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Complete understanding of colloidal assembly is still a goal to be reached. In convective assembly deposition, the concentration
gradients developed in evaporating drops or reservoirs are usually significant. However, collective diffusion of charge-stabilized
particles has been barely explored. The balance between convective and diffusive flows may dictate the particle dynamics inside
evaporating colloidal drops. In this work we performed in situ counting of fluorescent particles in the vicinity of the triple line
of evaporating sessile drops by using Confocal Laser Scanning Microscopy. We used particles of different size, with different
charge response over the pH scale and we focused on charged and nearly uncharged particles. Two substrates with different
receding contact angle were used. Binary colloidal mixtures were used to illustrate simultaneously the accumulation of particles
with two different charge states at the triple line. The deposition rate close to the triple line was different depending on the

electric state of the particle, regardless of the substrate used.

1 Introduction

Convective/capillary self-assembly is a rising topic due to its
multiple applications ™. Colloidal assembly inside a sessile
drop is ruled by the so-called “coffee ring” effect>. During
the evaporation of a sessile drop, due to its curved geometry©,
a surface gradient of the local evaporation rate is established
leading to a faster evaporation at the three-phase contact line.
To balance this liquid loss, a convective flow is originated in-
side the drop towards the triple line. Full description of the
velocity field associated to this flow is a non trivial task be-
cause velocity depends on time, position and receding contact
angle”. The latter dependance states that lower receding con-
tact angles produce higher convective flows®.

As particles accumulate close to the contact line, a concen-
tration gradient will occur inside the evaporating drop and,
to counteract it, particle diffusion should develop an inward
counterbalancing flow following the Fick’s law. Collective
diffusion in dense systems depends on hydrodynamic and

t Electronic Supplementary Information (ESI) available: Pdf document with
Figure S1: Electrophoretic mobility of glass (40nm, 0.01% (w/w), AttendBio)
and PMMA nanoparticles (110nm, 0.01% (w/w), Microparticles) in terms of
pH. Pdf document with Figure S2: Sequence of images of negatively charged
MEF-1 particles at pH12 and 0.01% (w/w) over a PMMA substrate. The ob-
jective used was 40X to visualize a greater area for illustrative purposes. The
accumulation of particles at the fixed contact line is clear (a-c). After 490s, the
triple line began to recede (d) and it transported the charged particles. Several
isolated deposits (e-h) were formed due to local pinning of the contact line.
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many-body direct interactions®. It is known that the collec-
tive diffusion coefficient diverges as the concentration is close
to the maximum packing fraction'®!!. This increase is much
greater for charged particles than for uncharged particles '2. In
this scenario, convective/capillary deposition of charged par-
ticles may be regarded as a competition between two oppos-
ing flows: convective and diffusive flows '3!3, This balance
between flows might dictate the particle dynamics inside the
evaporating drop.

Collective diffusion of charged particles in convective as-
sembly deposition has been barely explored '?. Experimental
results on the dynamics of charge-stabilized colloids at high
concentrations are very scarce. Besides, in the complex evap-
orating process, it is difficult to distinguish diffusive and con-
vective displacements of particles by imaging techniques. Al-
though other techniques might be used to measure collective
diffusion such as dynamic light scattering and pulsed field gra-
dient NMR, in-situ measurements of concentration profiles are
hardly realizable. Otherwise, fluorescent particles have been
successfully used to record dynamics inside colloidal drops in
the vicinity of the contact line.'®!” Confocal Laser Scanning
Microscopy (CLSM) is a well-established technique '® that al-
lows real time imaging of fluorescent targets. Since a mixture
of charged and non-charged particles can segregate based on
differing diffusion rates'®, the use of bidisperse suspensions
and CLSM would allow to illustrate simultaneously the accu-
mulation of two different particles at the triple line.

The aim of this work is to examine the role of the parti-
cle electric charge in convection-driven self-assembly. In this
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work we performed in-plane counting of fluorescent particles
in the vicinity of the triple line of evaporating drops by us-
ing CLSM. For the same evaporation conditions, fluorescent-
labeled particles with different charge-response over the pH
scale were studied. Size, concentration and electric charge of
the particles were conveniently selected accordingly. The use
of two substrates with different receding contact angle allowed
to explore different evaporation convective flows.

2 Materials and methods

2.1 Substrates

We used glass microscope coverslips (0.1mm-thick, 60x24
mm?, Thermo Scientific) and polymethyl-metacrylate sheets
(PMMA, 0.05mm-thick, Goodfellow) as substrates. These
substrates were selected because of their transparency,
smoothness and small thickness. The glass coverslips were
conveniently cut with a diamond tip. On the other hand, due to
the bending of the thin PMMA sheets, we designed a titanium
holder (64x26mm?) with a circular hole of 1cm diameter at its
center. This way, the PMMA substrate was not deformed by
the immersion objective of the confocal microscope. Before
each experiment, the PMMA substrates were cleaned by ultra-
sonic rinsing in a detergent solution (Micro90) during 10min
and next in Milli-Q water (20min). The glass substrates were
sonicated in the same detergent solution (15min), next in 70%
(v/v) acetone (15min), then in 70% (v/v) ethanol (15min) and
finally in Milli-Q water (30min).

The wettability properties of the substrates were studied us-
ing the captive bubble technique?. It is worth to notice that
the water receding contact angle of the substrates did not de-
pend on the pH value. The results for the advancing and reced-
ing contact angles are shown in Table 1. The electric behavior
over the pH scale was estimated qualitatively by measuring
the electrophoretic mobility of nanoparticles composed of the
same material as the substrates (see Figure S1 in supplemen-
tary data). Over the entire pH range the substrates were neg-
atively charged although with different magnitude. We mea-
sured the roughness of the substrates using a white light con-
focal microscope (PLu, Sensofar Tech S.L.). The root mean
square roughness measured over 210x285um? was 28.2 nm
for the glass substrate and 24.4 nm for the PMMA substrate.

Substrate | 04 °) | 0z )
Glass 16+4 | 10£3
PMMA 93+1]62+1

Table 1 Results of advancing and receding contact angle measured
with the captive bubble technique for the substrates studied in this
work.

2.2 Particle suspensions

We purchased aqueous suspensions of Melamine-
Formaldehyde (MF) particles labeled with two different
fluorochromes (Rhodamine-B and Fluorescein Isothio-
cyanate) and Rhodamine-B labelled carboxylated-MF
particles. The particles were supplied by Microparticles at
Om =2.5% (w/w). In Table 2 we summarize the properties of
the particles used.

The MF and MF-COOH particles have a pH-dependent sur-
face charge due to their terminal polar groups. To change
the electrostatic double layer interactions between particles,
we varied the particle electric charge through the medium
pH?!. The particles were diluted in buffered solutions of low
ionic strength (<15mM). We used a Zetasizer Nano device
(Malvern, 4mW He-Ne laser, 633nm wavelength) to measure
the electrophoretic mobility of the particles. The weight frac-
tion used for these measurements was ¢,,=0.01%. From Fig-
ure 1, we observe that the MF and MF-COOH particles have
different isoelectric points. From the corresponding isoelec-
tric points, we selected two pH values for each particle to
explore two different electric states: pH10 and pH12 where
the MF particles were nearly uncharged and charged, respec-
tively and pH4 and pH10 where the MF-COOH particles were
nearly uncharged and charged (see Figure 1). Binary mix-
tures of MF-1 and MF-COOH particles, with different fluo-
rochrome but similar size, were prepared at pH4 and pH10
with a ratio 1:1 in the particle number. Since the possible
effects caused by the collective diffusion on the particle de-
posits can be mostly dampened at high bulk concentrations,
we prepared the particle suspensions at very low concentra-
tion (0.005-0.01% (w/w)). This way, the concentration gradi-
ents developed inside the drop should be significant during the
evaporation.

2.3 Experimental set-up

We used CLSM with an inverted microscope (DMI6000, Le-
ica) as described in Figure 2 to analyze the in-plane behav-
ior of the particles transported towards the neighborhood of
the contact line. We used a 100X objective over a window
of 77.5x77.5 pum?, and occasionally a 40X objective over
156x156pum?. The z-depths of field were 0.7 um and 1.8um
with the 100X and 40X objectives, respectively. These pa-
rameters allowed to count only the particles deposited just on
the substrate near the contact line. This way, we observed the
horizontal particle motion and the sudden showing of some
particles, coming from out-of-focus planes. The CLSM de-
vice has different lasers (Blue diode of 405 nm, Argon laser
[458, 476, 488, 496 and 514 nm] and He/Ne lasers of 543, 594
and 633 nm). We selected the light source depending on the
absorbance of each particle (see Table 2). The drop volume
was 3ul and the experiments were carried out at ~22-25°C

2| Journal Name, 2010, [vol]1-7

This journal is © The Royal Society of Chemistry [year]

Page 2 of 8



Page 3 of 8

Soft Matter

Particle Acronym Fluorochrome Aabs(hm) [ Aepp(nm) | Diameter (1m)
Melamine Formaldehyde MF-s Rhodamine-B 560 584 0.366+0.06
Melamine Formaldehyde MF-1 Fluorescein Isothiocyanate 506 529 1.114+0.05
Carboxylated-Melamine Formaldehyde | MF-COOH Rhodamine B 560 584 1.0940.07

Table 2 Properties of the fluorescent particles used in this study.
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Fig. 1 Electrophoretic mobilities for the MF and MF-COOH
particles. All measurements were performed with low ionic strength
buffers at 0.01% (w/w).
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Fig. 2 Set-up used to count the particles arriving at the triple line of
an evaporating colloidal drop. The region of interest is reduced to
the triple line and its immediate vicinity: a square window of 77.5 or
156 pm side depending on the objective used.

and RH~38-42%. The images obtained (512x512 pixel) were
captured each 1.3s and analyzed with the public software Im-
agel. For the particle counting, the number of red or green pix-
els per frame were counted and divided by the pixels occupied
by a single particle. The larger particles were also counted
by segmentation??. Both procedures acceptably agreed. We
evaluated the particle increment in the region of interest, from
the beginning of the image acquisition. Next, the particle in-
crement was divided by the drop area visualized in each ex-
periment. The estimation of drop area was the main source of
error during the image processing. We reduced our analysis
to pinned triple lines. In those experiments where the contact
line receded, the particle counting was interrupted because the
wet area varied.
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Fig. 3 Typical behavior of the particle increment per unit area in
terms of time. Three stages with different slope can be identified:
steady accumulation, “rush-hour” accumulation and deposit
formation.

In Figure 3 we describe the stages reproduced in a typical
plot of increment of particles per wet area in terms of time.
There are three recognizable stages with different slope (flow
rate). During the early evaporation, with small variations of
volume and contact angle, the particles are steadily accumu-
lated at the pinned triple line. The zero time for each plot
corresponds to the beginning of the image acquisition after
the drop deposition and plane focusing. The time delay was
lower than 1 min. When the evaporation accelerates, the con-
tact angle significantly decreases and the convective flow in-
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creases. We identify this “rush-hour” effect in the deposition
rate?® with the drop collapse. The “rush-hour” stage can be
more or less pronounced according to the experimental condi-
tions and the system characteristics. Finally, once the number
of particles accumulated saturates because no more particles
are arriving to the fixed triple line, the region of drop analyzed
is dried. During this final stage, the particle counting (fluores-
cence signal) can fluctuate or even decrease due to the dehy-
dration of the particles and proximity between them leading
to resolution artifacts. Depending on the contact line dynam-
ics, firstly ruled by the receding contact angle of substrate and
the occurrence of self-pinning?, the overall time of the exper-
iments was different. We measured the particle flow per unit
of wet area during the early evaporation with a reproducibil-
ity level of 25-40%. The final amount of material deposited
(particles/;im?) was roughly estimated.

3 Results and discussion

In experiments carried out on glass substrates under the same
evaporation conditions, we observe that the uncharged par-
ticles accumulated at the contact line at faster rate than the
charged ones (see Figure 4). This behavior was found regard-
less of the particle size (see Figures 4-(a) and (b)), the type
of particle (see Figures 4-(b) and (c)), and the particle con-
centration (see Figures 4-(b) and (d)). From the linear behav-
ior of each particle increment, we compared the slopes ob-
tained. The nearly uncharged MF-s particles arrived to the
contact line 47.3 times faster than the charged ones, and the ra-
tio between amount of material deposited was 5. At the same
solid fraction (¢,,,=0.01%), the barely charged MF-1 particles
accumulated 7.4 times faster than the charged MF-I particles
due to the lower number of larger particles although the ra-
tio between the masses of final deposit was 6. The uncharged
MF-COOH particles, at the same concentration than the MF-1
particles and with similar size, accumulated 2.2 times faster
than the charged MF-COOH particles and the mass of the fi-
nal deposit was 3 times greater. The difference between the
charged MF-1 and MF-COOH particles might be explained
by the type of the interparticle interaction potential (surface
electric potential, hydration layer, range), which can affect
differently the osmotic compressibility of the dispersion and
the hydrodynamic interactions. Finally, at lower particle con-
centration (¢,,,=0.005%), the deposition of the barely charged
MF-1 particles was mitigated although it was 2.5 times faster
than for the charged MF-1 particles and the mass deposited
was 1.7 times greater. The rate of deposition of charged parti-
cles revealed the particular balance between the outward con-
vective flow and the inward diffusive flow. The interacting
particles are transported towards the contact line at the same
time while they intend to diffuse away from it, rather than the
uncharged particles, due to their greater diffusion coefficient

near the contact line. Decreasing the bulk concentration (num-
ber of particles), the relative difference between uncharged
and charged particles is also reduced because the evaporation-
driven convective flow produces lower concentration gradi-
ents. Although our measurements were restricted just to the
horizontal surface of the substrate, the development of verti-
cal concentration gradients is not discarded.

The accumulation of barely charged particles was also fa-
vored on PMMA substrates, rather than with the charged
ones, under the same evaporation conditions (see Figure 5).
However, the particle deposition was less favored than on the
glass substrates by the low convective flow developed on the
PMMA substrates due to their higher receding contact an-
gle. This reduced significantly the differences between nearly
uncharged and charged particles except for the “rush-hour”
stage, where the convective flow became significant as well as
the local particle concentration. At ¢,,=0.01%, the uncharged
MEF-COOH particles initially arrived at the contact line on the
PMMA substrate only 1.5 times faster forming a deposit 2
times greater (see Figure 5-(a)) whereas the uncharged MF-
s particles accumulated 1.3 times faster than the charged ones
and the final deposit was 1.9 times greater (see Figure 5-(b)).
As shown in Figure S2 of supplementary data with charged
MF-1 particles at ¢,,=0.01%, the contact line mostly receded
on the PMMA substrates with micron-sized particles although
the faster accumulation of uncharged particles could delay, or
even occasionally frustrate, this receding motion by enhancing
the self-pinning. However, by using nanometer-sized particles
at the same solid fraction, the triple line remained pinned dur-
ing the complete evaporation of the drop, regardless of the
particle charge. In Figure 5-(b), we also observe a unexpected
behaviour of the nearly uncharged MF-s particles. They were
transported faster than the charged ones at the beginning of the
drop evaporation, but their deposition was suddenly retarded
and as consequence there was a greater increment of charged
MEF-s particles at the triple line. At the time that the drop con-
taining charged MF-s particles collapsed and dried, the nearly
uncharged MF-s particles began to describe a marked “rush-
hour” motion up to exceed significantly the number of charged
MEF-s particles accumulated at the contact line at the end of
drop evaporation, as shown in Figure 4-(a) on the glass sub-
strate. When we used smaller particles (MF-s) on the PMMA
substrate, a much greater number of particles arrived to the
contact line despite of the low convective flow. This scenario
should enhance the collective diffusion of charged nanoparti-
cles, as happens at short times, but the own arrangement of
the uncharged MF-s particles at the contact line could affect
the local evaporation rate of the drop and as consequence, the
“coffee-ring” effect. Due to the high receding contact angle of
the PMMA substrate, the plausible piling up of particles inside
the interfacial “wedge” of the drop and the resulting adsorp-
tion at the water-air interface (skin formation) might explain
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Fig. 4 Number increment of particles per unit of drop area with
different size, nature and concentration deposited on glass substrates
for two electric states. The particles used were: (a) MF-s at 0.01%
(w/w), (b) MF-1 at 0.01% (w/w), (c) MF-COOH at 0.01% (w/w) and
(d) MF-1 at 0.005% (w/w).

both the slower drop evaporation and the late avalanche-like
outward motion of the barely charged nanoparticles. On the
glass substrate, this effect was not found because the small
“wedge” enabled the formation of a particulate film?* rather
than the particle piling up and besides the strong evaporative
flux was hardly decreased.
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Fig. 5 Particle increment per unit of drop area obtained on PMMA
substrates for different charge states of (a) the MF-COOH particles
and (b) the MF-s particles at 0.01% (w/w).

We further conducted experiments with 1:1 binary mixtures
of the MF-1 and MF-COOH particles at ¢,,=0.01% (0.005%
of each particle) on glass substrates. Although the bulk con-
centration and size was the same for both particles, the col-
lective diffusion coefficient was expected to be different'. At
pH4, the MF-COOH particles were nearly uncharged while
the MF-1 particles were positively charged and at pH10, the
MEF-1 particles were nearly uncharged while the MF-COOH
particles were negatively charged (see Figure 1). Figure 6
shows the number increment of particle for the two bi-disperse
suspensions. The rate of accumulation of the nearly un-
charged MF-1 particles was 4.9 times greater than the nega-
tively charged MF-COOH particles whereas the final amount
of material deposited 3.9 times greater (see Figure 6-(a)). In
Figure 6-(b), the rate of accumulation during the initial evap-
oration was identical for both particles. However, during the
“rush-hour” stage, the increment of the barely charged MF-
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COOH particles overcomes the positively charged MF-1 parti-
cles. It is important to take into account that these MF-1 par-
ticles moving close to the negatively charged substrate should
be further pushed towards it. Unlike the negatively charged
particles, the positively charged particles are transported by
three different mechanisms: the outward convective flow, the
electrostatic attraction and the inward diffusive flow. This
way, the identical early behaviour of the MF-1 and MF-COOH
particles can be explained once the collective diffusion and
substrate-particle attraction were mutually cancelled. How-
ever, during the “rush-hour” stage, the gradient of particle con-
centration was high enough so that the particle diffusion over-
came the electrostatic interaction and mitigated the arrival of
charged MF-I particles. This result points out to that the effect
of the electrostatic substrate-particle interaction, even when
the substrate and the particle are mutually attracted, is weaker
on the final deposition than the electrostatic particle-particle
interaction.
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Fig. 6 Particle increment per unit of drop area obtained with
bi-disperse suspensions on glass substrates. The suspensions were
prepared at 0.01% (w/w), 1:1 in number of particles and with
different charge states: (a) nearly uncharged MF-1 and negatively
charged MF-COOH particles (pH 10), (b) nearly uncharged
MEF-COOH and positively charged MF-1 particles (pH4).

In binary mixtures, it is important to take into account that
certain competing effects were present. Hydrodynamic and
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—O— Glass-Repulsive —v— PMMA-Repulsive
‘ T T

Normalized particle increment

0 125 250 375 500

Fig. 7 Normalized number increment of the charged MF-1 particles
at 0.01% (w/w) over the glass and PMMA substrates for different
substrate-particle interaction. The increment per unit of wet area of
the charged particles was divided by the increment per unit of wet
area of the nearly uncharged particles, under the same evaporation
conditions.

direct interactions might affect the osmotic pressure in a dif-
ferent manner than in a monodisperse suspension prepared at
the same concentration. For this purpose, we compared Fig-
ure 6-(a) with experiments carried out under the same con-
ditions but with the corresponding monodisperse suspensions
(not shown). The relative rate of accumulation between nearly
uncharged MF-1 and negatively charged MF-COOH particles
was greater in binary mixtures (4.9 times) than in separate
monodisperse suspensions (2.8 times). Despite these effects,
the role of the particle electric charge proved to be significant
for the particles arriving at the triple line.

Finally, we explored the substrate-particle interaction.
Three experiments were performed with the MF-1 particles at
?m=0.01% on the glass and PMMA substrates: 1) negatively
charged particles (substrate-particle repulsion), 2) positively
charged particles (substrate-particle attraction) and 3) nearly
uncharged particles (no significant interaction with the sub-
strates). Results are summarized in Figure 7. We normalized
the increment of charged particles arriving at the triple line per
unit of wet area by the corresponding increment of uncharged
particles, under the same evaporation conditions. From the
values of contact angle hysteresis and receding contact an-
gle, the drop evaporation on the PMMA substrate took longer
than on the glass substrate. However, the experiment time
was longer with the glass substrates because the triple line re-
mained pinned until the complete evaporation. Whereas, for
the PMMA substrates, the particle counting was interrupted
when the contact line started to recede. Although, electro-
static attraction between particle and substrate enhances the
deposition, it can be observed that all data are lower than
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the unit regardless of the type of substrate-particle interac-
tion. This reveals that the positively and negatively charged
particles are alike transported towards the contact line at a
slower rate than the nearly uncharged particles, regardless of
the substrate used. The balance between diffusive and convec-
tive flows seems to overcome the interaction between particle
and substrate.

4 Conclusions

By using fluorescence confocal microscopy, we monitored the
in-plane particle accumulation close to the contact line dur-
ing drop evaporation. We found that collective diffusion mit-
igated the arrival of charged particles to the contact line, re-
gardless of the type of particle and substrate used. The barely
charged particles accumulated at the contact line from 40 up
to 1.3 times faster than the charged particles, according to the
case (concentration, particle size, type of substrate).The ex-
periments carried out with binary colloidal mixtures plainly
illustrate the influence of collective diffusion on the particle
deposition. This opens up a new route in convective/capillary
self-assembly for the particle segregation ruled by electric
charge. These results may serve as a basis for the development
of advanced theoretical models that describe the transport of
the colloidal particles with the full convection-diffusion equa-
tion. In this scenario, substrate-particle electrostatic repul-
sion has no significant effect because, even for unlike charged
substrate-particle systems (preferential deposition), the depo-
sition was more favored with uncharged particles than with
charged ones. However, the substrate does modulate the parti-
cle increment close to the contact line through the evaporation-
driven capillary flow. The deposition of charged and nearly
uncharged particles at short times is significantly different on
substrates with small receding contact angles (high convective
flows). The substrate wettability properties and particle de-
position are coupled because self-pinning affects contact line
dynamics, and the particle accumulation depends at different
extent on the space available near the contact line, the time of
natural pinning and mostly, the convective flow.
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