100−1000
times lower than what has been investigated so far. Indeed,
oppositely charged surfactants have been extensively exploited
to alter the surface properties of particles and therefore to
mediate their interaction with a fluid interface.19 More
specifically, surfactants at high enough concentrations are
known to electrostatically adsorb on oppositely charged
hydrophilic particles, thus altering their wettability. At the
surfactant concentration regime where particles become hydro-
phobic enough, the latter could adsorb at the air−water
interface.20 This very efficient approach has been exploited to
stabilize foams21 and emulsions,22 or for other applications such
as the suppression of the coffee-ring effect.23,24 However,
achieving such a level of hydrophobization typically requires a
sufficiently large amount of the adsorbed surfactant typically

leading to particle neutralization. Compared to the critical
micellar concentration (CMC), such effects are usually achieved
with a concentration of the order of CMC/10 for ionic
surfactants adsorbing on hydrophilic surfaces.25−27 As a result,
the neutralized particles become barely repulsive and thus
poorly prone to crystallization. Velikov et al. could produce
colloidal crystals in that surfactant concentration regime in the
particular geometry of microparticles confined in thinning foam
films.28 The conjunction of surfactant-induced particle hydro-
phobization and application of mechanical force led to particle
adsorption at both the top and bottom interfaces, as well as long-
range hexagonal ordering of the interfacial particles upon
stepwise compression of the films.
Here, for the first time, we demonstrate that, without applying

any additional external force, a strikingly smaller amount of
cationic surfactant is enough to induce the adsorption of
negatively charged particles to a static air−water interface
without modifying the particle surface properties. At these

Figure 1.Cationic surfactant (DTAB) induces the adsorption of negatively charged PSmicroparticles (diameter = 5.1 μm) at the LG interface leading,
at concave interfaces, to circular 2D colloidal assemblies. (A) “Straight method”: the surfactant/particle mixture is placed in a cylindrical (diameter 7
mm) cell covered with a glass slide to avoid evaporation and is left unmoved overnight. A 2D patch of particles spontaneously forms at the center of the
concave LG interface, whereas nonadsorbed particles sediment at the bottom of the cell. (B) Brightfield transmission microscopy image of the LG
interface with a particle concentration of Cp = 5 mg/mL, in the presence (left) and absence (right) of DTAB, Cs = 10 μM. (C) “Flipping method”: the
surfactant/particle mixture is placed in the cell prior to flipping it upside down so that gravity brings the particles to the LG interface. After 2 h, the
sample cell is flipped back to its original position. Adsorbed particles accumulate at the center of the concave interface to form a 2D colloidal patch. (D)
Brightfield transmission microscopy image of the LG interface with a particle concentration of Cp = 0.05 mg/mL, in the presence (left) and absence
(right) of DTAB, Cs = 10 μM. (E) Number of particles adsorbed at the LG interface, Nads, as a function of DTAB concentration using the flipping
method. Brightfield transmission microscopy images show the corresponding 2D colloidal assemblies: disordered (Cs = 1 μM), densely packed and
polycrystalline (Cs = 5−100 μM), densely packed and disordered (Cs = 500 μM), and loosely packed gels (Cs = 1 mM). Symbols and error bars show
mean values ± standard deviation (SD) from three individual experiments. All scale bars are 1 mm.
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concentrations, which are typically 3−4 orders of magnitude
lower than the CMC, surface tension effects are negligible.
Furthermore, by means of zeta potential measurements, we
demonstrate that there is no significant surfactant adsorption on
the particle surface. As a result, the adsorbed particles at the
interface maintained most of their initial charge, being able to
organize and eventually crystallize there. We suggest that it is the
preferential adsorption of the surfactant at the air−water
interface that diminishes the electrostatic barrier for particle
adsorption on the like-charged interface and therefore facilitates
the adsorption of anionic particles there.29 To our knowledge,
such an “electrostatic shielding” effect, which is reminiscent of
the role of salts in mediating particle adsorption at the air−water
interface,29−31 has never been described using surfactants. A
striking advantage of surfactants over simple salts is their
inherent ability to accumulate at the interface, and therefore to
increase their local shielding efficiency. As a result, we show that
particle adsorption and crystallization can be induced at
micromolar concentrations of the surfactant, which are at least
3 orders of magnitude smaller than typical electrolyte
concentrations used to promote particle adsorption.
We exploit this new principle and describe two practical ways

to induce the adsorption of anionic particles at the air−water
interface without neutralizing them. Through a combination of
wide-field transmission and confocal reflection microscopies, we
analyze the adsorbed particle monolayers and explain how both
surfactant and particle concentrations control the way particles
organize at the interface. We establish a phase diagram
evidencing a wide range of conditions where extended 2D
colloidal crystals can be obtained in a reproducible way. Finally,
we demonstrate that this same principle can be applied to
crystallize two different types of microparticles (anionic
polystyrene (PS) and silica) as well as nanoparticles, suggesting
that the approach is operational irrespective of specific
physicochemical particle properties. Overall, our findings
provide both a new look at particle behavior at fluid interfaces
and a useful guideline for the controlled preparation of 2D
materials in a novel, robust, and versatile manner.

■ RESULTS AND DISCUSSION
Particle Adsorption and 2D Organization at the Air−

Water Interface. Figure 1 shows a schematic representation of
our experiments. We mixed a dilute aqueous suspension of
anionic PS microparticles (cross-linked particles with both
sulfate and high density of carboxyl functional groups on their
surface, diameter 5.1 μm) with an aqueous solution of cationic
surfactant dodecyltrimethylammonium bromide (DTAB) in an
Eppendorf tube. The concentration of microparticles and the
surfactant in the final mixture was Cp = 5 mg/mL and Cs = 10
μM, respectively (CMC = 13.4 mM at 25 °C24). We transferred
200 μL of themixture to a cylindrical (diameter 7mm) chamber,
and we placed a glass coverslip on it to prevent water
evaporation. The aqueous mixture partially wetted the walls of
the chamber (contact angle ≈ 80°), resulting in a slightly
concave air−water interface. The sample was placed on the stage
of a home-built upright microscope and was left unmoved
overnight at room temperature (22 ± 2 °C). We called this
process, which did not involve any manipulation of the sample
cell, the “straight method” (Figure 1A). Inspection of the sample
with brightfield transmission microscopy revealed that, whereas
most of the microparticles accumulated at the bottom of the
chamber due to sedimentation, a significant number of particles
were spontaneously adsorbed at the liquid−gas (LG) interface.

These interfacial particles formed a 2D colloidal crystal at the
center of the LG interface, that is at the middle of the chamber
(Figure 1B, left). A representative movie, recorded shortly after
loading the surfactant/particle mixture in the chamber, showing
the formation of the 2D crystal is provided in the Supporting
Information (Movie S1). We hypothesized that DTAB was
responsible for promoting the adsorption of particles to the LG
interface and their subsequent crystallization in two dimensions.
To test this hypothesis, we repeated the same experiment in pure
water (no surfactant), and we found that almost no particles
were adsorbed at the air−water interface (Figure 1B, right). We
attributed the transport of the particles to the free interface to
convection. Flow visualization experiments revealed that
convective flows were always present in our samples, presumably
due to unavoidable small variations in ambient temperature (of
the order of 0.1 °C). Hence, we devised another simple method
to realize a controlled transport mechanism that would bring
particles to the LG interface in a fully controllable fashion. We
called it the “flipping method” (Figure 1C). After loading the
chamber with the surfactant/particle mixture, we inverted the
chamber and left it in this position for 2 h. Note that the capillary
forces prevented the liquid from flowing out of the chamber. We
maintained the surfactant concentration the same as for the
straight method (Cs = 10 μM); however, we employed a much
lower particle concentration, Cp = 0.05 mg/mL. We chose this
Cp because (i) it should yield a surface coverage similar to that in
the straight method (assuming that all particles adsorb to the
free interface) and (ii) the absence of sedimented particles at the
bottom of the chamber would allow for better transmission
imaging because of the absence of strong scattering. After 2 h, we
inverted the chamber once again to bring it to its initial position
(Figure 1C). Similar to the straight method, we observed the
formation of a circular 2D polycrystalline patch (Figure 1D,
left), having a diameter of 1.8 ± 0.1 mm composed of
monocrystalline domains (dark zones inside the patch)
separated by boundaries (bright lines inside the patch). We
analyzed the crystallization process of particles adsorbed at the
LG interface by recording their behavior soon after the second
flipping process (Movie S2). We observed that, similar to the
“straight method”, particles first accumulated at the center of the
chamber where the interface curvature was maximum, prior to
progressively crystallizing from the center of the patch to its
edge. The whole process (particle assembly and crystallization)
took about 5 h. A control experiment using the same colloidal
suspension but without the surfactant yielded no particle
adsorption at the LG interface, and thus no 2D structure was
formed (Figure 1D, right). We conducted further experiments
bymixing the particle suspensions with anionic (sodium dodecyl
sulfate, Figure S1) or nonionic surfactant (triethoxy mono-
octylether, Figure S2), and we found that almost no particles
were adsorbed at the interface. All these findings indicate that a
micromolar amount of the DTAB cationic surfactant induced
the adsorption of anionic particles at the air−water interface.
Once adsorbed, these particles accumulated at the center of the
concave interface where they self-organized into a mm-sized, 2D
polycrystalline colloidal crystal.

Influence of Surfactant Concentration on Particle
Adsorption and Interparticle Interactions at the Air−
Water Interface. To elucidate the role of the surfactant in
adsorption and further crystallization of the suspended particles
at the LG interface, we used the “flipping method” at a fixed
particle concentration (Cp = 0.05 mg/mL) and varying DTAB
concentration. We measured the number of particles adsorbed
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at the LG interface (Nads) as a function of Cs (Figure 1E). As
mentioned earlier, there was no particle adsorption for the
surfactant-free dispersions. For Cs = 1 μM, only a small amount
(Nads≈ 2.3× 103) of particles was adsorbed to the free interface.
These particles formed a small disordered patch of roughly
circular shape. Raising theDTAB concentration toCs = 5 μM led
to a dramatic increase in the number of adsorbed particles, with
Nads reaching a value of about 10

5 and the formation of a dense
circular patch with a diameter of 1.8 ± 0.2 mm. Further
increasing the DTAB concentration, in the range Cs = 10−500
μM, did not result in an increase of Nads, which remained of the
order of∼105 particles. Strikingly, thisNads was very close to the
total number of particles in suspension (1.4 × 105), confirming
that using the “flipping method” at this particle concentration,
themajority of suspended particles adsorbed at the LG interface.
Although particles always formed circular patches of approx-
imately a constant diameter, the microstructure of the colloidal
assemblies was dependent onCs. ForCs = 5−100 μM, all patches
displayed a polycrystalline structure except at their edges where
particles were less ordered. For Cs = 500 μM, particles were
organized in a dense but amorphous circular patch. For Cs = 1
mM, whereas Nads remained unaltered (Nads ≈ 105), the
adsorbed particles formed a loosely packed circular patch of an
increased diameter of ∼2.2 mm. Notably, the number of
adsorbed particles decreased with further increasing the DTAB
concentration, reaching Nads = 6.5 × 104 for Cs = 5 mM.

To investigate the evolution of the microstructure of the 2D
colloidal assemblies as a function of surfactant concentration, we
examined the central part of the patches by means of high
magnification transmission microscopy (Figures 2A and S3).
We quantified the observed structural evolution by computing
the radial distribution function (RDF) from these images
(Figure 2B). For Cs = 1 μM, the particles were organized in a
relatively dense arrangement but with no long-range order
(Figure 2B, blue curve). In striking contrast, for Cs = 5−10 μM,
particles were arranged in a closely packed hexagonal lattice with
only a few defects (Figure 2B, red and yellow curves). The
corresponding RDF confirmed the long-range positional order,
showing clear peaks up to distances (r) normalized with respect
to the particle diameter (D) of r/D = 10. This increased
positional order was maintained for r/D = 6 for higher DTAB
concentrations, up toCs = 100 μM. ForCs = 500 μM,most of the
long-range order was lost, whereas for Cs ≥ 1 mM, the structure
was disordered with patches adopting a 2D gel-like morphology
(Movie S3). Moreover, in the region where crystallization
occurred (Cs = 5−100 μM), the RDF analysis showed that the
positions of the first peaks were shifted to lower r/D values upon
increasingCs, indicating repulsive particles assembling at a closer
distance to each other with an increase inCs (inset of Figure 2B).
In particular, the position of the first peak decreased
progressively from r1/D ≈ 1.1 to nearly 1.0, showing that
particles were very close but not in contact when they

Figure 2. DTAB concentration tunes the organization of anionic PS particles (diameter = 5.1 μm) adsorbed at the LG interface using the “flipping
method”. (A) Representative brightfield transmission microscopy images of the 2D colloidal assemblies as a function of DTAB concentration (given),
at a fixed particle concentration Cp = 0.05 mg/mL. Zoomed images of the central area of the assemblies (indicated by a black rectangle) are shown in
the bottom row. The scale bars are 50 μm. (B) RDF computed from images as in (A) top row, as a function of DTAB concentration (Cs); r is the
interparticle distance andD is the particle diameter. The RDFs are vertically offset for the ease of comparison. The inset shows a magnified view of the
first peaks, revealing a shift toward shorter interparticle distances upon increasing surfactant concentration. (C) Zeta potential (ζ) measurements of
mixtures of PS particles (Cp = 0.05 mg/mL) with varying concentrations of DTAB. Symbols represent mean values of six independent measurements.
The error bars (SD, not shown) are smaller than the symbol size.
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crystallized. The role of surfactant concentration was thus shown
to be instrumental in controlling both the adsorption and
organization of particles at the LG interface. Adding a small
amount of surfactant promoted particle adsorption but adding
too much resulted in amorphous gel-like structures of “sticky”
particles. Crystallization thus occurred at a specific Cs range
where particles repelled each other with an interparticle distance
that decreased with an increase in Cs.
Role of the Electrostatic Surface Properties of the

Particles. To investigate how the electrostatic properties of
particles were affected by the presence of DTAB, we measured
the zeta potential (ζ) of the aqueous particle suspensions under
the conditions used in Figure 2A,B, by maintaining Cp = 0.05
mg/mL and varying Cs (Figure 2C). Note that these
measurements were performed in the bulk, and the exact
surface potential of particles adsorbed at the air−water interface
might differ from these values. However, as we will show later,
about 94% of the adsorbed particle diameter remains in the bulk
phase. Therefore, although local rearrangement of surfactants on
the particle surface can occur at the vicinity of the interface upon
particle adsorption, we can assume that the values measured in
the bulk can be used as good semiquantitative estimation of how
particles electrostatically interact once adsorbed at the interface.
The PS particles displayed a negative surface potential of ζ =
−50 mV in pure water, as a result of their dissociable surface
groups (being mostly carboxylic acid). For DTAB concen-
trations up toCs = 10 μM, ζ retained this value, indicating that in
this Cs range, there was no significant surfactant adsorption on
the surface of the particles. With increasing DTAB concen-
tration, the magnitude of the zeta potential started to decrease,
assuming values of ζ =−31 mV and ζ =−20 mV for Cs = 50 μM
and Cs = 100 μM, respectively. Further addition of DTAB led to
the neutralization (Cs = 0.5−1mM) and then to the sign reversal
(Cs = 5−10 mM) of the zeta potential, attributed to the
formation of a monolayer and then a bilayer of DTABmolecules
on particle surfaces, respectively.24 Particles adsorbed at the LG
interface thus significantly crystallized, that is, displayed a long-
range order, only when they remained highly negatively charged
and thus repulsive (5 ≤ Cs ≤ 100 μM). In this Cs range, the
correlation between the slight decrease in |ζ| and the decrease in
the interparticle distance (Figure 2B, inset) shows that the
surfactant concentration tuned the interparticle distance in
crystal domains through the modulation of the electrostatic
repulsion potential between the particles. Similarly, amorphous
and gel-like structures were obtained when the surfactant
neutralized the particles (Cs = 0.5−1 mM). All these results
show that short-range interparticle repulsion was necessary for
crystallization to occur, which occurred at a surfactant
concentration significantly lower than that necessary to
neutralize particles.
Effect of Particle Concentration on 2D Crystallization.

We observed that, at a very low surfactant concentration,
particles did adsorb while keeping a highly negative surface, but
they did not crystallize. For instance, although crystals were
formed at Cs = 10 μM, no crystallization occurred at Cs = 1 μM
and Cp = 0.05 mg/mL (Figure 2A) despite a highly negative zeta
potential (ζ = −36 mV). Interestingly, this situation
corresponded to a marked different amount of adsorbed
particles: Nads = 2.3 × 103 and 8.0 × 104 for Cs = 1 and 10
μM, respectively (Figure 1E). We explain this difference by a
higher amount of surfactant at the air−water interface, and
therefore a stronger electrostatic shielding, when increasing Cs.
To assess whether crystallization could occur at ultralow

surfactant concentration but for a higher number of adsorbed
particles, we used the “flipping method” to prepare colloidal
patches for various particle concentrations at a fixed Cs = 1 μM.
For very dilute suspensions (Cp = 0.01 mg/mL), almost no
particles were present at the LG interface (Nads = 290). A gradual
increase in Nads was observed with increasing particle
concentration from Cp = 0.05 mg/mL to Cp = 1 mg/mL, with
the respective values being Nads = 2.3 × 103 and Nads = 8 × 103.
Further raising Cp to 5 mg/mL resulted in a more drastic
increase inNads, which assumed a value of 2.3× 104 (Figure 3A).

The number of interfacial particles had a profound effect on
the microstructure of the 2D colloidal assemblies, as
demonstrated by the corresponding RDF shown in Figure 3B
(microscopy images are shown in Figure S4). For the lowest
particle concentration (Cp = 0.01 mg/mL) and hence the
minimum number of adsorbed particles, the resulting structure
was relatively closely packed but lacked any long-range order.
For Cp = 0.05−0.5 mg/mL, the degree of order increased as
shown by the emergence of sharp peaks at r/D = 2 and r/D = 3 in
the RDF. Interestingly, further increasing the number of
adsorbed particles by using more concentrated suspensions
drastically improved the degree of the 2D order, which extended
to distances r/D = 7 and r/D = 9 for, respectively,Cp = 1 mg/mL
and Cp = 5 mg/mL, corresponding to Nads = 8 × 103 and Nads =
2.3 × 104, respectively. Note that a similar evolution from
disordered to more ordered structures with increasing Cp was
also observed at a higher Cs (10 μM, Figure S5) but required

Figure 3. Raising the particle concentration Cp increases the number of
particles adsorbed at the LG interface and promotes 2D colloidal
crystallization in patches prepared at a fixed DTAB concentration (Cs =
1 μM) using the “flipping method” with anionic PS particles (diameter
= 5.1 μm). (A) Number of adsorbed particles (Nads) at the LG interface
as a function of particle concentration. Symbols and error bars show
mean values ± SD from three individual experiments. (B) RDF
computed from the images of the colloidal assemblies for different
values ofCp; r is the interparticle distance andD is the particle diameter.
The RDFs are vertically offset for clarity.
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lower values of Cp. All these results show that a sufficiently high
number of adsorbed particles are necessary for crystallization to
occur and that the range of the crystalline order increases with
increasingNads, a parameter that is directly controlled by Cp. We
attribute this effect to the so-called “collective sinking effect”,32

which accounts for the collective deformation of the interface
due to the presence of a large number of adsorbed particles.
Increasing Cp and therefore Nads enhances the collective
deformation of the interface, which in turn induces a long-
range gravity-driven attraction potential toward the interface
center, leading in the end to long-range crystallization.
Comparison between the “Straight” and “Flipping”

Method Experiments. As mentioned earlier (Figure 1), the
adsorption and the self-organization behavior of the particles at
the LG interface were qualitatively similar for the “straight” and
“flipping” methods. It is interesting at this point to scrutinize in
more detail the microstructural properties of the interfacial
colloidal assemblies resulting from these twomethods.We begin
by discussing the assemblies formed with the “straight” method
using a fixed particle concentration (Cp = 5 mg/mL) and varying
Cs. We utilized white light-based reflection confocal microscopy
to visualize the structure of the assemblies with higher vertical
and lateral resolution, as well as to quantitatively map the vertical
positioning of single particles at the LG interface, as discussed
later in more detail. The height images corresponding to particle
monolayers formed at different surfactant concentrations are
shown in Figure 4A, and the respective RDFs are presented in
Figure 4B. Highly organized polycrystalline patches were

formed for all DTAB concentrations in the range Cs = 1−100
μM. However, the long-range order of the interfacial structures
was dependent on the value of Cs. Well-ordered crystals for
distances up to r/D = 9 were observed for Cs = 1−50 μM, with
the interparticle distance decreasing with increasing Cs. The
range of the order considerably decreased for Cs = 100−500 μM
while largely disordered particle monolayers were observed for
Cs ≥ 1 mM. These results are in accordance with the ones
obtained with the “flipping” method at the much lower particle
concentration Cp = 0.05 mg/mL, except for the extreme cases of
very low and very high Cs. With the “straight” method, well-
ordered crystals were obtained for Cs = 1 μM, whereas the
“flipping” method led to the formation of an amorphous closely
packed colloidal patch. This dissimilarity can be explained by the
difference in the number of adsorbed particles, which was larger
with the straight method because of the much higher Cp (Figure
S6). This is also in agreement with the fact that crystals were
obtained at Cs = 1 μM using the “flipping”method by increasing
Cp (Figure 3). For Cs = 5 mM, the number of adsorbed particles
obtained with the “straight” method was very low (Figure 4A),
whereas it remained significant with the “flipping” method
(Figure 1E). We attribute this difference to the formation of
particle aggregates at such Cs and the different mechanisms that
transport particles to the interface. With the “flipping” method,
gravity was able to bring both single particles and aggregates to
the LG interface, resulting in a high number of adsorbed
particles. In contrast, with the “straight” method, convection

Figure 4. In situ confocal microscopy experiments reveal the exact positioning in three dimensions of the PS microparticles at the LG interface
obtained using the “straight”method. (A) Height images of the interfacial particle assemblies obtained by varying Cs (given) at Cp = 5 mg/mL. h is the
height protruding into air. The scale bar is 20 μm. (B) RDF corresponding to the height images shown in (A). RDFs are vertically offset for ease of
comparison. (C) Average value of the contact angle that each PS particle forms with the LG interface as a function of Cs. There is no point at 5 mM as
the images were not analyzable because of the very small h values. Details of these measurements are included in Figure S7.
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more selectively transported single particles, and therefore, only
a small number of particles could reach the LG interface.
The results from both the “straight” and “flipping” methods

show that DTAB concentration of the order of μM induced the
adsorption of particles at the LG interface, regardless of the
mechanism of transport (convection and sedimentation,
respectively). Adsorbed particles crystallized only when they
remained charged and, in that regime, surfactant concentration
tuned the interparticle distance in the colloidal crystal. For the
“flipping” method, where the mechanism responsible for
transporting particles to the interface was well controlled,
increasing the particle concentration in the suspension led to a
larger number of interfacial particles, which in turn favored
particle ordering.
Elucidating the Role of the Particle Contact Angle at

the LG Interface. From the confocal images of the particles at
the LG interface (Figure 4A), we measured the maximum height
(h) protruding in air for each particle. This allowed us to
calculate the contact angle (θ) measured through water that
each individual particle made with the air−water interface, θ =
arcos((D− 2h)/D) (Figure S7). Confocal microscopy was used
in the past and shown to extract reliable values of the contact
angle of single particles.33 Here, we expanded this principle to
measure in situ the contact angle of a large number of individual
microparticles at the LG interface. Figure 4C shows the
evolution of θ, averaged from about 103 individual particles, as
a function of Cs for Cp = 5 mg/mL. Interestingly, the contact
angle that the particles made with the LG interface did not
depend on DTAB concentration for Cs = 1 μM to 1 mM,
assuming a value of θ ≈ 30°. This constant value of θ shows that
changes in the wettability of the particles were not at the origin
of the marked evolution of particle organization at the LG
interface, from highly crystalline to amorphous structures when
Cs increased from 1 μM to 1mM.Moreover, the value of θ≈ 30°
corresponds to a protruding fraction of the particle diameter into
air of only P = h/d ≈ 6%. This strong immersion of particles in
the water phase shows that the short-range electrostatic
repulsion between adsorbed particles was mostly affected by
the surface charge of particles in water. The zeta potential
evolution measured in bulk (Figure 2C) was thus a good
estimation of how this surface charge was affected by the
concentration of the surfactant and how in turn it directly
controlled the organization of adsorbed particles.
Proposed Explanation for Particle Adsorption at a

Very Low Cationic Surfactant Concentration. First, we
have discovered that an amount of the DTAB cationic surfactant
of the order of Cs = 1−10 μM (i.e., 3 to 4 orders of magnitude
lower than the CMC = 13.4 mM) induced the adsorption of
anionic PS microparticles at the LG interface. It is known that
ionic surfactants adsorb onto oppositely charged particles and
can in turn induce their adsorption to fluid interfaces, by
significantly decreasing their charge and/or increasing their
hydrophobicity.20,34 This is, however, not the mechanism
explaining particle adsorption at such a low Cs observed in our
experiments. As we demonstrated by zeta potential measure-
ments in bulk (Figure 2C) and in situ measurements of the
particle contact angles at the LG interface (Figure 4C), particles
adsorbed at Cs where their wetting and electrostatic properties
were almost unaffected by the presence of the surfactant. We
suggest instead that the main role of the surfactant was through
their adsorption at the air−water interface. We propose that the
amount of the adsorbed cationic surfactant at the LG interface,
although very small, was enough to reduce the energy barrier

between adsorbing anionic particles and the like-charged LG
interface, which is the result of both the repulsive van der Waals
and electrostatic interactions between them.29,35 An effect
qualitatively similar to the surfactant-driven effect described
here has been reported in similar PS latex suspensions, where the
addition of simple electrolytes resulted in enhanced particle
adsorption to the air−water interface.29,31 In addition, organic
salts with hydrophobic ions have been used for promoting the
adsorption of oppositely charged nanoparticles to oil−water
interfaces.36 The height of the adsorption barrier, described by
the classical Derjaguin−Landau−Verwey−Overbeek theory
after considering the effects of the solvation zone around the
particles and the air−water interfacial regions, decreased with
increasing ionic strength of the suspension.31We believe that the
surfactant cations have an action similar to electrolytes;
however, they are more effective than the latter as they can
work at very low concentrations because of their preferential
accumulation at the LG interface, acting effectively as “super-
salts”. Our suggested mechanism is confirmed by our
observation that using anionic surfactant instead of the cationic
surfactant did not induce particle adsorption (Figure S1)
presumably because they increase the electrostatic adsorption
barrier for anionic particles.

Proposed Mechanism and Phase Diagram of Inter-
facial Particle Organization. Based on our results, we can
propose a general mechanism for the adsorption and subsequent
organization of anionic particles at the air−water interface, in the
presence of a small amount of cationic surfactant. Cationic
surfactant-induced particle adsorption at concentration Cs was
large enough to decrease the electrostatic barrier for particle
adsorption at the interface but small enough for the particle
charge to be preserved (Figure 2C), thus resulting in short-range
electrostatic repulsion between adsorbed particles which were
mostly immersed in the water phase (Figure 4C). Once
adsorbed, the interfacial microparticles did not leave the free
interface, which was due to the reduction of the total surface
energy associated with the transport of the particles from the
bulk to the partially wetted state at the interface,37 resulting in
the capillary trapping of particles at the interface in agreement
with earlier work. The contact angle of the particle/surfactant
aqueous mixture with the walls of the sample cell was always less
than 90°, resulting in a concave meniscus (Figure S8). As a
result, all adsorbed particles were subjected to a curvature-driven
gravity transport toward the center of the LG interface, resulting
in a long-range attractive potential toward the center of the
patch. The combination of this long-range attraction with the
short-range electrostatic repulsion at low Cs led to particle
organization into polycrystalline patches. We can thus discuss
how both surfactant (Cs) and particle (Cp) concentrations
controlled the way particles organized once adsorbed at the LG
interface. The general trend was that increasingCs, by promoting
surfactant adsorption both at the LG interface and onto the
surfaces of the particles, decreased the electrostatic potential
between particles. This first resulted in a decrease in the
interparticle distance within the colloidal crystals accompanied
by a progressive loss of the long-range order. At large Cs,
particles were not repulsive anymore and formed amorphous
gels. Increasing Cp, by increasing the number of adsorbed
particles, led to a stronger long-range attraction potential
because of the collective deformation of the interface by
adsorbed particles. It thus promoted crystallization for
surfactant concentrations at which adsorbed particles remained
repulsive. To analyze the synergistic role of these two
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parameters, we built a phase diagram where we represented the
experimentally observed state, that is amorphous or crystal, as a
function of Cs and Cp (Figure 5). In this phase diagram, four

zones were qualitatively distinguished. At low Cs and Cp, the
number of adsorbed particles was very small, resulting in a too
weak long-range attractive potential: the particles thus formed a
disordered phase (zone 1). At a given Cs, increasing Cp
promoted particle crystallization by the “collective sinking
mechanism”, an effect becoming weaker when the number of
adsorbed particles induced by the surfactant increased, that is, by
increasing Cs. The slope between zones 1 and 4 was thus
negative. At a moderately higher Cs but low Cp (zone 2),
particles did not crystallize because they were partially
neutralized by the surfactant. Increasing Cp at constant Cs
again promoted crystallization, but this effect became stronger
with a decrease in particle charge, that is, whenCs increased. The

slope between zones 2 and 4 was thus positive in that case. With
a further increase in Cs, particles became almost fully neutralized
by the surfactant, leading to sticky particles within the patches.
The adsorbed particles thus formed amorphous gels, most
probably regardless of particle concentration (zone 3). Zone 4
thus corresponds to the situation where both Cs and Cp allowed
the adsorption and organization of a large number of repulsive
particles into 2D polycrystalline patches.

Generalization of the 2D Crystallization Method with
Other Surfactants and Particles. We hypothesized that our
2D crystallization method should be applicable to different
anionic particle/cationic surfactant systems. To assess its
breadth of applicability, we first kept the same PS anionic
particles but replaced DTAB with a more hydrophobic cationic
surfactant, hexadecyltrimethylammonium bromide (CTAB). As
expected, CTAB induced particle adsorption and crystallization
at the LG interface in a way similar to DTAB (Figures S9−S11).
Particle adsorption was, however, promoted at a lower Cs
(Figure S9 cf. Figure 1), which we attribute to the higher
surface activity of CTAB (CMC = 0.92 mM24), implying that a
lower amount of the surfactant was enough to efficiently
decrease the adsorption barrier. Interestingly, the formation of
gels was also observed at Cs corresponding to particle
neutralization (Figures S9 and S10) and the contact angle
adopted approximately the same constant value (θ ≈ 30°) as
with DTAB (Figure S11).
Next, we kept DTAB as the cationic surfactant but used

hydrophilic anionic silica particles (diameter 4.6 μm, possess
surface silanol groups) instead of anionic PS particles. Because
silica particles (1.85 g/cm3 according to the manufacturer) are
denser than PS particles (1.06 g/cm3), we used the “flipping”
method to study their adsorption and crystallization behavior at
the LG interface. In the case of surfactant-free dispersions, we
observed no particle adsorption at the air−water interface
(Figure S12). On the contrary, 2D crystals were obtained when

Figure 5. Phase diagram of the patch organization as a function of PS
particle and DTAB surfactant concentrations. Symbols are exper-
imental data depicting an amorphous (sphere) or a polycrystalline
(triangle) state. The background colors qualitatively depict four zones
(see main text for details).

Figure 6.DTAB induces the adsorption and subsequent crystallization of both micrometer- and nanometer-sized negatively charged silica particles at
the LG interface. (A) Transmissionmicroscopy image of a 2D polycrystalline patch of 4.6 μmdiameter particles obtained with the “flipping”method at
Cs = 10 μM and Cp = 0.05 mg/mL. (B) High magnification image of the central region of the colloidal patch in (A). (C) Reflection image of the same
sample as in (A) obtained using white light illumination from the side of the chamber. The emergence of structural colors allows one to distinguish
adjacent monocrystalline domains. (D) RDF computed from an area of 250 μm× 190 μmof the colloidal crystal in (A). (E) Reflection image obtained
in the same conditions as in (C) but with 300 nm particles (Cs = 5 μM; Cp = 0.05 mg/mL). (F) SEM image of the colloidal patch after deposition on a
glass substrate. The scale bars are 300 (A,C,E), 50 (B), and 5 μm (F).
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DTAB was added to the suspension at the same concentration
(Cs = 10 μM) as in the case of PS particles (Figure 6A−D).
Interestingly, the entire colloidal assembly was crystalline in the
case of silica particles, a feature never observed in the case of PS
particles. Additionally, because of their higher density, the silica
particles quickly accumulated at the center of the LG interface,
resulting in amuch faster crystallization kinetics compared to the
case of the PS particles of similar size (Movie S4). Under our
experimental conditions, crystallization occurred simultane-
ously with particles gathering at the center of the LG interface,
resulting in the whole patch being formed and fully crystallized
in typically 20 min after the second flipping of the cell. We
believe that those aspects are a direct consequence of the
“collective sinking effect”,32 which was more pronounced in the
case of silica microparticles because of their higher density.
Finally, we observed that the monocrystalline domains were
generally composed of a higher number of particles compared to
the PS case, presumably due to the lower size polydispersity of
the silica particles. Interestingly, the highly ordered organization
of silica particles led to structural optical properties. With a
lateral white light illumination, the patches displayed selective
reflection, allowing one to distinguish adjacent monocrystalline
domains through the color shift induced by the abrupt change in
domain orientation (Figure 6C).
We applied the same protocol with submicrometer-sized silica

particles (300 nm in diameter) but using a longer time (∼20 h)
for particle sedimentation after the first flipping step. Notably,
we could observe the appearance of a similar structural colored
pattern indicating the formation of an ordered layer composed
of adjacent, monocrystalline, and mm-sized domains of
nanoparticles (Figure 6E). To further scrutinize the particle
organization, we deposited this layer on a glass substrate by slow
evaporation of the water solution. Scanning electronmicroscopy
(SEM) analysis of the deposited assembly revealed a long-
ranged hexagonal packing of particles in close contact (Figure
6F). Note that, with this method of deposition, because of
interface curvature, the evaporation led to the contact of the
particle layer with the substrate starting from its center followed
by a strong lateral stress when the surrounding liquid continued
to evaporate. This mechanical stress induced the formation of
cracks that were clearly visible in the SEM images (Figure 6F)
but did not disrupt the overall particle organization. Both
emergence of structural colors and a remaining organization
after deposition on the solid substrate indicate that nanometer-
sized particles were forming 2D polycrystalline assemblies at the
LG interface. All these results show that our method for 2D
organization at the LG interface was particularly efficient with
silica particles because of their high density, allowing us to
crystallize both micrometer- and nanometer-sized colloids.

■ CONCLUSIONS
We have shown that cationic surfactants induced the adsorption
of anionic particles at the air−water interface at concentrations
typically 103 smaller than their CMC. At such concentrations,
the surfactant could decrease the adsorption barrier of particles
at the air−water interface but did not significantly affect the
charge of particles. Particles thus adsorbed with a low contact
angle and remained stabilized (i.e., they did not aggregate)
mostly through electrostatic repulsions operating in the water
phase. We demonstrated that when the number of adsorbed
particles was high enough, the combination of interparticle
electrostatic repulsion and the long-range gravity-driven
attraction via the collective deformation of the interface led to

the formation of highly ordered polycrystalline assemblies. We
showed that interparticle repulsion and long-range attraction
was directly controlled by surfactant and particle concentrations,
respectively, making it possible to control not only the type of
organization (disordered, densely packed crystalline, densely
packed amorphous, and loosely packed gel) of the 2D colloidal
assemblies but also the interparticle distance.
With these findings, we have critically expanded the potential

of surfactants in addressing interfacial organization, and in
particular to control the behavior of particles at interfaces.
Widely used to increase particle hydrophobicity or to modify
interfacial energies, we have shown here that surfactants can also
directly govern colloidal crystallization at the air−water
interface. Demonstrated with two types of conventional cationic
surfactants, two different particle types and both micrometer-
and nanometer-sized colloids, we expect our strategy to be
readily applicable to a wide range of surfactant/particle systems
of scientific or industrial interest. We also believe that much
larger colloidal assemblies can be produced. Finally, the two
practical ways to prepare colloidal crystals described in this
work, namely the “straight” and the “flipping” methods, can be
easily adapted to various user needs. Advantageously combining
extreme simplicity and controllability over the colloidal
assembly characteristics (through well-defined physicochemical
parameters such as surfactant or particle concentration), they
concretely pave the way toward a universal and highly robust
procedure for user-defined and finely tunable colloidal
assemblies.
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(19) Maestro, A.; Guzmań, E.; Ortega, F.; Rubio, R. G. Contact Angle
of Micro- and Nanoparticles at Fluid Interfaces. Curr. Opin. Colloid
Interface Sci. 2014, 19, 355−367.
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