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Abstract. The motion of electrically charged particles under crowding conditions and subjected to
evaporation-driven capillary flow might be ruled by collective diffusion. The concentration gradient de-
veloped inside an evaporating drop of colloidal suspension may reduce by diffusion the number of particles
transported toward the contact line by convection. Unlike self-diffusion coefficient, the cooperative diffusion
coefficient of interacting particles becomes more pronounced in crowded environments. In this work, we
examined experimentally the role of the collective diffusion of charge-stabilized nanoparticles in colloidal
patterning. To decouple the sustained evaporation from the contact line motion, we conducted evaporating
menisci experiments with driven receding contact lines at low capillary number. This allowed us to explore
convective assembly at fixed and low bulk concentration, which enabled to develop high concentration gra-
dients. At fixed velocity of receding contact line, we explored a variety of substrate-particle systems where
the particle-particle electrostatic interaction was changed (via pH) as well as the substrate receding contact
angle and the relative humidity. We found that the particle deposition directed by receding contact lines
may be controlled by the interplay between evaporative convection and collective diffusion, particularly at
low particle concentration.

1 Introduction

Colloidal assembly by convective/capillary deposition is
used for particle templating in emerging areas such as
nanostructure engineering, electro-optics, chemical and bi-
ological sensors, catalysis and membranes [1]. It is well-
established that inside evaporating sessile drops with con-
tact angles lower than 90◦ and pinned triple contact lines,
a convective flow is produced due to the significant loss of
liquid in the vicinity of the contact line where the evapo-
ration rate is divergent [2]. The velocity field in the drop
is space- and time-dependent and it further depends on
the substrate contact angle. Small contact angles increase
the diverging evaporation rate along the contact line [2,
3]. When the evaporating drop contains colloidal parti-
cles, this evaporation-driven capillary flow transports the
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particles towards the contact line from the drop bulk and
a particle concentration gradient should exist in the drop.
Deegan et al. [4] neglected the diffusion of solute in their
theory but they noticed that “if the size of the solute par-
ticles is small, diffusive currents become comparable to
the advective current”.

Since the local gradient of particle concentration in-
creases for evaporation, the Fick’s law establishes that an
inward flow is created by particle cooperative diffusion.
This flow intends to balance the solute concentration in
bulk. This way, at least two opposing flows may occur in a
pinned evaporating drop of colloidal particles (see fig. 1).
In absence of other significant flows of different origin, the
competition between both convective and diffusive flows
might dictate the final deposit shape [5,6] or even the
suppression of deposit [7,6], if the particles mostly diffuse
away from the contact line.

In dense systems, mutual or collective diffusion takes
relevance rather than self-diffusion (individual motion of
one particle in a suspension induced by impacts of solvent
molecules). At high particle concentrations, many-body
direct and hydrodynamic interactions must be considered
to correctly describe the collective diffusion behavior [8].
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Fig. 1. Flows developed near the receding contact line of evap-
orating sessile drops containing charged nanoparticles: outward
evaporation-driven flow and inward concentration gradient-
driven flow.

In hard-sphere suspensions, the hydrodynamic interaction
between the particles slows down their diffusional motion
and almost cancels the increase of osmotic compressibility.
Otherwise, in highly charged suspensions at low concen-
trations, the hydrodynamic interaction may even enhance
diffusion [8]. Further, the interparticle repulsion leads to
an enhancement of collective diffusion [9–11]. Close to the
random-close-packing fraction, although the assembly of
interacting particles still presents a finite permeability, the
osmotic compressibility diverges as the direct interparti-
cle interactions. Due to this, the collective diffusion co-
efficient rapidly diverges around the maximum packing
fraction [12,13].

Interparticle and substrate-particle electrostatic inter-
actions may alter the particle deposition/patterning [14–
19]. Recently, several experimental works have stressed the
role of the electric charge of colloidal particles in the solid-
ification of suspensions with an enhanced collective diffu-
sion [20–22]. The transition between structures of charged
silica nanoparticles formed by varying the environmental
pressure of evaporating drops, as reported by Askounis et
al. [23], might also reveal the competition between both
convective and diffusive flows. However, in freely evap-
orating drop experiments, the particle concentration in
bulk increases as the drop volume decreases [24]. This
can significantly reduce the concentration gradient at the
triple line and in consequence, no effect on the particle de-
posits is observed due to the collective diffusion. Besides,
the complex diffusional properties of colloidal suspensions
(space- and time-dependent field) are hardly measurable
in situ for an experiment of drying drop.

In this work, we studied the effects caused by the col-
lective diffusion of charged nanoparticles on the colloidal
patterning produced by driven contact lines of receding
menisci at low capillary number like in dip-coating exper-
iments. Unlike free evaporation experiments, in our ap-

proach the particle concentration in bulk remains constant
during the entire experiment and the effects due to the
particle concentration gradient at the contact line can be
noticeable. With fixed values of velocity of driven triple
line and nanoparticle concentration, we explored a variety
of substrate-particle systems where the particle-particle
electrostatic interaction was changed (via pH) as well as
the evaporative flux through the relative humidity and
the receding contact angle by using two substrates: glass
and PMMA. Finally, we examined the effect of nanoparti-
cle concentration on the patterning when the electrostatic
particle-particle repulsion was minimized and enhanced,
separately.

2 Materials and methods

2.1 Substrates

We employed glass microscope cover slips (0.1mm thick,
60×24mm2, Menzel-Glaser) and polymethylmethacrylate
(PMMA, 1.1mm thick, CQ grade, Goodfellow) as sub-
strates for the deposit formation. We selected these ma-
terials by their different and stable wettability response,
transparency and purity degree. To obtain substrates of
similar dimensions, the PMMA sheets was adequately cut
into pieces of 60 × 24mm2. Before each experiment, the
PMMA surfaces were cleaned ultrasonically in a detergent
solution (Micro90) for 10min, followed by a prolonged ul-
trasonic rinsing in Milli-Q water (20min). The glass sur-
faces were sonicated in the detergent solution (15min),
next in a solution of 70% (v/v) acetone (25min), then in
a solution of 70% (v/v) ethanol (15min) and finally in
Milli-Q water (15min).

The roughness of the substrates was measured from
their 3D topographies acquired with a white light confo-
cal microscope (PLμ, Sensofar Tech S.L.). The values ob-
tained for the root mean square roughness were 6.5 nm and
< 25 nm for glass and PMMA, respectively. The roughness
of the two substrates at maximum vertical resolution and
minimum horizontal scale was lower than the sizes of the
particles studied.

To characterize the substrate contact angle hystere-
sis, we measured the water advancing (θa) and receding
contact angles (θr) with the captive bubble method [25].
We employed this method due to the low receding contact
angle of the glass substrates (lower than 20◦). Moreover,
captive bubble experiments are closer to the experimen-
tal conditions of the driven menisci experiments: moving
contact lines on a previously wetted surface. Details of
the experimental set-up used for contact angle measure-
ments is described elsewhere [25]. Drop profiles were ana-
lyzed with the Axisymmetric Drop Shape Analysis-Profile
(ADSA-P) technique. With this approach, the drop pa-
rameters such as contact angle, contact radius, area, vol-
ume and surface tension were extracted. We used Milli-Q
water for the captive bubble experiments. The air was in-
jected/suctioned with a microinjector (PSD3, Hamilton)
and a 250μl syringe (Hamilton). The air volume was ex-
changed to the captive bubble at quadratic flow rate [26].
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Initially, a 20μl bubble was injected to produce a cen-
tered growing bubble and the maximum bubble volume
was 120 μl. As expected from previous studies on surface
energy [27], the contact angle hysteresis of the glass sub-
strates was negligible (θa = 16 ± 4◦ and θr = 10 ± 3◦)
compared with the PMMA substrates (θa = 93 ± 1◦ and
θr = 62 ± 1◦) [28]. The water receding contact angle of
these substrates did not depend on the pH value.

2.2 Nanoparticle suspensions

For the experiments of driven receding menisci, we used
commercial aqueous suspensions of spherical nanoparti-
cles. We selected particles with properties (wettability
and electric charge) similar to the substrates selected.
We purchased nanoparticles of glass (AttendBio Research,
50 nm), PMMA (Microparticles, 130 nm) and silica (SiO2,
90 nm, kindly supplied by Klebosol). The maximum par-
ticle concentration (w/w) of these suspensions was Φm =
50% (for glass and SiO2) and 5% for PMMA. The electric
charge of the glass and SiO2 particles is due to the disso-
ciation of surface silanol groups in aqueous medium. In-
stead, the PMMA particles are electrostatically stabilized
through surface sulfate groups from the initiator during
the polymerization process. The PMMA particles are con-
stantly charged because the strongly acidic sulfate groups
are fully dissociated in all relevant solution conditions.

To change the electrostatic double layer interactions
(referred to as electrostatic interactions in the text), we
varied the particle electric charge through the medium
pH [16]. Particle suspensions were diluted in buffer solu-
tions of low ionic strength (≤ 15mM) by dialysis. A sam-
ple of 10ml of particle suspension was dialyzed against
1 l of buffer solution for 5 h and next, the buffer solution
was exchanged twice. We used a dialysis tubing cellulose
membrane (D9652, Sigma Aldrich) with a size pore in the
range of 1–2 nm. We assumed that the thermal Marangoni
flow was negligible at room temperature in our aqueous
systems. From surface tension measurements (see fig. S1
in Supplementary data), we also discarded other sources
of Marangoni stress such as surfactant concentration gra-
dients.

We measured the particle electrophoretic mobility
as function of pH value using a Zetasizer Nano device
(Malvern, 4mW He-Ne laser, 633 nm wavelength). The
particle concentration used in the electrophoretic mobil-
ity measurements was Φm = 0.01%. The results are shown
in fig. 2. The three different nanoparticles were negatively
charged for the pH values studied. The electric charge of
the glass and SiO2 nanoparticles at pH 2 was very low and
weak for the PMMA nanoparticles. Instead, all particles
presented a maximum charge at pH 9.

In drop evaporation, it is difficult to distinguish be-
tween diffusive and convective displacements of particles
by imaging techniques. Besides, the Stokes-Einstein equa-
tion is not valid [22]. Due to this, we characterized the
“free” diffusion of the nanoparticles in suspension, not
confined. We measured the diffusion coefficient of the
particles used in the driven menisci experiments with a
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Fig. 2. Electrophoretic mobility as a function of pH of the
SiO2, glass and PMMA nanoparticles. The electrophoretic mo-
bility measurements were performed at Φm = 0.01%.

particle size analyzer (ALV-GmbH, 3mW He-Ne laser,
632.8 nm wavelength) operating in back scattering mode
(detector at an angle of 173◦ with respect to the laser) to
suppress multiple scattering contributions in concentrated
systems [29]. The measurements were performed over the
range of particle concentrations Φm = 0.1–20% and for
the weakest and strongest interparticle electrostatic re-
pulsions (pH 2 and pH 9, respectively). The nanoparti-
cle dispersions remained colloidally stable throughout the
concentration range explored.

2.3 Driven menisci set-up

To produce the nanoparticle deposition in conditions sim-
ilar to the standard dip coating technique, we controlled
the receding motion of a meniscus confined between two
vertical parallel plates. The sustained evaporation plays
a very important role in the drying of nanoparticle sus-
pensions at driven receding contact lines. However, evap-
oration and contact line dynamics can be decoupled at
macroscopic scale [30,17,31,28]. Using this planar config-
uration, stripe-like deposits are typically obtained like the
concentric rings found occasionally with evaporating ses-
sile drops [32,33]. The “stick-slip” motion of the driven or
free contact line is the responsible for this periodical de-
posit morphology although it depends on several param-
eters such as contact line velocity [34], temperature [35]
or substrate wettability properties [28]. Our experimental
device is shown in fig. 3. The substrates were placed in a
glass cuvette (Hellma) with dimensions 50×50×10mm3.
The cuvette was closed, not sealed. The substrates were
carefully separated at the upper and lower positions to
maintain a distance of 1mm. The cuvette was filled with
15ml of nanoparticle suspension and the meniscus was
formed between the two parallel substrates by free capil-
lary rise, which corresponded to the advancing meniscus
configuration. In our set-up, the receding motion of the
evaporating meniscus was driven by pumping out the sus-
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Fig. 3. (a) Layout of the set-up used for driven menisci experi-
ments: 1) vertical cuvette, 2) planar light source, 3) B/W CCD
camera, 4) collector tube of the outgoing suspension, filled with
water and connected to the 5) microinjector. (b) Dimensions
of the cell with the input of dry air and the pump-out system.

pension (reservoir) with a syringe (Hamilton, 12.5ml) at
constant flow rate (3.47 μl/s) using a microinjector (PSD3,
Hamilton). To reach the receding configuration of the con-
tact line from the beginning of each experiment, we man-
ually removed a small amount of liquid from the reservoir
with a syringe.

To monitor the contact line dynamics of the driven re-
ceding meniscus, we acquired images with a CCD (Retiga
1300, QImaging, 16μm/pixel) and backlight illumination
at 1.7 fps during the entire experiment (approx. 1 hour).
The images were analyzed using the software Mathemat-
ica. This way, the contact line position was determined as
a function of time and the contact line velocity was esti-
mated. During the entire experiment, the meniscus con-
tact line and the reservoir level moved at the same veloc-
ity separated by a fixed distance (receding capillary rise).
However, we examined the central region of the substrates,
far from the borders, which corresponded to a maximum
displacement of contact line of 14mm (glass substrate).
As a result, upon minimum evaporation (closed cuvette,
RH = 94–98%), we reproduced uniformly moving contact
lines at 7μm/s, which agreed with the nominal linear ve-
locity (6.9μm/s).

The relative humidity was measured in situ with a hu-
midity and temperature microsensor (Sensirion SHT71)
under experimental conditions. We injected into the cu-
vette a flow of dry air (RH = 2%), previously passed
through drierite (Sigma-Aldrich), to reduce the actual RH

up to ≈ 65%. All experiments were carried out at room
temperature (20–23 ◦C). From two experiments conducted
with Milli-Q water at RH = 65% and 94% (without dry
air) with glass substrates, we estimated the contact line
velocity due to evaporation in roughly 1μm/s (see fig. S2
in Supplementary data). In a strict sense, contact line dy-
namics in our experiments is ruled by the interplay of the
local evaporation, at microscopic scale, and the driven mo-
tion. However, the overall evaporation and the dynamics
of the whole liquid-vapor interface are de facto decoupled.

The final deposits were analyzed using the white
light confocal microscope (PLμ, Sensofar Tech S.L.) with
50× and 20× objectives (Nikon, 285.8 × 209.6μm2 and
694.4 × 510.09μm2) and occasionally with a 10× objec-
tive (Nikon, 1.39×1.02mm2). To visualize the deposits at
lower scale, we utilized an atomic force microscope (Multi-
Mode Scanning Probe Microscope Nanoscope IV, Veeco).
To obtain a rough estimate of the amount of mass de-
posited (number of particles) in each case, we measured
the area of the corresponding longitudinal profiles over a
fixed substrate region and taking as zero level in height the
bare surface of the substrate (found by scratching). Next,
we computed the effective volume of the deposit by mul-
tiplying the former area by the substrate width (24mm),
because the patterns usually covered entirely the substrate
surface. This effective volume was divided by the volume
of a single particle. Although the particle packing in the
deposits might depend on the deposition rate at the con-
tact line, to reach an order of magnitude of the amount
of material deposited, we indistinctly assumed that there
were no gaps between the particles deposited.

3 Results and discussion

3.1 Diffusion coefficient of the nanoparticles

The results of light back-scattering experiments with the
glass and PMMA nanoparticles at pH 2 and pH 9 are
shown in fig. 4. When the interparticle electrostatic repul-
sion was strong (at pH 9, see fig. 2), we found that the dif-
fusion coefficient increased as the particle concentration.
However when the interparticle electrostatic interactions
were weak (at pH 2, see fig. 2), a smaller increase of diffu-
sion coefficient was observed compared with the observed
at pH 9. It is known that, in photon correlation spec-
troscopy experiments [10], when the inverse of the scat-
tering vector is much greater than the mean interparticle
spacing (concentration dependent) then the measured in-
tensity and its autocorrelation function are dominated by
the collective diffusion of the particles. Due to this, for
the size of particles studied, the range of concentration
explored and the scattering angle and wavelength of our
set-up, a crossover from self-diffusion to collective diffusion
is actually measured. However, as expected, our results
confirm that collective diffusion increases as particle con-
centration when the interparticle electrostatic repulsion is
enhanced [10]. This effect should be more remarkable dur-
ing the arrangement of charged particles at the triple line
in the driven receding meniscus experiments.
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Fig. 4. Diffusion coefficient as a function of the concentra-
tion of glass, PMMA and SiO2 nanoparticles at two pH values.
Dashed lines represent the nominal (self-)diffusion coefficient
calculated from the Stokes-Einstein relation for each nanopar-
ticle.

Fig. 5. Stripe-like deposits of glass nanoparticles at pH 2 and
pH 9 on glass substrates obtained with the driven menisci set-
up. The concentration of nanoparticles was Φm = 3%.

3.2 Driven menisci experiments: Effect of the
particle-particle repulsion

The topographies of the stripe-like deposits formed on
the glass substrates with weakly and strongly repulsive
glass nanoparticles at Φm = 3% are shown in fig. 5. Dif-
ferences in the pattern morphology were observed when

Fig. 6. Deposits of glass nanoparticles at pH 2 and pH 9 on
PMMA substrates obtained with driven menisci experiments.
The concentration of nanoparticles was Φm = 3%.

the particle-particle electrostatic interaction was varied.
When the interparticle electrostatic repulsion was negligi-
ble (pH 2), the stripe width was smaller than the width
in the pattern obtained with strong interparticle electro-
static repulsion (pH 9). When the substrate receding con-
tact angle was changed, by using PMMA substrates, the
results of deposition of glass nanoparticles at pH 2 and
pH 9 were noticeably different (see fig. 6). The PMMA-
glass system (substrate-particle system) at pH 2 revealed
unresolved striped deposits although no particle deposit
was formed at pH 9. To study the plausible role of the
particle wettability in the deposit morphology, we per-
formed driven menisci experiments with the glass-PMMA
and PMMA-PMMA systems at pH 2 and pH 9. We also
found different morphologies of striped patterns with the
glass-PMMA system when the pH was changed. The great-
est deposits (width and height) were obtained with the
PMMA-PMMA system at pH 2 but no particle deposition
was observed at pH 9, as happened with the PMMA-glass
system.

We classified the different substrate-particle systems
studied into symmetrical and asymmetrical systems. In
fig. 7, we plot the deposit profiles for each type of system.
The striped patterns formed with the glass-glass system
and the large stripe obtained with the PMMA-PMMA sys-
tem at pH 2 are confirmed. The distance between stripes
formed with the PMMA-PMMA system at pH 2 was so
large that only one stripe at once could be visualized
with the 10× objective. No deposition was found with
the PMMA-PMMA system at pH 9. At pH 2, stripe-like
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Fig. 7. Deposit profiles formed with the symmetrical
substrate-particle systems at pH 2 and pH 9: (a) Glass-glass
system and (b) PMMA-PMMA system and the asymmetrical
substrate-particle systems at (c) pH 2 and (d) pH 9. The con-
centration of nanoparticles was Φm = 3%.

deposits were also obtained with the asymmetrical sys-
tems. Although the distance between stripes was very sim-
ilar in both systems, the glass-PMMA system revealed

much higher deposits but it cannot be explained by the
larger size of the PMMA nanoparticles. Instead, at pH 9,
a striped pattern was obtained with the glass-PMMA sys-
tem but no deposit was formed with the PMMA-glass sys-
tem. These results are summarized in table 1.

The main feature of the symmetrical systems is that
the substrate-particle wettability contrast (differences be-
tween receding contact angles) is minimized. Otherwise,
in the asymmetrical systems, the wettability contrast is
negative for the glass-PMMA system and positive for the
PMMA-glass system. However, there is no correlation be-
tween the substrate-particle wettability contrast and the
final deposit (see table 1). When the substrate used was
PMMA at pH 9, no deposit was formed regardless of the
type of nanoparticle used. The glass and PMMA nanopar-
ticles at pH 9 may develop higher collective diffusion if a
concentration gradient in the suspension is established.
Further, these nanoparticles are subjected to a moderate
convective flow due to the high receding contact angle of
the substrate. As consequence, the nanoparticle deposi-
tion at driven receding contact lines was unfavored be-
cause the significant diffusive flow canceled or overcame
the outward convective flow. Unlike the case PMMA-glass
at pH 2, when the PMMA nanoparticles were used in the
same conditions (PMMA-PMMA at pH 2), the deposits
were unexpectedly high and distant. Further work should
be addressed to understand this result. To examine the
effect of the diffusive flow when the convective flow is min-
imized, we performed menisci experiments with the glass-
glass and PMMA-glass systems at pH 2 and pH 9. These
experiments were carried out under vapor-saturated con-
ditions, with no dry air flow in the closed cuvette. This
way the relative humidity inside the cuvette increased up
to ≈ 94%. The AFM images obtained for the glass-glass
system are shown in fig. 8. Particle deposits were only
found at pH 2. The residual convective flow on the (very
hydrophilic) glass substrate was still significant compared
with the collective diffusion of nanoparticles at pH 2. In
the PMMA-glass system, where the convective flow was
much less noticeable than on the glass substrate, no de-
posit was found at both pH values. Since the convective
flow at RH ≈ 94% was significantly reduced regardless of
the substrate receding contact angle, the flow was com-
pletely suppressed by collective diffusion at pH 9.

The substrate charge at low ionic strength seems to
be irrelevant in this scenario [15], where the intense flows
developed close to the triple line are capable to drag
charged particles even very close to the like-charged sub-
strate. We have observed with fluorescence confocal mi-
croscopy [36] that positively and negatively charged par-
ticles are transported towards the contact line at a lower
rate than nearly uncharged particles, regardless of the
substrate used. Further, we have observed by optical
microscopy (not shown) how charged particles on like-
charged substrates are mostly trapped at receding contact
lines rather than barely charged particles. This proves that
the charged particles are not arrested by the surface and
become laterally mobile. Instead, since the convective flow
collects a greater number of barely charged particles close
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Table 1. Deposit formed with the symmetrical and asymmetrical systems.

Nanoparticle Glass substrate PMMA substrate

Barely charged glass (pH 2) Stripe-like deposit Weak stripe-like deposit

Charged glass (pH 9) Stripe-like deposit No deposit

Barely charged PMMA (pH 2) Uneven stripe-like deposit Unresolved stripe-like deposit

Charged PMMA (pH 9) Stripe-like deposit No deposit

Fig. 8. Atomic force microscopy images of the deposits ob-
tained with driven menisci experiments under saturation con-
ditions (RH ≈ 94%) for the glass-glass system at pH 2 and
pH 9.

to the triple line, self-pinning is enhanced. The role of the
substrate seems to be more relevant through its reced-
ing contact angle by a two-fold effect: the size of wedge-
shaped region near the contact line and the magnitude of
the evaporation-driven convective flow.

Regarding the (primary) electroviscous effect [37] on
the collective diffusion coefficient of stabilized colloidal
suspensions, we are aware of the plausible impact of the
particle charge on the water viscosity in the vicinity of the
particle surface. The expected increase of the viscosity of
a suspension containing interacting particles beyond the
dilute limit [37] should indeed reveal their collective dif-
fusive motion (see fig. S3 in Supplementary data). To in-

Fig. 9. Deposits of SiO2 nanoparticles at pH 2 and pH 9 on
glass substrates with driven menisci experiments. The concen-
tration of nanoparticles was Φm = 0.5, 1 and 5%.

clude the electroviscous effect in the calculation of the col-
lective diffusion coefficient of interacting particles is cer-
tainly difficult. It is known that the electrolyte friction of
a single spherical nanoparticle has a weak effect on the
self-diffusion coefficient [38]. The results obtained in this
work with the strongly charged PMMA particles on two
different substrates (PMMA and glass) and on the same
substrate (glass) but at two different RH values (65% and
94–98%) point out that the primary electroviscous effect
was negligible.

3.3 Driven menisci experiments: Effect of the
nanoparticle concentration

To examine the effect produced by the nanoparticle con-
centration on the patterning, we conducted experiments
on glass substrates with the SiO2 nanoparticles at increas-
ing concentrations (Φm = 0.5–30%), and at two pH values
(pH 2 and pH 9). This way, the convective flow was fixed
by the substrate receding contact angle.

It is clear the transition found in the pattern mor-
phology as the particle concentration was changed, al-
though with differences as the pH value used (see fig. 9).



Page 8 of 9 Eur. Phys. J. E (2016) 39: 20

0 50 100 150 200 250
0.0

0.1

0.2

0.3

0.4

0.5
 

H
ei

gh
t (
μm

)

Distance (μm)

 0.5%  1%  5% pH2

0 50 100 150 200 250
0.0

0.1

0.2

0.3

0.4

0.5
 

H
ei

gh
t (
μm

)

Distance (μm)

 0.5%  1%  5% pH9

(a)

(b)

Fig. 10. Deposit profiles formed with the glass-SiO2 system
at (a) pH 2 and (b) pH 9. The concentration of nanoparticles
was Φm = 0.5, 1 and 5%.

The deposit profiles are shown in fig. 10. The nearly un-
charged nanoparticles formed patterns even at 0.5%, al-
though unresolved. With these particles, the substrate was
completely covered (see fig. 10(a)). Otherwise, when the
nanoparticles were charged, almost no deposit was found
at 0.5% although a spiderweb-like deposit was found at
1%. However, well-defined striped patterns were formed
with both particles at 5%. At higher concentrations (to-
pographies not shown), the resulting striped patterns
were more complex due to the plausible occurrence of
Marangoni recirculating flows (see fig. S1-b in Supple-
mentary data) and the increase of viscosity (see fig. S3
in Supplementary data). The difference found at low par-
ticle concentrations might be explained in terms of com-
petition between the outward convective and inward diffu-
sive flows. Compared to the barely charged particles, lower
number of charged particles was transported towards the
contact line because they preferred to diffuse towards the
bulk (see fig. 4).

From the profiles of fig. 10, the amount of mass de-
posited was estimated. The number of SiO2 nanoparticles
deposited on glass substrates for increasing concentrations
is plotted in fig. 11. Significant differences are observed
as the particle electric charge. The amount of material
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Fig. 11. Number of SiO2 nanoparticles deposited on glass sub-
strates with driven menisci experiments in terms of the par-
ticle concentration. The nanoparticles were nearly uncharged
(pH 2) and charged (pH 9). For concentrations below 0.5%, the
charged particles did not formed deposits.

forming the deposits is noticeably greater with the barely
charged nanoparticles (pH 2) up to Φm = 5%. From this
concentration, the number of SiO2 nanoparticles deposited
was independent of the pH value. Instead, the deposits
formed with the charged nanoparticles grew steadily as
the particle concentration up to Φm = 25%, where the
deposit growth seems to saturate. The plausible decrease
of the concentration gradient between the triple line and
the suspension as the bulk concentration increases might
explain the disagreement found between the nearly un-
charged and charged nanoparticles at low concentration.
According to Fick’s law, a lower gradient mitigates the
collective diffusion even for the charged nanoparticles.

4 Conclusions

Unlike typical experiments of free drop evaporation, evap-
orating menisci experiments with driven receding contact
lines allow to explore convective assembly at fixed and low
bulk concentration, which enables to develop high concen-
tration gradients. Particle deposition at driven receding
contact lines may be controlled by the interplay between
evaporative convection and collective diffusion. When the
evaporation flow is weak, deposition can be suppressed if
the long-range interparticle repulsion becomes important
and the diffusion overcomes the particle transport by con-
vection before reaching the triple line. In this scenario, the
receding contact angle of the substrate and the relative hu-
midity dictate the strength of the convective velocity field.
Diffusive flow takes relevance at low particle concentra-
tion, when the gradient between the contact line and bulk
is important. In this case, the particle-particle repulsion
produces a significant transition in the final pattern mor-
phology and reduces the number of particles deposited.
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