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Summary

Currently, the study of colloidal assembly by convective deposition is an emerging topic: nano-

lithography, particle templating and design of “smart surfaces” could be some examples. This is

supported by the increasing number of works recently published.

The variety of morphologies observed in the particle deposits produced by solvent evaporation

may be ruled to a large extent by contact line dynamics according to the so-called “Coffee Stain”

effect, but the wettability properties of the substrate can alter it drastically. The magnitude of

the convective capillary flow varies as the contact angle held at the pinned or moving contact

line. On the other hand, motion of charge-stabilized particles in confined regions and subjected

to an evaporation-driven capillary flow might be ruled by collective diffusion. There are many

ways to affect the diffusion coefficient of colloidal particles and an elegant method is charge.

The interparticle repulsion leads to an enhancement of collective diffusion at large concentra-

tions. However, the “Coffee Stain” effect typically ignores the interparticle and substrate-particle

electrostatic interactions.

In this thesis we have studied the assembly of colloidal particles by convective deposition.

We have examined the effect of three factors: particle electric charge, wettability properties of

the substrate, and charge-mass ratio of the particles using two experimental approaches: driven

evaporating menisci and free evaporating drops.

Using these methodologies, the wettability properties of the substrate were found to be im-

portant for colloidal assembly. Driven evaporating menisci experiments showed a transition from
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stripe-like deposit to heterogeneous film as the substrate used. We confirmed that the receding

contact angle imposes a geometrical constraint for the particles at the triple line and due to this,

size segregation of binary suspensions was observed with Confocal Laser Scanning Microscopy

(CLSM) of free evaporating drops. The effects of wettability properties of the substrate on the

colloidal assembly are coupled because self-pinning affects contact line dynamics, and the particle

accumulation depends at different extents on the space available near the contact line, the time of

natural pinning and mostly, the convective flow. We also found that collective diffusion mitigated

the arrival of electrically charged particles to the contact line, regardless of the type of particle,

the substrate or the methodology used. From the experiments of driven receding contact lines,

we conclude that the particle deposition may be controlled by the interplay between evapora-

tive convection and collective diffusion. Experiments carried out with binary colloidal mixtures

illustrated the influence of collective diffusion on the particle deposition. Diffusive flow in drops

takes relevance at low particle concentration, when the gradient between the contact line and

bulk is important. Instead, in driven evaporating menisci the bulk concentration remains constant

and the effects due to concentration gradient are enhanced. In both scenarios, substrate-particle

interactions seems to play no significant role because the deposition of particles was favored

for the nearly uncharged particles rather than the charged ones, even for the opposite charged

substrate-particle system.

Finally, we found that binary mixtures of particles with different charge-mass ratio reveal

segregation as the “colloidal Brazil nut” effect. This segregation produced an increase of the

rate of accumulation of the particles suspended with higher charge-mass ratios. Otherwise, the

particles with lower charge-mass ratio arrived at the contact line at lower rate.



Resumen

Hoy en d́ıa, el estudio del ensamblado coloidal por deposición convectiva es un tema en auge:

nanolitograf́ıa, recubrimientos o el diseño de superficies con propiedades controladas son ejemplos

de sus aplicaciones. Esto está respaldado por el creciente número de trabajos que han sido

publicados recientemente.

La amplia gama de morfoloǵıas obtenidas por deposición de part́ıculas a ráız de la evaporación

de soluto puede estar condicionada en gran medida por la dinámica de la ĺınea de contacto y por el

fenómeno conocido como efecto “Mancha de Café”, pero las propiedades de mojado del sustrato

pueden alterarlo de manera drástica. La intensidad del flujo convectivo-capilar vaŕıa con el ángulo

de contacto de retroceso que adopta la ĺınea de tres fases, ya esté anclada o retrocediendo. Por

otro lado, el movimiento en espacios confinados de part́ıculas estabilizadas por medio de su carga

y sometidas a un flujo convectivo originado por la evaporación, podŕıa estar gobernado por la

difusión colectiva. Hay muchas v́ıas para variar el coeficiente de difusión de part́ıculas coloidales,

y una manera elegante de hacerlo es a través de la carga. La repulsión entre las part́ıculas en

grandes concentraciones produce un aumento de la difusión colectiva. Sin embargo, el efecto

“Mancha de Café” normalmente ignora la interacción electrostática entre part́ıculas, o de éstas

con el sustrato.

En esta tesis se estudia el ensamblado de part́ıculas coloidales por deposición convectiva.

Hemos examinado el efecto de tres factores: carga eléctrica de la part́ıcula, las propiedades de

mojado de los sustratos y la relación carga-masa de las part́ıculas usando dos técnicas experimen-

tales: meniscos ĺıquidos guiados y gotas evaporándose libremente.
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Se ha observado en ambas metodoloǵıas que las propiedades de mojado del sustrato utilizado

son importantes en el ensamblado coloidal. En los experimentos realizados con meniscos ĺıquidos

guiados se obtuvieron unos patrones a bandas que se iban atenuando hasta formar una capa

uniforme según el sustrato utilizado. Hemos confirmado que el ángulo de contacto de retroceso

impone una restricción geométrica para las part́ıculas en la ĺınea de contacto y debido a esto, las

suspensiones binarias analizadas por Microscoṕıa de Barrido Láser Confocal mostraron una segre-

gación por tamaños en la configuración de gota evaporándose libremente. Hemos concluido que

las propiedades de mojado y el auto-ensamblado coloidal están acoplados ya que, la acumulación

de part́ıculas provoca el anclaje de la ĺınea y esto altera su dinámica, mientras que la deposición

de part́ıculas depende, entre otros factores, del espacio disponible, de los estados meta-estables

que adopte la ĺınea y sobre todo, del flujo convectivo.

También hemos observado cómo la difusión colectiva mitiga la llegada a la ĺınea de contacto

de part́ıculas cargadas electrostáticamente, sin importar el tipo de part́ıcula, el sustrato o la

metodoloǵıa empleada. De los experimentos con meniscos ĺıquidos guiados, hemos concluido que

la deposición de part́ıculas es el resultado de un balance entre el flujo convectivo ocasionado por

el gradiente de evaporación y el flujo difusivo ocasionado por el gradiente de concentración. Los

experimentos con suspensiones binarias han ilustrado muy bien la influencia del flujo difusivo en la

deposición de part́ıculas. Éste, cobra importancia cuando la concentración de part́ıculas es baja,

siendo aśı mayor el gradiente de concentración entre el seno de la gota y la ĺınea de contacto,

aunque la concentración en el seno de la gota vaŕıa con el tiempo conforme ésta pierde volumen

de disolvente. Por otro lado, en los experimentos de meniscos ĺıquidos guiados la concentración

en el seno del reservorio permanece constante y los efectos debidos a gradientes de concentración

quedan resaltados. En ambas situaciones, la interacción entre la part́ıcula y el sustrato parece

no ser determinante ya que la deposición de part́ıculas casi descargadas en la ĺınea de contacto

ha sido siempre mayor que la acumulación de part́ıculas cargadas, incluso cuándo el sistema

sustrato-part́ıcula teńıa cargas opuestas (y la deposición estaba electrostáticamente favorecida).

Por último, hemos observado cómo las mezclas binarias de part́ıculas con diferente relación

carga-masa segregaron según el fenómeno conocido como efecto “nueces de Brasil coloidal”.

Esta segregación ha producido un aumento en la acumulación de part́ıculas suspendidas con

mayor relación carga-masa. Por el contrario, part́ıculas con menor relación carga-masa llegaron a

la ĺınea de contacto a un ritmo menor. Estos resultados abren una v́ıa para conseguir un mayor

control del depósito de las part́ıculas sobre un sustrato en auto-ensamblado convectivo.



Motivation

Colloidal assembly by convective deposition is a phenomenon closely related to our every day

life. Formation of ring-like stains after drying of a coffee drop on a substrate is a paradigmatic

example (1). The formation of these deposits at the periphery of the drop is known as “Coffee

Stain/Ring” effect. However this effect is not exclusive to coffee. Any complex liquid containing

colloidal particles in suspension, such as tears, dishwasher, wine or body fluids, exhibits this

behavior when it is allowed to evaporate on a substrate (2) (see Figure 1).

Identification of the variables involved in the convective/capillary self-assembly is of great

relevance to control the deposit morphology (3). Controlling the particle deposition is interesting

for lithography (4), optoelectronics (5), paints (6), inkjet printing and medical diagnosis (7–

9). Numerous studies have been devoted to analyze the different morphologies of the deposits

(10–12). The identification of cracks and invaginations in the final deposit of body fluids is

useful to reveal certain diseases (13) (see Figure 2). Drying of complex liquids can be also used

to assemble different materials and to produce surfaces with different properties (14), such as

templates. Printing and painting are fields where film drying becomes very critical (15 , 16).

The occurrence of “Coffee Ring” effect is not always desirable. In biotechnology a uniform

deposition of biological moieties, such as bacteria or DNA molecules, is needed to examine them

on a substrate. Otherwise, when a paint dries, uniform coatings are intended. This is the reason

why numerous studies aim to avoid or mitigate the “Coffee Stain” effect (17–19). Marangoni

flow due to surface tension gradients has been found to reverse this effect (20 , 21). Surfactants,

very volatile solvents or thermal variations can produce Marangoni flow (22 , 23). Size and shape
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Figure 1: Image of an evaporated drop of pumpkin soup on a kitchen counter. The borders of
the deposit are darker due to the “Cofee Stain” effect.

of the colloidal particle can also modulate the convective/capillary self-assembly.

“Coffee Stain” effect is a fascinating phenomenon, but at the same time, it has proven

itself to be very complex (24). The evaporation of colloidal drops is governed by the coupling

of multiple factors such as heat and mass transfer, hydrodynamics, viscous and inertial flows

and wetting (25 , 26). This out-of-the-equilibrium scenario is hard to explore. The drying of a

colloidal suspension is challenging to reproduce. Liquid loss along the liquid-air interface depends

on the relative humidity and temperature (27). Wettability properties of the substrate can alter

the deposition as the evaporation rate depends on substrate contact angle (28). We need to

standardize the method to measure meaningful values.

A better control of colloidal assembly by convective deposition is particularly helpful in particle

templating and nanolithography. However, knowledge about the different factors that can alter

colloidal patterning mechanisms is still incomplete. It is known that the magnitude of the con-

vective capillary flow varies as the contact angle held at the pinned or moving contact line (29).

For low contact angles, the evaporation gradient on the drop surface is much more prominent at

the triple line and thus, the convective flow is enhanced (30). On the other hand, the value of

receding contact angle determines the geometrical constraints for the particle arrangement. The

space available for the particle deposit is limited because of the so-called “wedge effect” (31 , 32).

The space close to the contact line enables to segregate particles with different size as its aperture

angle (33 , 34). Although the impact of substrate contact angle is apparently well-established in

colloidal patterning, the wettability properties of a substrate are indeed described by their con-
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tact angle hysteresis (35) and receding contact angle (36). Moreover, contact angle hysteresis

enhances contact line self-pinning (37–40) and the final deposit morphology is highly dependent

on contact line dynamics (41). Recently, controlled wettability of substrates has been used to

alter (42), or even to suppress the deposits (43). Otherwise, patterned substrates have been used

in evaporating drop experiments (44) and for colloidal self-assembly by dip-coating (45). To the

best of our knowledge, these parameters of the substrates have not been investigated in guided

depositions where the receding lines are driven by an external force. A better understanding of

how these parameters affect the deposition would allow to exploit them.

(a) (b)

(c) (d)

Figure 2: Image of four evaporated blood drops. The difference in their cracks and shape can
determinate if the blood comes from (a) a healthy woman, (b) a person with anaemia, (c) a
healthy man or (d) a person with hyperlipidaemia (46).

Particle properties are further relevant for colloidal deposition. Collective diffusion of electri-

cally charged particles in convective assembly deposition has been barely explored (47). Exper-

imental results on the dynamics of charge-stabilized colloids at high colloid concentrations are

very scarce. Besides, in the complex evaporating process, it is difficult to distinguish diffusive and

convective displacements of particles by imaging techniques. Although other techniques might

be used to measure collective diffusion such as dynamic light scattering and pulsed field gradient

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
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the contact line (31 , 48). Confocal Laser Scanning Microscopy (CLSM) is a well-established

technique (49) that allows real time imaging of fluorescent targets.

Segregation of particles during capillary/convective self-assembly is interesting to be prevented

or promoted, accordingly (50 , 51). Charged colloids sediment more slowly than uncharged ones

since near-contact configurations are disfavored. However, in highly charged colloidal mixtures at

low ionic strength, where the electrostatic energy of electrolyte ions is higher than the thermal

energy, the so-called “colloidal Brazil nut” effect (52) retards and eventually inhibits further sed-

imentation. As their charge-mass ratio, the charged larger particles are enriched at the top of the

mixture, rather than the bottom. This scenario might be also observed in the evaporation-driven

colloidal assembly where the particle segregation is established between the contact line and drop

bulk. Dynamics of certain charge-stabilized colloids, such as micron-sized polystyrene spheres in

deionized water, appears to be governed by an effective charge smaller in magnitude than the

structural charge, provided that the particle surface groups are fully dissociated. This effective

charge unexpectedly increases with electrolyte concentration, as observed in electrophoretic mo-

bility experiments (53). Ion condensation (54 , 55) is widely used to interpret this phenomenon,

where counter-ions are strongly attracted to the particle surface and accumulate in a thin layer

around it. At greater ionic strength, this layer of counter-ions strongly bound to the particle is

“screened” by the in excess-coion cloud.

This thesis focused on three factors in the convective deposition: particle electric charge,

wettability properties of the substrate, and charge-mass ratio of the particles. The dissertation

is divided into two parts as the technique used. In the firs part, we formed driven evaporating

menisci like in the dip-coating technique used in the coating industry. We used smooth substrates

with very different wettability properties and nanoparticles of different size and surface charge.

For fixed withdrawal velocity, evaporation conditions and particle concentration, we analyzed the

morphology of the deposits formed with variety of substrate-particle systems where the particle-

particle electrostatic interaction was changed (via pH) as well as the wettability properties by

different glass substrates. We further altered the particle deposition through the relative humidity

and particle concentration for a fixed substrate-particle system. In this experimental approach,

the particle concentration in bulk remains constant during the entire experiment and the effects

due to particle concentration gradients at the contact line can be noticeable. On the other

hand high sample volume is needed to produce the capillary rise and the technique requires high

concentration to obtain significant patterns.

In the second part, free evaporating drops were used to examine the impact of the above

mentioned factors under realistic conditions in a well studied scenario. There are numerous works

devoted to the study of colloidal drop drying (56) although they are mostly limited to the final

deposits analysis and they depend on the ireproducibility of drop evaporation as the liquid-air

interface is higher than the solid-liquid one. Instead, we monitored in-situ the accumulation of
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particles arriving at the contact line of evaporating sessile drops by CLSM (57). From particle

counting, we evaluated the particle increment per unit of drop area over the time. We used

four substrates with different wettability properties and six types of particle selected as their

size, density and electric charge response. The area of deposit is lower than deposits on driven-

evaporating menisci, but horizontal substrates is favored for in-situ measurements than the vertical

substrates at the menisci configuration.





CHAPTER 1

Theoretical framework

1.1 Coffee ring effect

When a drop of coffee dries on a substrate, a ring-like deposit is typically observed (see Figure

1.1). This phenomena was first described by Deegan et al. (1) and next supported with numerical

studies by Fischer (58). During the evaporation of a sessile drop, the liquid loss is faster at the

triple line. This is due to the geometry of the drop in a similar manner as a baked potato gets

roasted at the edges (59), or the electrical field inside a conductor at a fixed potential diverges

at its corner or edges (60). This way, evaporation gradient along the drop surface diverges

at the contact line. This greater rate of evaporation at the contact line produces an outward

convective flow from the bulk to balance the liquid loss (see Figure 1.2). When colloidal particles

are suspended in the drop, they are transported towards the periphery by this convective flow.

This mechanism is the responsible for the ring-like deposits observed after the evaporation of

colloidal drops, known as “Coffee Ring” or “Coffee Stain” effect.

This phenomenon and the morphology of final deposits depend on multiple factors in heat

conduction and convection, evaporative mass transfer, viscous and inertial flows, thermal and hy-

drodynamic instabilities, Marangoni flows, wettability properties of the substrate and contact line

pinning-depining (61–67). This fascinating and complex phenomenon has numerous applications
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Figure 1.1: Coffee deposits left by dried drops. It is very clear how the deposits are darker at the
most curved regions.

such as optoelectronics (16), inkjet printing (68), nanolithography (69), biotechnology (70) and

medical diagnosis (9).

There is a vast variety of patterns left on the substrates when a colloidal drop completely

evaporates (see Figure 1.3). This has been proven useful for disease diagnosis as pointed out by

Yakhno et al. (73). They used drops of serum to identify different types of pathologies. In a

similar matter, Brutin et al. used the patterns left by blood drops to identify certain diseases

(13). Ring-like deposits (single or multiple ring) (1), central bumps (71) and branch-like (74)

deposits produced with drops, stripe-like patterns and continuous layers with menisci (39) have

been reported in the literature. The particle arrangement within the deposits depends on the

volume fraction, particle size, contact line velocity and rate of deposition (75). The speed of the

particles arriving at the contact line seems to be crucial (76). However, the suppression of the

“Coffee Ring” effect is also intended.

“Coffee Stain” effect is undesired in inkjet printing and coatings such as paints where ho-

mogeneous layers are expected. The first condition that has to be fulfilled to obtain a ring-like

pattern is that the liquid meets the surface at a non-zero contact angle. This has a direct relation

with the evaporation gradient along the drop surface, which depends on the contact angle (see

Section 1.2). If evaporation is mitigated (at least locally (77)), the “Coffee Ring” effect does not
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(a) (b)

Figure 1.2: (a) Sketch of the evaporation gradient produced along the surface of a sessile drop.
(b) This gradient produces a convective flow to replenish the liquid loss at the triple line.

occur. The second condition for the accumulation of particles is that the contact line is pinned.

The own accumulation of particles at the triple line produces the effect known as “self-pinning”.

However, if the contact line moved, the “Coffee Ring” effect would be also mitigated (78).

Electrostatic interactions must be also taken into account in convective self assembly. Bhard-

waj et al. (71) analyzed in terms of DLVO interactionsa the influence of pH on the final deposit

left by dried colloidal drops. Yan et al. (81) also studied the influence of particle charge in the

convective self-assembly reporting more ordered deposits for charged particles. Hsueh et al. (82)

reported different morphology on deposits at different pH for the meniscus configuration. For

sessile drop configuration, a study of the influence of electrostatic interactions was carried out

by Moraila et al. (83). Recent work also intend to suppress the coffee ring effect by applying

external electric field to alter the interactions (17).

Marangoni flows can modulate the “Coffee Ring” effect (20 , 22 , 48 , 84 , 85). Elipsoidal

particles further modulate, even suppress, the ring-like deposit (86). Particles adopt different

aggregation configurations nearby the triple line depending on their shape (87). Wettability

properties also affect the convective self assembly (36) in different manners as discussed in Section

1.2. Recently, controlled wettability of substrates has been used to alter (42), or even to suppress

the deposits (43). Moreover, patterned substrates have been used in evaporating drop experiments

(44) and for colloidal self-assembly by dip-coating (45). The influence of the wettability properties

of substrates on the particle deposition is apparently well-established (38), although it has not

aDLVO is a colloidal stability theory proposed by Derjaguin, Landau, Verwey and Overbeek. More information
about this theory can be found in references (79 , 80).
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Figure 1.3: Different patterns that can be obtained when a drop evaporates: (a) ring (34), (b)
central bump (26), (c) multiple rings (d), fingering (71), (e) uniform layer (72) and (f) network
of polygons.
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been exploited sufficiently

1.2 Wettability

When a liquid interacts with a solid surface, a force balance is held at the three-phase contact line.

The ability of a solid surface to be wet by a liquid is known as “wettability”. A portion of liquid

spreads over a solid surface if the energy required to create a unit area of liquid-vapor interface

does not exceed the energy gained in creating a unit area of solid-liquid interface (88). We can

classify the solid surfaces as hydrophilic or hydrophobic as the adhesion force between the solid

and liquid is greater than the cohesion force or vice versa respectively. When the equilibrium is

reached and the tangential interfacial forces are balanced (see Figure 1.4), the following condition

is fulfilled:

cos θ =
γSV − γSL

γLV
(1.1)

where γSV , γSL and γLV are the interfacial tensions at each interface (Solid-Vapour, Solid-Liquid

and Liquid-Vapour, respectively) and θ is the angle formed between the unit vector tangent to the

liquid-vapour interface and the tangent to the solid-liquid interface at the edge of the drop (known

as three-phase contact line or triple line). Eq. 1.1 is commonly known as the Young equation

(89). From contact angle, we can identify hydrophilic surfaces as those ones with contact angle

lower than 90◦, and the opposite one for the hydrophobic surfaces.Mechanical equilibrium condition: force balance

LV

SL


SV

Figure 1.4: Interfacial forces and contact angle at the triple line of a sessile drop on a solid
substrate.

When we dip two parallel substrates separated by a “small” distance d into a pool or reservoir

perpendicularly, capillary rise/fall occurs. If we use hydrophilic substrates, the column inside the

substrate rises but, for hydrophobic substrates, the column falls down instead (see Figure 1.5).

This behavior is due to the balance between the gravity and adhesion forces at the contact line
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𝑑 

ℎ 

(a)

𝑑 

(b)

Figure 1.5: (a) Capillary rise and (b) fall, between two vertical plates separated by a distance d.
For hydrophilic substrates, capillary rise will occur while hydrophobic substrates will produce the
capillary fall.

of the meniscus. Jurin’s law states that the height of the liquid column is (90):

h =
2γcosθ

dρg
(1.2)

where γ is the surface tension, ρ the density of the liquid, g is the gravity acceleration. Eq. 1.2

provides an expression that relates the height of the loquid (h) with the contact angle of the

substrate (θ), provided that the distance d between plates satisfies the relation d <<
√

γ
ρg .

1.2.1 Contact angle hysteresis

In real surfaces, observable contact angle depends on the history of the system (91). If we place

several drops on a substrate, the observed value of contact angle will not be the same. However,

there are two values that depend on the substrate and liquid used, rather than the history of the

drop (92): advancing contact angle θA (which is the maximum value, usually adopted when the

contact line is advancing) and receding contact angle θR (which is the minimum value, usually

adopted when the conctact line is receding). Contact Angle Hysteresis (CAH) is commonly defined

as the difference between θA and θR. This way, when we place a drop on a substrate, the contact

angle can reach any value between the receding and advancing contact angles. In terms of free

energy, a solid-liquid-vapour system has multiple local minima corresponding to multiple meta-

stable states (see Figure 1.6). Greater number of metastates will be observed with substrates of

higher CAH.
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Figure 1.6: Dimensionless free energy versus the contact angle for a fixed drop volume (93).

CAH rules the dynamics of contact line (94). Final deposit morphology of self-assembled de-

posits is depends on contact line dynamics (41). In convective-evaporative self-assembly, pinning

of contact line will take longer whereas the contact angle is decreasing up to the receding contact

angle from higher angles (see Section 1.2.2). During this pinning time the triple line remains

static (40), whereas the particles are transported towards the contact line. Greater pinning time

leads to a higher number of particles deposited at the contact line and this enhances the so-called

’self-pinning’ (95). This repeated mechanism allows the formation of multiple concentric rings

with evaporating drops (96).

1.2.2 Drop evaporation

Understanding the process of drop evaporation is of great importance for industrial and scientific

areas. Description of this phenomena has been the aim of numerous studies since several years

(27 , 97 , 98). Drop evaporation typically occur in two stages (25):

• The drop volume decreases while the wet area remains constant. This only occurs if the

contact line is pinned. The contact angle (initially θ0) decreases until it reaches the receding

contact angle value θR (see Figure 1.7a).

• Once θR is reached, the radius of the drop decreases at constant contact angle value (see

Figure 1.7b).
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𝜃0 𝜃𝑅 

(a)

𝜃𝑅 

(b)

Figure 1.7: Stages of drop evaporation: (a) the triple line remains pinned and the height of the
drop decreases with time and (b) the contact radius decreases and the contact angle remains
constant.

Liquid molecules at the surface of a drop will diffuse to the surrounding atmosphere (56).

Contact angle plays a central role in this process. A liquid molecule randomly moving at the

surface of a low-contact angle drop, is more likely to escape if it is close to the contact line due

to the interfacial curvature (99). On the contrary, a liquid molecule at the surface nearby the

triple line of a non-wetting drop, is more likely to remain within the drop. Figure 1.8 shows the

local evaporation rate distribution along the surface of two drops with different contact angles.

Figure 1.8: Evaporation rate for wetting (left) and non-wetting (right) drops. Dashed lines
represent an uniform evaporation rate. Shadowed region around the drops illustrate the intensity
of local evaporation rate.

In evaporating colloidal drops, the different local evaporation rate acquires great relevance

because it will establish the intensity of the convective flow to replenish the liquid loss at the

contact line. Deegan et al. (100) proposed that the evaporation-driven flow at the distance

z from the triple line, jevap, responsible for the migration of particles towards the contact line,
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depends on contact angle as follows:

jevap(z, θ) ∝ z
π

2(π−θ)
−1

(1.3)

Lower contact angles produce higher flow and thus, a faster accumulation of particles nearby the

contact line (29). In other respects, contact angle imposes a geometric constraint confining the

particles into a wedge-shaped region (see Figure 1.9). This is the so-called “wedge effect” and

is useful for size segregation (31). It is important to take into account that in such a confined

region, short-range interactions might alter the behavior of the particles (101).

Figure 1.9: Particles of different size confined in wedge-shaped region nearby the contact line.
Smaller particles can further penetrate in the wedge.

1.3 Electric charge of particles

Particles-particle and substrate-particle electrostatic interactions should be taken into account

in the convective-driven self-assembly. Charged particles will produce different deposits on an

oppositely-charged substrate than on a like-charged substrate (71 , 83) (see Figure 1.10). Some

studies (74) have reported with mathematical models the that long-range interaction should be

taken into account as they might control the occurrence of the “Coffee Stain” effect.

1.3.1 Collective diffusion

Particle charge might also affect the evaporation-driven self-assembly by means of collective

diffusion. Electrostatic interactions occur at long distances (in terms of particle radius), but as

the particles are transported to the triple line, confinement takes place. In such dense systems,



24 Chapter 1. Theoretical framework

Figure 1.10: Deposits obtained for free evaporating drops at different pH values on a PMMA
substrate using three different particles (83).

mutual or collective diffusionb takes relevance rather than self-diffusionc.

Firstly, we will describe collective diffusion of colloidal particles. When the local gradient

of particle concentration increases during the evaporation of a drop/meniscus, the Fick’s law

establishes that an inward flow is created towards the bulk by particle cooperative diffusion. This

diffusive flow ~jD(φ) follows the first Fick Law:

~jD(φ) = −D · ∇φ (1.4)

where ∇φ is the concentration gradient and D is the collective diffusion coefficient. Near the

contact line there is a higher particle concentration and, many-body direct and hydrodynamic

interactions have to be considered to correctly describe the collective diffusion behavior (105).

This way, D also reveals a dependence with concentration D(φ). Merlin et al. (47) reported how

D(φ) for a suspension of charged nanoparticles is higher than the particle self-diffusion coefficient.

In hard-sphere suspensions, the hydrodynamic interaction between the particles slows down their

diffusional motion and almost cancels the increase of osmotic compressibility (see Figure 1.11).

bRate at which macroscopic spatial inhomogeneities in particle distribution relax (102). The movement of
particles is regarded as a whole rather than individually.

cIndividual motion of one particle in a suspension produced by impacts of the solvent molecules (103).
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(a) (b)

Figure 1.11: Dependence of the collective diffusion coefficient D(φ) with particle concentration
in suspensions of: (a) hard-spheres (104) and (b) charged particles (inset) (47).

However, in highly charged suspensions at low concentrations, the hydrodynamic interaction may

even enhance diffusion. At intermediate concentrations, there is a complex interplay between

electrostatic repulsion and hydrodynamic interactions. Close to the random-close packing fraction,

although the assembly of interacting particles still presents a finite permeability, the osmotic

compressibility due to interparticle direct interactions diverges. Due to this, the collective diffusion

coefficient rapidly diverges around the maximum packing fraction (106 , 107).

Collective diffusion tends to equilibrate the loss of solute concentration in bulk produced by the

evaporation-driven flow that accumulates particles close to the triple line. This way, at least two

opposing flows may occur in a pinned evaporating drop of colloidal particles (108). In absence of

other significant flows of different origin, the competition between both convective and diffusive

flows might dictate the final deposit shape (109) or even the suppression of deposit (109 , 110),

if the particles diffused away from the contact line. However, the own concentration gradient also

affects the diffusive flow as Eq. 1.4.

1.3.2 Colloidal Brazil nut effect

Particle charge can also alter the behavior of particles in suspension at a very-low ionic strength.

A monodisperse colloidal suspension is usually considered as a one-component system. If their

buoyant mass m is not negligible, the particles sediment. Under this conditions the particle
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number density ρ(z) at a height z follows the Boltzmann distribution:

ρ(z) = ρ0e
−z/L (1.5)

where ρ0 is the concentration at z = 0, and L = κBT/mg is the gravitational length in terms of

the temperature T , the Boltzmann constant κB, the gravity acceleration g and the buoyant mass

m. However, some studies have reported how this profile can be altered for a salt-free dispersion

(111). This discrepancy comes from the competition between potential energy and entropy, and

further, the role of the ions in such conditions. Rather than a one-component system, ions must

be taken into account in the colloidal suspensions. Co- and counter-ions diffuse through a medium

seeking to maximize their entropy and homogeneity. This way, to maintain the electroneutrality

free counter-ions might “lift” the particles by repelling the counter-ions adsorbed onto its surface.

This interaction is known as “entropic lift” and it produces further stability in colloidal suspensions.

Figure 1.12: Size separation in vibrated systems where large particles rise to the top while smaller
ones sink (112).

Size segregation of polydisperse macroscopic spheres (such as nuts or stones) has been widely

studied (113–115). In 1930s, a size segregation was observed in the Brazil nuts under shaking.

This effect is due to the lowering of the mass center of the mixture by filling the gaps with the

smaller nuts (116). This results in a size segregation where bigger nuts “rise” while smaller ones

are “pushed” downwards (see Figure 1.12). This effect has its equivalent in charged colloidal

particles. When a binary mixture of colloidal particles with different charge and mass is studied,

a charge-driven segregation can be observed (117) resembling the size segregation observed in

granular matter. This way, charge-mass ratio may rule the behavior of particles in a colloidal

suspension and thus alter the convective-capillary self-assembly.



Part I

Driven Evaporating Menisci





CHAPTER 2

Materials and methods

2.1 Substrates

We employed glass microscope cover slips (0.1mm-thick, 60x24 mm2, Menzel-Glaser) and polymethyl-

methacrylate (PMMA, 1.1mm-thick, CQ grade, Goodfellow) as substrates for the deposit forma-

tion. We selected these materials 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 60x24mm2. Before each experiment, the PMMA surfaces were cleaned ultra-

sonically in a detergent solution (Micro90) for 10min, followed by a prolonged ultrasonic rinsing

in Milli-Q water (20min). To obtain different stable wettability properties on glass substrates, the

cover slips were subjected to three different protocols:

• (Untreated) Glass. Sonication during 15 min in the following solutions: Micro90 solution,

70% (v/v) acetone, 70% (v/v) ethanol, distilled water and finally generous rinses of Milli-Q

water.

• Plasma-Treated Glass (PTGlass). The Glass substrate (clean cover slip) was introduced

into an argon plasma asher (Emitech K1050X) during 15 min at 25W. With this process,

all organic components were volatilized leading to a very clean surface (118).
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Figure 2.1: Contact angle in terms of dimensionless contact radius of the glass and PMMA
substrates measured with the captive bubble method. The arrows indicate the direction of the air
injection/suction process.

• Heat-Treated Glass (HTGlass). The Glass substrate was introduced into an oven at 200◦C

during 15 min. With this treatment we expect to dehydrate the surface, affecting the

substrate wettability properties.

Roughness of the substrates was measured using the white light confocal microscope (see Section

2.3). The values obtained for the root mean square roughness on a window of 209x285 µm2 were

6.5nm and 120nm for glass and PMMA, respectively.

To characterize the substrate contact angle hysteresis, we measured the water advancing

(θa) and receding contact angles (θr) using the captive bubble technique (119). 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 experimental conditions of the driven

menisci experiments: moving contact lines on a previously wet surface. In this technique, a

growing and shrinking bubble was formed against the substrate. A 0.5mm hole was produced

at the center of the substrates before each treatment with a pulsed laser (Laser E-20 SHG II,

Rofin), allowing the injection/suction of air. The bubble volume was varied with a 250µl syringe

connected to a micro-injector (PSD3, Hamilton). We used Milli-Q water at room temperature

for all experiments. A “seed” bubble of 20µl was placed below the hole before each experiment

to form a centered large bubble. Next, at a quadratic flow rate (120), an air volume of 100µl

was added or removed from the bubble. Details of the experimental set-up used for contact angle

measurements is described elsewhere (119). Bubble profiles were analyzed with the Axisymmetric
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Substrate θA (◦) θR (◦)

PMMA 93± 1 62± 1

HTGlass 57± 1 31± 1

Glass 16± 4 10± 3

PTGlass 8± 2 7± 2

Tabla 2.1: Advancing and receding contact angles of the substrates in this work. The acronyms
correspond to Heat-Treated Glass and Plasma-Treated Glass.

Drop Shape Analysis-Profile (ADSA-P) technique. With this approach, all the bubble parameters

such as contact angle, contact radius, area, volume and surface tension were extracted. The

advancing and receding contact angles were averaged over the values of contact angle observed

when the contact line was uniformly moving (see Figure 2.1).

Different values of contact angle hysteresis were obtained with the substrates studied in this

work (see Table 2.1). The HTGlass substrate presented the greatest values of hysteresis and

contact angle (advancing and receding) because of the controlled dehydration after heating. In

still air, surface dehydration of glass may decrease its surface energy because the density of

hydroxyl groups (silanols) on the glass surface decreases. Otherwise, the PTGlass substrate

presented negligible hysteresis and very low contact angles because of the ashing of pollutants

produced during the plasma treatment. The new high energy surface was very susceptible to

adsorb water. Instead, the Glass substrate revealed low contact angles but greater hysteresis than

the PTGlass substrate (see Table 2.1).

We illustrate the receding contact angle of each substrate from the capillary rise (see Section

(a) PTGlass (b) Glass (c) HTGlass (d) PMMA

Figure 2.2: Images of the water column formed by capillary rise between the substrates used in
this chapter. The height of the column is related to the receding contact angle as Eq. 1.2.

2.3). We introduced two parallel substrates, separated by a distance of 1mm, into a reservoir of

Milli-Q water. A column of liquid is formed between the substrates by capillary rise. Figure 2.2

shows the receding of the contact line on the different substrates prepared driven by pumping the



32 Chapter 2. Materials and methods

water of reservoir. The height of the liquid column depends on the contact angle as Eq. 1.2.

Different height was found as the receding contact angle of each substrate.

2.2 Nanoparticle suspensions

2.2.1 Surface electric charge
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Figure 2.3: Electrophoretic mobility as a function of pH of the SiO2-s, glass and PMMA nanopar-
ticles. The electrophoretic mobility measurements were performed at 0.01% (w/w).

We used commercial aqueous suspensions of spherical nanoparticles (see Appendix A) because

we required significant solid concentration and volume of sample. We selected particles with

similar properties (wettability and electric charge) to the substrates prepared in Section 2.1.

We purchased glass (AttendBio Research, 50nm), PMMA (Microparticles, 105nm) and silica

nanoparticles (SiO2-s, 90 nm, kindly supplied by Klebosol). The maximum particle concentration

(w/w) of these suspensions was 50% (w/w) for glass and SiO2-s, and 5% (w/w) for PMMA.

The electric charge of the glass and SiO2-s particles is due to the dissociation of surface silanol

groups in aqueous medium. Instead, the PMMA particles are electrostatically stabilized through

surface sulfate groups from the initiator during the polymerization process. The PMMA particles

are roughly constantly charged because the strongly acidic sulfate groups are fully dissociated in

all relevant solution conditions.

To change the electrostatic double layer interactions (abbreviated below as electrostatic inter-

actions), we varied the particle electric charge through the medium pH (83). Particle suspensions
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were diluted in buffer solutions of low ionic strength (≤15mM) by dialysis. A sample of 10 ml

(at maximun concentration for the PMMA particles (5% w/w) and at 25% (w/w) for the SiO2-

s particles) 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 1-2nm.

We measured the particle electrophoretic mobility as function of pH value using a Zetasizer

Nano device (Malvern, 4mW He-Ne laser, 633nm wavelength). The particle concentration used in

all the electrophoretic mobility measurements was 0.01% (w/w). The results are shown in Figure

2.3. The three different nanoparticles were negatively charged for all the pH values studied.

Effective electric charge of the glass and SiO2-s nanoparticles at pH2 was very low and for the

PMMA nanoparticles it was weak. Instead, all particles presented a maximum unsigned charge at

pH9.

2.2.2 Surface tension
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Figure 2.4: Surface tension over time for three different liquid: water, glass suspension and PMMA
suspension at pH9. The Glass particles (red) are scarcely surface active. The PMMA particles
(blue) were adsorbed at the interface rather than the Glass particles.

We performed pendant drop measurements to study the interfacial activity of the nanopar-

ticle suspensions at 3% (w/w) and pH9 (see Figure 2.4). We concluded that the nanoparticle

adsorption at the liquid-air interface of the meniscus was negligible for the glass nanoparticles and

very fast although nearly significant for the PMMA nanoparticles (max. surface tension reduction
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of 17%). We also examined the effect of nanoparticle concentration on the surface tension. We

performed pendant drop measurements for increasing concentrations. In Figure 2.5 we plot the

surface tension in terms of the solid concentration for the SiO2-s and PMMA suspensions. From

these results, we conclude that high particle concentrations significantly decreases the surface

tension of the suspension, with a reduction of 27% for the densest system (SiO2-s, 50%) highest

concentration of the SiO2-s. We found that pH was not relevant for surface tension measurements

because at pH9 and pH2 surface tension exhibited the same behaviour (see Figure 2.6).

0 10 20 30 40 50

52

56

60

64

68

72

 

 

 
S

u
rf

a
c
e
 T

e
n
s
io

n
 (

m
N

/m
)

Concentration (% w/w)

 SiO2-s  PMMA

Figure 2.5: Surface tension in terms of the solid concentration for the SiO2-s and PMMA suspen-
sions. The measurements were carried out at room temperature and pH9 to enhance the plausible
effects due to surface charge.

We assumed that thermal Marangoni flow was negligible at room temperature in our aqueous

systems. From surface tension measurements (see Figure 2.4 and 2.5), we also discarded other

sources of Marangoni stress such as surfactant concentration gradients.

2.2.3 Viscosity

Furthermore, we measured the viscosity of SiO2-s for increasing concentrations. Shear viscosity

measurements were carried out in a stress controlled rheometer (MCR302, Anton Paar) using a

cone-plate geometry (50 mm diameter, 1◦). Experiments were performed in isothermal conditions

(20◦C) after appropriately erasing the mechanical history of the samples. The protocol consisted

in three differentiated steps. In the first step the sample was pre-sheared at a constant shear

rate (100/s) during 60 seconds. Next the sample was equilibrated, at rest, during 60 seconds.
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Figure 2.6: Surface tension in terms of the solid concentration for the two charged states: (a)
pH2 and pH9 for the SiO2-s and (b) the PMMA suspensions.

Finally, a shear rate ramp was performed from 1 to 1000 /s during 150 s. The measuring point

duration was 5 s. All samples exhibited a Newtonian-like behavior. Data reported in this work

were obtained from the arithmetic average of the viscosity between 10 to 1000 /s. From Figure

2.7, the viscosity remains constant up to a concentration of 25% (w/w).

2.2.4 Collective diffusion coefficient

In an evaporating process, where the particle concentration increases, the Stokes-Einstein equation

is not valid (47). Due to this, we examined the “free” diffusion of the nanoparticles in suspension,

not confined. We measured the diffusion coefficient of the nanoparticles used in the driven menisci

experiments with a particle size analyzer (ALV-GmbH, 3 mW He-Ne laser, 632.8nm 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. The measurements were

performed over the range of particle concentration 0.1-20% (w/w) and for the weakest and

strongest interparticle electrostatic repulsions (pH2 and pH9, respectively).

2.3 Exprimental set-up

To produce the nanoparticle deposition in similar conditions to the well-known dip coating tech-

nique (121), 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 nanopar-

ticle suspensions at driven receding contact lines (see Section 1.2). However, evaporation and
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Figure 2.7: Viscosity in terms of the solid concentration of the SiO2-s suspensions. Experiments
were performed at 20oC and pH9.

contact line dynamics can be decoupled at the macroscopic scale (122). Our experimental device

is shown in Figure 2.8. The substrates were placed in a glass cuvette (Hellma) with dimensions

50x50x10mm3. The cuvette was closed but 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

capillary rise, which corresponded to the advancing meniscus configuration. To achieve receding

configuration, a small amount of liquid was manually removed from the reservoir until the contact

line started to receding. Next, the motion of the meniscus was driven by pumping the suspension

with a syringe (Hamilton, 12.5ml) at constant flow rate (3.47µl/s) using a microinjector (PSD3,

Hamilton).

To monitor the contact line dynamics of the driven receding meniscus, we acquired images with

a CCD (Retiga 1300, QImaging, 16 µm/pixel) and back-light illumination at 1.7 fps during the

entire experiment (approx. 1 hour). The images were analyzed using the software Mathematica.

This way, the contact line position was determined as a function of time and the contact line

velocity was estimated. During the entire experiment, the meniscus contact line and the reservoir

level moved at the same velocity separated by a fixed distance (receding capillary rise, see Figure

2.9). We examined the central region of the substrates, far from the borders, which corresponded

to a maximum displacement of contact line of 14mm (for the glass substrate). This way, upon

minimum evaporation (closed cuvette, Relative Humidity:RH=94-98%), we reproduced uniformly

moving contact lines at 7µm/s, which agreed with the nominal linear velocity (6.9µm/s). Due to
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Figure 2.8: (a) Top-view of the driven menisci set-up: 1) Cuvette holder, 2) input of dry air, 3)
output of nanoparticle suspension connected through a long PTFE coil, filled with water, to the
microinjector terminal, 4) CCD Camera, 5) long PTFE coil and 6) microinjector and syringe. (b)
Detail on the cuvette-plates configuration.
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Figure 2.9: Succession of images obtained with our set-up during an entire experiment. It is
noteworthy how the meniscus position can be identified with the thin line, while the wide defines
the reservoir level. The height of the liquid column remains constant during the entire experiment.

optical magnification and image resolution of our set-up, the stick-slip motion of the contact line

was not noticeable at the concentration of 3% (w/w).

We injected inside the cuvette dry air (RH=2%), previously passed through drierite (Sigma-

Aldrich) to reduce the actual RH up to ≈65-67%. All experiments were carried out at room

temperature (20-23◦C). Upon these experimental conditions we observed that the contact line

velocity due to evaporation was roughly 1µm/s (see Figure 2.10). Contact line dynamics in our

experiments is ruled by the interplay of the local evaporation, at the microscopic scale, and the

driven motion. However, the overall evaporation and the dynamics of the whole interface are de

facto decoupled.

The final deposits were analyzed using a white light confocal microscope (PLµ, Sensofar

Tech S.L.) with 50x and 20x objectives (Nikon, 285.8 x 209.6µm2 and 694.4 x 510.09µm2)

and occasionally with a 10x objective (Nikon, 1.39 x 1.02mm2). To visualize the deposits at

lower scale, we utilized an atomic force microscope (Nanoscope IV, Veeco). The deposit analyzed

correspond the central part of the substrate, to avoid effects of border and of the initial pinning (at

the beginning of the deposit) and reminiscent drop (at the end of the deposit). From the deposit

profiles we evaluated three linear dimensions: height (H), width (W ) and the space between

stripes (G), as illustrated in Figure 2.11. An average value of each dimension was obtained from,
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Figure 2.10: Position of the contact line versus time for two experiments: One with the cuvette
closed (not sealed) without any air flow (RH≈ 96% in black), and another with a constant flow of
air previously dried with drierite (RH≈ 65% in red). Zero position was set to the actual position at
time 0s when the meniscus was at the highest position. As the meniscus receded, the downward
motion of the contact line was taken as a positive displacement. We could calculate the CL
velocity from the slope of each graph. The difference of velocities between both experiments was
associated with the velocity due to the evaporation.
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Figure 2.11: Profile dimensions for the stripe-like patterned deposits: height, width and gap.
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(a) (b)

Figure 2.12: Topography illustrating the method to estimate the amount of mass deposited.
Relevance of this technique can be seen because an apparently flat surface (a) can sustain certain
thickness.

at least, three profiles. Maximum deviation in these values was ±0.1µm.

To obtain a rough estimate of the amount of mass deposited (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. To this end we performed a

thin scratch on the surface with a small metallic tip (see Figure 2.12).This way we could measure

the area sustained by each profile (A). Next, we computed the effective volume of the deposit

by multiplying the former area by the substrate width (d=24 mm), because the patterns usually

covered all the substrate surface, and the typical deposition length (l=20 mm). This effective

volume was divided by the volume of a single particle. We assumed that there were no gaps

between the particles deposited (see Eq. 2.1):

Nd =
A · l · d
4/3πr3

(2.1)



CHAPTER 3

Effect of the wettability properties of the

substrates

In this chapter, we experimentally examined the roles of substrate contact angle hysteresis and

receding contact angle in colloidal patterning by convective assembly. We formed driven evapo-

rating menisci like in the dip-coating technique (see Section 2.3). In this part of the study we

used the smooth glass substrates treated with three protocols (see Section 2.1) and particles with

similar nature as for the substrates (see Section 2.2). For fixed withdrawal velocity, evaporation

conditions and particle concentration, we analyzed the morphology of the deposits formed on each

substrate. Deposits consisting in periodic horizontal striped assemblies of particles (41 , 122) were

spontaneously formed with different features as the wettability properties of the substrate studied.

3.1 Results and discussion

Noticeable differences in the deposit morphology were observed as the substrate used. The

particle concentration was fixed at 3% (w/w). Figure 3.1 shows different particle deposits for

the Glass-Glass system (substrate-particle). A clear transition from a stripe-like pattern to a

film was obtained. Very well-defined and separated stripes were observed over the HTGlass
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substrate. The separation between stripes and their width were reduced on the Glass substrate.

Surprisingly, analyzing the profiles of the topographies, an irregular film was observed over the

PTGlass substrate (see Figure 3.2a). This behavior was validated with the SiO2-s nanoparticles

of greater size (see Figure 3.2b). The topographies for the deposits obtained with SiO2-s are

illustrated in Figure 3.3. Deposit height and particle size were correlated because the deposits

formed with the SiO2-s nanoparticles were higher than with the glass nanoparticles.

A quantitative analysis of the stripe dimensions (height H and width W ) and the spacing

between them (gap G) was accomplished. Firstly, a clear dependence of the deposit height with

the substrate receding contact angle was found. Figure 3.5a shows how the highest deposits

were obtained on the HTGlass substrate (the substrate with the greatest receding contact angle)

followed by the Glass substrate. The deposit height agreed with the particle size because the

deposits formed with the SiO2-s nanoparticles were higher than with the glass nanoparticles. The

minimum height of deposit was reached on the PTGlass substrate where an unresolved monolayer

was found with both glass andSiO2-s nanoparticles.

Secondly, we analyzed the deposit shape using two parameters: H·W (Figure 3.5b) related to

the material amount contained in each stripe, and H/W (Figure 3.5c) related to the “sharpness”

of the stripes. We found that the stripe shape remained constant for each particle size. The

confinement of particles as they were pushed towards the triple line was more pronounced for

lower contact angles. This explains that the smaller particles formed flatter stripes because they

could penetrate further through the interfacial wedge. As expected, the amount of deposited

mass increased as the substrate receding contact angle.

Finally, the coverage degree (W/(W + G)) enabled to quantify the horizontal deposition on

the substrate (see Figure 3.5). When this parameter reached the value 0.5, the substrate was half

covered with particles. On the other hand, values lower than 0.5 indicate that the stripes were

thinner than the gap between them. This just happened with the HTGlass substrate although

coverage degrees greater than 0.5 were observed for the Glass substrate. However, the PTGlass

substrate was partly covered with particles following branch-like or fingering structures (see Figure

3.4).

The pattern-to-film transition observed (see Figure 3.1) can be explained in terms of contact

angle hysteresis and contact line dynamics. It is known that the contact line of evaporating drops

or menisci may describe a stick-slip motion that will determine the formation of periodic patterns

(see Appendix B). The time lapsed while the contact line remains static during the evaporation

is known as pinning time and it becomes important for the pattern morphology (40). On a

substrate with greater contact angle hysteresis, the system may be trapped in more metastable

configurations and this way the triple line will be pinned longer. In driven evaporating meniscus
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(a)

(b)

(c)

Figure 3.1: Deposits of glass nanoparticles formed on the (a) HTGlass, (b) Glass and (c) PTGlass
substrates at 3% (w/w), pH2, RH≈65% and a contact line speed of 7 µm/s. Scale in Z in the
topographies was set from 0 to 1 µm so that each color tone correspond to the same height.
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Figure 3.2: Profiles of the stripe-like patterns and film formed on the HTGlass, Glass and PTGlass
substrates using (a) glass and (b) SiO2-s nanoparticles at 3% (w/w) and pH2.
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(a)

(b)

(c)

Figure 3.3: Deposits of SiO2-s nanoparticles formed on the (a) HTGlass, (b) Glass and (c)
PTGlass substrates at 3% (w/w), pH2, RH≈65% and a contact line speed of 7 µm/s. Scale in
Z in the topographies was set from 0 to 1 µm so that each color tone correspond to the same
height.
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50 μm 

(a)

500 nm 

(b)

Figure 3.4: Detail of the deposits formed on PTGlass substrates: (a) optical image of branch-like
deposits formed with glass nanoparticles and (b) AFM image of an island formed with SiO2-s
nanoparticles.
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Figure 3.5: Analysis of different features of the patterns formed on the HTGlass and Glass
substrates: (a) height, (b) deposit shape, (c) material deposited and (d) coverage degree. An
average value of each dimension was obtained from, at least, three profiles. Maximum deviation
in these values was ±0.1µm.
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(a)

(b)

Figure 3.6: Mechanical analogy of driven receding contact lines. A block connected to a spring
whose free end is moving at constant speed describes a stick slip motion. This motion resembles
the behavior of the driven menisci due to (a) contact angle hysteresis and (b) self-pinning.
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experiments, it is necessary to take further into account the driving force. In the context of guided

contact lines, depinning may be better understood in terms of static friction whereas the liquid

surface tension acts like an elastic force. Like a block attached to a spring (see Figure 3.6a), if the

free end of the spring is moving at constant speed, which emulates the suction in our set-up, the

block will undergo a motion similar to the contact line motion. In this mechanistic interpretation,

the substrate receding contact angle has no explicit role except for the strength of the evaporative

flow and the “interfacial wedge” size. Two substrates with different contact angle hysteresis will

correspond to two surfaces with different static friction coefficient. This way, if the contact line

were pinned, once it begins to move again because of the suction of the liquid reservoir, it would

jump certain distance up to reach a stable static configuration while the reservoir level decreases

at constant speed. Greater values of pinning time (hysteresis) agree with larger gaps because the

triple line must jump longer distances as happens in the HTGlass substrate (see Figure 3.1a).

On the other hand, greater hysteresis leads to a greater pinning time and in consequence, more

particles will be driven towards the contact line due to evaporation (self-pinning). This resembles

the motion of the block connected to a spring but with a smaller block placed on the top of

the first one. In this manner, due to the weight of the smaller block, the larger one will remain

self-pinned (see Figure 3.6b). In this case, greater self-pinning time leads to higher deposits (see

Figure 3.5a), provided that the “wedge effect” allows it. Finally, as contact angle hysteresis is

decreased, pinning time is reduced and the stripes get closer and tend to be lower as happens with

the Glass substrate. When hysteresis is nearly zero, such as in the PTGlass substrate, no pinning

events take place and a film is formed (see Figure 3.1c). The suppression of the coffee-ring effect

by contact angle hysteresis has been recently reported by Li et al. (43). In this scenario, once the

particles are accumulated at the triple line, their number per unit of time (convective-capillary

flow) seems to be secondary at driven receding contact lines with low capillary numbers. The

occurrence of branches structures or islands rather than a complete monolayer of nanoparticles

can be explained by local events of self-pinning (see Figure 3.4 and Appendix C).

3.2 Conclusions

Wettability properties of substrate have been found to be important for colloidal patterning with

driven evaporating menisci. The strength of the evaporative-capillary flow at room temperature

and RH ≈65% in each substrate studied (with different receding contact angle) seems to have a

secondary role, as reported by Brutin (123). A transition from stripe-like deposit to heterogeneous

film was reproduced by varying the wettability properties of substrate. The deposit dimensions

increased as the substrate receding contact angle and contact angle hysteresis, although the ratio

between deposit height and width remained constant for each particle size. The stripe-to-stripe

distance was correlated to the substrate hysteresis due to the contact line pinning. Very low values
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of receding contact angle and nearly zero hysteresis enabled the formation of a particulate film.

Further work should be addressed to optimize the production of colloidal patterns by changing

the wettability properties of substrates.



CHAPTER 4

Effect of the particle collective diffusion

In this chapter, we study the effects caused by the collective diffusion of charged nanoparticles in

the colloidal patterning. To decouple the sustained evaporation from the contact line motion, we

conducted evaporation menisci experiments with driven receding contact lines similar to industrial

dip-coating technique. This allowed us to explore convective assembly at fixed and low bulk

concentration, which enabled to develop high concentration gradients. At a fixed velocity of driven

triple line and a nanoparticle concentration, we explored a variety of substrate-particle systems

where the particle-particle electrostatic interaction was changed (via pH) as well as the relative

humidity and the receding contact angle using two substrates: glass and PMMA (see Section 2.1).

Finally we examine the effect of nanoparticle concentration on the substrate patterning when the

particle-particle interactions were minimized (pH2) and also when electrostatic particle-particle

repulsion was enhanced (pH9).
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4.1 Results and discussion

4.1.1 Diffusion coefficient of nanoparticles

Results of light back-scattering experiments with the glass and PMMA nanoparticles at pH2 and

pH9 are shown in Figure 4.1. When the interparticle electrostatic repulsion was strong (at pH9

as Figure 2.3), we found that the diffusion coefficient increased as the particle concentration.

However when the interparticle electrostatic interactions were weak (at pH2, see Figure 2.3), a

smaller increase of diffusion coefficient was observed compared with the observed at pH9. It is

known that, in photon correlation spectroscopy experiments (124), when the inverse of the scat-

tering vector is much greater than the mean interparticle spacing (concentration dependent) then

the measured intensity 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 diffu-

sion increases as particle concentration when the interparticle electrostatic repulsion is enhanced

(124). This effect should be more remarkable during the arrangement of charged particles at the

triple line in the driven receding meniscus experiments.
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Figure 4.1: Diffusion coefficient as a function of the concentration of glass, PMMA and SiO2-s
nanoparticles at two pH values. Dashed lines represent the nominal (self)diffusion coefficient
calculated from the Stokes-Einstein relationship for each nanoparticle.
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4.1.2 Effects due to particle-particle repulsion

The topographies of the stripe-like deposits formed on the glass substrates with weakly and

strongly repulsive glass nanoparticles at 3% (w/w) are shown in Figure 4.2. Differences in the

pattern morphology were observed when the particle-particle electrostatic interaction was varied.

When the interparticle electrostatic repulsion was negligible (pH2), the stripe width was smaller

than the pattern obtained with strong interparticle electrostatic repulsion (pH9). When the sub-

strate receding contact angle was changed, by using PMMA substrates, the results of deposition

of glass nanoparticles at pH2 and pH9 were noticeably different (see Figure 4.3). The PMMA-

glass system (substrate-particle system) at pH2 revealed unresolved striped deposits although no

particle deposit was formed at pH9. To study the plausible role of the particle wettability in the

deposit morphology, we performed driven menisci experiments with the glass-PMMA and PMMA-

PMMA systems at pH2 and pH9. We also found different morphologies of striped patterns with

the glass-PMMA system when the pH was changed. The greatest deposits (width and height)

were obtained with the PMMA-PMMA system at pH2 but no particle deposition was observed at

pH9, as happened with the PMMA-glass system.

(a) pH2 (b) pH9

Figure 4.2: Stripe-like deposits of glass nanoparticles at pH2 and pH9 on glass substrates obtained
with the driven menisci set-up. The concentration of nanoparticles was 3% (w/w).

We classified the different substrate-particle systems studied into symmetrical and asymmet-

rical systems. In Figure 4.4, 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

system at pH2 were confirmed. The distance between stripes formed with the PMMA-PMMA

system at pH2 was so large that just one stripe at once could be analyzed with the 20x objective.

No deposition was found with the PMMA-PMMA system at pH9. At pH2, stripe-like deposits

were also obtained with the asymmetrical systems although the glass-PMMA system revealed
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(a) pH2 (b) pH9

Figure 4.3: Deposits of glass nanoparticles at pH2 and pH9 on PMMA substrates obtained with
driven menisci experiments. The concentration of nanoparticles was 3% (w/w).

larger deposits. Instead, at pH9, a striped pattern was obtained with the glass-PMMA system

but no deposit was formed with the PMMA-glass system.

The main feature of the symmetrical systems is that the substrate-particle wettability con-

trast (differences between 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 between the substrate-particle wettability

contrast and the final deposit. When the substrate used was PMMA at pH9, no deposits were

formed regardless of the type of nanoparticle used. The glass and PMMA nanoparticles at pH9

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 deposition at driven receding

contact lines was unfavored because the significant diffusive flow canceled or overcame the out-

wards convective flow. Unlike the case PMMA-glass at pH2, when the PMMA nanoparticles were

used in the same conditions (PMMA-PMMA at pH2) 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 minimized, we performed menisci experiments with the

glass-glass and PMMA-glass systems at pH2 and pH9. These experiments were carried out under

vapor-saturated conditions, with no dry air flow and the cuvette closed (not sealed). This way

the relative humidity inside the cuvette increased up to ≈94%. The AFM images obtained for the

glass-glass system are shown in Figure 4.5. Particle deposits were only found at pH2. The residual

convective flow on the (very hydrophilic) glass substrate was still significant compared with the

collective diffusion of nanoparticles at pH2. In the PMMA-glass system, where the convective

flow was much less noticeable than on the glass substrate, no deposit was found at both pH val-
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Figure 4.4: Deposit profiles formed with the symmetrical substrate-particle systems at pH2 and
pH9: (a) Glass-glass system and (b) PMMA-PMMA system and the asymmetrical substrate-
particle systems at (c) pH2 and (d) pH9. The concentration of nanoparticles was 3% (w/w).
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ues. Since the convective flow at RH ≈94% was significantly reduced regardless of the substrate

receding contact angle, the driving flow was completely suppressed by collective diffusion at pH9.

The substrate charge at low ionic strength seems to be irrelevant in this scenario (125), where

the intense flows developed close to the triple line are capable to drag charged particles even very

close to the like-charged substrate. The role of the substrate seems to be more relevant through

its receding 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 (126) 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 (126) should indeed reveal their

collective diffusive motion. To include the electroviscous effect in the calculation of the collective

diffusion coefficient of interacting particles is certainly difficult. It is known that the electrolyte

friction of a single spherical nanoparticle has a weak effect on the self-diffusion coefficient (127).

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 is negligible whereas the

expected increase of the suspension viscosity (126) is properly derived from the collective diffusive

motion of interacting particles beyond the dilute limit.

200 μm 

(a) pH2 (b) pH9

Figure 4.5: Atomic force microscopy images of the deposits obtained with driven menisci experi-
ments under saturation conditions (RH ≈94%) for the glass-glass system at pH2 and pH9.
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4.1.3 Effects due to nanoparticle concentration

To examine the effect produced by the nanoparticle concentration on the patterning, we conducted

experiments on glass substrates with the SiO2-s nanoparticles at increasing concentrations (0.5-

30% (w/w)), and at two pH values (pH2 and pH9). This way, the convective flow was fixed by

the substrate receding contact angle.

It is clear the transition found in the pattern morphology as the particle concentration was

changed, although with differences as the pH value used (see Figure 4.6). The deposit profiles are

shown in Figure 4.7. The nearly uncharged nanoparticles formed patterns even at 0.5% (w/w),

although unresolved. With these particles, the substrate was completely covered (see Figure 4.7b).

Otherwise, when the nanoparticles were charged, almost no deposit was found at 0.5% (w/w)

although a spiderweb-like deposit was found at 1% (w/w). However, well-defined striped patterns

were formed with both particles from 5% (w/w). At higher concentrations (see Figure 4.8),

the resulting striped patterns were more complex due to the plausible occurrence of Marangoni

recirculating flows (see Figure 2.5 and the increase of viscosity (see Figure 2.7). The difference

found at low particle concentrations might be explained in terms of competition between the

outward convective and inward diffusive flows. Less charged particles were transported towards

the contact line because they diffused towards the bulk more readily than the barely charged

particles (see Figure 4.1).

The number of SiO2-s nanoparticles deposited on glass substrates for increasing concentrations

is plotted in Figure 4.9. Significant differences are observed as the particle electric charge. The

amount of material forming the deposits is noticeably greater with the barely charged nanoparticles

(pH2) up to 5% (w/w). From this concentration, the number of SiO2-s nanoparticles deposited

was independent of the pH value. Instead, the deposits formed with the charged nanoparticles

grew steadily as the particle concentration up to 25% (w/w), where the deposit growth seems

to saturate. The plausible decrease of the concentration gradient between the triple line and

the suspension bulk as the bulk concentration increases might explain the disagreement found

between the nearly uncharged and charged nanoparticles at low concentration. According to the

Fick’s law, a lower gradient mitigates the collective diffusion even for the charged nanoparticles.

High differences were observed on the number of particles deposited for different charged

particle states. When particles were nearly uncharged, the coverage degree was higher, observing

pattern even at 0.5% (w/w). On the other hand, when charged particles were used, almost no

particles were deposited for the lowest concentration. A transition to patterned deposit can be

observed, obtaining an intermediate state (spiderweb-like deposits) for 1% (w/w) and stripe-like

deposits for 5% (w/w) and higher concentrations. This difference for low concentrations could be

explained in terms of the competition between convective and diffusive flow. Since convective flow

is constant for all the experiments (dependence only on the receding contact angle), the differences



58 Chapter 4. Effect of the particle collective diffusion

50 μm 

(a) 0.5% pH2 (b) 0.5% pH9

(c) 1% pH2 (d) 1% pH9

(e) 5% pH2 (f) 5% pH9

Figure 4.6: Deposits obtained of SiO2-s nanoparticles at pH2 and pH9 on glass substrates obtained
with the driven menisci set-up. The concentration of nanoparticles was 0.5%, 1% and 5% (w/w).
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Figure 4.7: Deposit profiles formed at (a) pH2 and (b) pH9. The concentration of nanoparticles
was 0.5%, 1% and 5% (w/w).
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50 μm 

(a) 0.5% (b) 1% (c) 5%

(d) 10% (e) 15% (f) 20%

(g) 25% (h) 30%

Figure 4.8: Deposits of the SiO2-s nanoparticles on the Glass substrate at (a) pH2 for increasing
concentrations.
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observed in the patterns for a fixed concentration but two particle-particle electrical state (pH2-

pH9) would be caused by the diffusive flux. At low concentrations when particle gradient between

the contact line and the bulk becomes relevant, according to Fick’s law, diffusive flow is enhanced.

Thus less particles arrive to the contact line in the charged state compared with the uncharged

one (diffusion coefficient is higher at pH9 than pH2, see Figure 4.1). On the other hand, as

concentration rises, the particle gradient between the triple line and the bulk attenuates. This

leads to a similar number of particles deposited (see Figure 4.9)
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Figure 4.9: Calculations of the number of particles deposited after driven menisci experiments
when particle concentration was increased (0.5-30% (w/w)) at pH2 and pH9.

4.2 Conclusions

Unlike typical experiments of free drop evaporation, evaporating menisci experiments with driven

receding contact lines allow to explore convective assembly at fixed and low bulk concentration,

which enables to develop high concentration 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

convection before reaching the triple line. In this scenario, the receding contact angle of the

substrate and the relative humidity dictate the strength of the convective velocity field. Diffusive

flow takes relevance at low particle concentration, when the gradient between the contact line

and bulk is important. In this case, the particle-particle repulsion produces a significant transition
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in the final pattern morphology and reduces the number of particles deposited.



Part II

Free Evaporating Drops





CHAPTER 5

Materials and methods

5.1 Substrates

We used glass microscope cover slips (see Section 2.1) and polymethyl-metacrylate sheets (PMMA,

0.05mm-thick, Goodfellow) as substrates. These substrates were selected because of their trans-

parency, smoothness and small thickness. The glass cover slips 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 (64x26mm2) with a circular hole of 1cm diameter at its center. This way, the

PMMA substrate was not deformed with the immersion objective of the confocal microscope used

(see Section 5.3). Before each experiment, the substrates were treated as described in Section

2.1. The values of contact angle hysteresis are collected in Table 2.1.

The root-mean-square roughness with the withe light confocal microscope (see Section 2.3)

over 210 x 285 µm2 was 6.5 nm for the glass substrates and 24.4 nm for the PMMA substrates.
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5.2 Particle suspensions

We purchased from Microparticles six aqueous suspensions of spherical particles with different

size, density and electric charge response. The main features of these particles are listed in Table

5.1. We used fluorescent-labeled particles of polystyrene (PS), melamine-formaldehyde (MF) and

carboxylated-MF (MF-COOH). We also selected non-fluorescent silica (SiO2-l) particles by their

density value. The PS particles are constantly charged because their strong acidic sulfate groups

are fully dissociated in all relevant solution conditions. The rest of particles have a pH-dependent

surface charge due to their different ionizable terminal groups. The particle electric charge was

controlled in all experiments. The particles were accordingly diluted in buffer 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 (see Figure 5.1). We also

measured with the pendant drop method (house-in device) the surface tension of the particle

suspensions as received (see Table 5.1) to explore the presence of surface-active traces from the

corresponding synthesis.

The experiments of evaporating drops were carried out at very low particle concentration to

avoid saturation of the signal detected by the confocal microscope (see Section 5.3). The optimal

concentrations were found between 0.002% and 0.01% (w/w). Binary mixtures (1:1 in weight)

were also prepared to illustrate in-situ the deposition of particles with different size or charge-mass

ratio in the “wedge” region during the drop evaporation. This way, we used the same particle

suspension (MF-l, MF-s) to explore the substrate wettability. On the other hand, we studied

different type of particle and binary mixtures on a fixed substrate (Glass).

Acronym Particle Density (g/cm3) φmax (%w/w) Diameter (µm) γLV (mN/m)

MF-s Melamine-Formaldehyde 1.51 2.5 0.366±0.06 66±2

MF-l Melamine-Formaldehyde 1.51 2.5 1.11±0.05 70±1

PS-s Polystyrene 1.05 2.5 0.285±0.06 70.2±0.3

PS-l Polystyrene 1.05 2.5 1.08±0.04 70.2±0.3

MF-COOH Carboxylated-MF 1.51 2.5 1.09±0.07 68±1

SiO2-l Silica 1.8-2 5 1.16±0.05 68±1

Tabla 5.1: Particles used in this part.

Particle Fluorochrome λabs (nm) λem (nm)

MF-s Rhodamine B 560 584

MF-l Fluorescein Isothiocyanate 506 529

PS-s FluoGreen 502 518

PS-l FluoRed 530 607

MF-COOH Rhodamine B 560 584

Tabla 5.2: Absorbance and emission wavelength for the fluorescent particles used in this part.
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Figure 5.1: Electrophoretic mobilities for the particles used in free evaporating drops. All mea-
surements were performed with low ionic strength buffers at 0.01% (w/w).
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Figure 5.2: Emission spectra for the different fluorochromes of the particles used in this part.
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In Table 5.2 we present the wavelength values for absorption and emission of the fluorescent

particles. Nonetheless, to optimize the detection of particles with different fluorochromes, we

measured their emission intensity with the device described in Section 5.3 over a wavelength range

of several nanometers (see Figure 5.2). Intensity values lower than 500 nm were not measured to

avoid interference with the lasers as they emitted at 488 and 496 nm. The spectra show different

maxima although the red/orange fluorochromes (Rhb and FluoRed) and the green fluorochromes

(FITC and FluoGreen) were close. A slight overlap was also observed between FITC and FluoRed.

However, we could perform experiments with binary mixtures of particles with these fluochromes

by selecting a narrow-wavelength detection window.

5.3 Experimental set-up

We used Confocal Laser Scanning Microscopy (CLSM) with an inverted microscope (DMI6000,

Leica) as described in Figure 5.3. The experiment were conducted at the Scientific Instrumentation

Center (CIC, Centro de Instrumentación Cient́ıfica) of the University of Granada. The CLSM

device 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 the fluorochrome adsorbed to each particle (see Table 5.2). The drop volume was

3µl and the experiments were carried out at ≈22-25◦C and a Relative Humidity (RH)≈38-42%

(still air). The images obtained (512x512 pixel) were captured each 1.3s and next, analyzed

with the public software ImageJ. We reduced our analysis to pinned triple lines over a window

of 77.5x77.5µm2 (100X objective) and occasionally 156x156µm2 (40X objective). We focused

on the top of the substrate. The z-depths of field were 0.7 µm and 1.8µm with the 100X and

40X objectives, respectively. These values allowed to observe mainly the particles deposited just

on the substrate near the contact line although, in some cases, it was also possible to observe

unfocused particles adsorbed at the water-air interface, close to the substrate (see Appendix E).

This way, we mainly monitored the in-plane motion of incoming particles at the contact line (see

Figure 5.4).

The fluorescent particles were counted by labeling (128) in each frame. We selected a suitable

threshold of the corresponding image channel (red or green, accordingly) to individualize the

particles (see Figure 5.5) and remove to those unfocused ones (not in-plane). The non-fluorescent

SiO2-l particles were analyzed from bright field images also by labeling. However, when the non-

fluorescent particles were used in bidisperse mixtures, we counted all particles, next the fluorescent

particles by colour segmentation and then both numbers were subtracted to obtain the number of

non-fluorescent particles arriving at the contact line. Nanoparticles (MF-s and PS-s) were counted

from the number of red or green pixels per frame divided by the pixels occupied by a single particle.

We evaluated the particle increment in the region of interest from the beginning of the image
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Substrate 

Objective 

Immersion Oil 

Evaporating colloidal drop Region of  
interest 

0,05-0,1 
mm 

Figure 5.3: Set-up used to count the particles arriving at the triple line. The region of interest is
reduced to the triple line and its immediate vicinity, considering a square window of 77.5 or 156
µm side as the magnification used.

Figure 5.4: CLSM image of a mixture of MF-l and MF-COOH particles arriving at the triple line.
Two colors can be observed and individual labeling can be performed.
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(a) (b)

(c) (d)

Figure 5.5: Process of particle counting by labeling. For each frame (a) we apply a threshold (b)
then the particle contours are obtained (c) and the particles are numbered (d) and counted.
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acquisition, once the triple line was localized, the magnitude of excitation signal was adjusted

and the moving particles were focused. Due to this, the zero time in our experiments does not

strictly correspond to the onset of drop evaporation. However, the time delay was always lower

than 1 min. We selected the region of interest including the contact line (see Figure 5.4), The

particle increment was divided by the drop area visualized in each experiment. In the experiments

where the contact line receded, the particle counting was interrupted because the wet area varied.

When we compared two particles with different density, the number of each particle in the bulk

was also different at the same solid concentration. This way, to normalize by the total number

of each particle, we divided the particle increment per unit of wet area nearby the contact line

(∆N/A) by the particle number in a 3µl drop (N0).

Unfortunately, we could not perform particle tracking. We could not track a single moving

particle in 2-D dimensions in real time. In order to continuously track a particle, its position must

be determined on-the-fly, and this is possible if the spatial and temporal resolutions are adequate.

Our maximum temporal resolution was 1.3 s per frame instead of the typical values of milli-

seconds per frame. In Figure 5.6 we describe the stages reproduced in a typical plot of increment
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Loss of particle 
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Figure 5.6: 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.

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 accumulated 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 contact angle significantly

decreases and the convective flow increases. We identify this “rush-hour” effect in the deposition
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rate (76) with the drop collapse (see Appendix D). The “rush-hour” stage can be more or less

pronounced according to the experimental conditions 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

(fluorescence signal) can fluctuate or even decrease due to the dehydration of the particles and

proximity between them leading to resolution artifacts. Depending on the contact line dynamics,

firstly ruled by the receding contact angle of substrate and the occurrence of self-pinning (1), the

overall time of the experiments was different. We measured the particle flow per unit of wet area

during the early evaporation with a reproducibility level of 25-40%. The final amount of material

deposited (particles/µm2) was roughly estimated.

To validate this technique and ensure that we count the particles deposited on the substrate,

we analyzed the colloidal deposition of PS-l particles at 0.01% (w/w). This particles are more likely

to be adsorbed at the water-air interface (see Appendix E). We monitored the particle increment

nearby the contact line at both fluorescent and bright-field channels (see Figure 5.7). We observed

that the number of particles at both channels did not agree. Analyzing the fluorescence channel,

there were some particles that were slightly out of focus (weak fluorescence). On the other hand,

at the bright-field channel, some particles at the background (water-air interface) were completely

out of focus (not visible) at the fluorescent channel.

(a) (b)

Figure 5.7: CLSM images of colloidal deposition of the PS-l particles at pH6 and 0.01% (w/w) for
fluorescent channel (a), and bright field channel (b). For the fluorescence channel only particles
on top of the substrate are on focus. Particles in the background (water-air) interface are visible
just in the bright field channel.
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Figure 5.8 shows the particle increment per unit of wet drop against the time at the triple line

for both channels. The rate of particle incoming at the contact line was greater in the bright-field

images because the particles far from the substrate were also counted. On the other hand, the

particle increment in the fluorescence images has the typical behaviour (see Figure 5.6). At the

final stage of the experiment (complete drop evaporation), both increments agree because the

particles at the water-air interface “fell” on the substrate due to the drop collapse. This way, we

assure that the CLSM technique for fluorescent particles is a good method to monitor in-plane

colloidal assembly by convective deposition.
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Figure 5.8: Particle increment per wet area in term of time for the PS-l particles at 0.01% (w/w)
at pH6 analyzed in bright field and fluorescence channel. The particle increment overlap in the
final stage (drop collapse) when particles at the water-air interface deposit on the substrate.
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CHAPTER 6

Effect of the wettability properties of the

substrates

Wettability properties can alter the colloidal self-assembly by convective deposition (39). The

final deposit of free evaporating drops can reveal the receding contact angle and contact angle

hysteresis of the substrates used (67). In this chapter, we analyzed the deposits of the SiO2-l

particles (see Section 5.2) formed with evaporating sessile drops, on the substrates described in

Section 5.1. To illustrate the effect, we gently placed 13 µl drops of SiO2-s suspensions at 0.01%

(w/w) on the substrates to study. The drops evaporated freely into a closed chamber (not sealed)

where a constant flux of dry air (RH≈2%) was insufflated. Figure 6.1 shows the cenital image

of the deposits. It is clear that the wettability properties alter the final morphology of the stains.

However, in-situ measurements of the particle accumulation provide further information about the

effects of the wettability properties of the substrates on colloidal self-assembly by capillary-driven

deposition.

In this chapter, we monitored the accumulation of particles arriving at the contact line of

evaporating sessile drops by CLSM. From particle counting, we evaluated the particle increment

per unit of drop area over the time. We used four substrates with different contact angle hysteresis

and receding contact angle (see Table 2.1). We used particles with different diameter to illustrate
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(a) PTGlass (b) Glass

1 cm 

(c) HTGlass (d) PTGlass

Figure 6.1: Cenital images of 13µl drops of the SiO2-l particles at 0.01% (w/w) on the substrates
used in this chapter. Different morphology is observed as the substrate used.

the importance of the “wedge”-shaped region nearby the contact line (see Section 1.2.2).

6.1 Results and discussion

We confirmed the receding contact angle of our substrates by using binary suspensions of PS

particles with different size (3:1 in particle number). The experiments were conducted under

the same evaporation conditions. The size segregation, observed in Figure 6.2, due to the so-

called “wedge effect” correlates to the receding contact angle of each substrate. On the PMMA

substrate, there is no significant segregation (see Figure 6.2a). On the HTGlass substrate, the

separation between the smaller particles (PS-s) and larger ones (PS-l) is noticeable (see Figure

6.2b). On the Glass substrate, the segregation is very clear (see Figure 6.2c). Finally, on the

PTGlass substrate a change of magnification was necessary to show the two types of particle

deposited on the substrate (see Figure 6.2d). Evaporation experiments on the PTGlass substrate

were hard to accomplish because the drop completely spread on the substrate and dried in few

seconds.

Figure 6.3 shows the number increment of incoming particles per unit of wet area on different

substrates. In each graph, the experiments were conducted at the same evaporation conditions.

We can mostly identify three different stages according to the horizontal flow rate (see Figure
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(a) PMMA (b) HTGlass

(c) GLass (d) PTGlass

Figure 6.2: CLSM images of the contact lines of sessile drops containing a 3:1 mixture of PS-s
and PS-l particles on the different substrates. The observed size segregation at the triple line
agrees with the receding contact angle of each substrate.
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Figure 6.3: Number increment of particles per unit of wet area in terms of time on different
substrates. (a) Negatively charged MF-COOH particles (pH6) at 0.005% (w/w) on the Glass and
HTGlass substrates. (b) Negatively charged PS-l particles (pH10) at 0.01% (w/w) on the Glass
and PMMA substrates.
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Figure 6.4: Number increment of particles arriving at the contact line per unit of wet area on the
PMMA substrate for (a) the negatively charged MF-l particles (pH10) at 0.01% (w/w) and (b)
the barely charged MF-s particles (pH7) at 0.01% (w/w).
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5.6).We performed linear fits to the data corresponding to the “steady” stage and next compared

the slopes for each substrate-particle system. We found that the deposition rate of the negatively

charged MF-COOH particles at the contact line was 2.8 times faster on the Glass substrate

than on the HTGlass substrate (see Figure 6.3a) and with the negative charged PS-l particles,

7 times faster on Glass than on PMMA (see Figure 6.3b). The different accumulation rate on

each substrate was observed regardless of the particle concentration, charge and density. This

is due to the lower evaporation rate on the HTGlass and PMMA substrates because of their

higher receding contact angles. Although the drop evaporation took longer on the HTGlass and

PMMA substrates, the triple line did not recede because the contact angle hysteresis enhanced

the self-pinning (39) of the contact line by increasing its natural pinning time. However, due to

the high value of contact angle hysteresis of the PMMA substrates, in some experiments, the

self-pinning was not eventually assured and the triple line receded (see Figure 6.4a). The barely

charged MF-s particles at 0.01% (w/w) perpetuated the self-pinning (see Figure 6.4b) because

much more particles were available in the bulk to be transported by the convective flow.

From the above-described results found for different pH values and on different substrates,

the substrate electric charge seems to play a minor role in the particle deposition. The substrate

mainly affects the particle accumulation close to the contact line by setting the wedge-shaped

region, pinning time of contact line and evaporation-driven capillary flow.

6.2 Conclusions

We performed in-situ particle counting in the vicinity of the contact line with the CLSM tech-

nique. Beyond the size segregation produced by the so-called “wedge” effect, we confirmed that

the wettability properties of substrates are very relevant for colloidal assembly driven by evapo-

rative convection. The particle deposition rate strongly depends on the receding contact angle

of the substrate. The substrate does modulate the particle increment close to the contact line

through the evaporation-driven capillary flow due to receding contact angle. In particle deposition,

the substrate wettability properties can alter the accumulation nearby the contact line both are

correlated: On one side, the particle increment at the triple line depends, among other factors,

on the time of natural pinning, the space available at the wedge-shaped region and specially, the

convective flow. On the other hand, self-pinning due to particle deposition affects to contact line

dynamics.
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Figure 6.5: Normalized particle accumulation per area in terms of time for the PS-l and MF-l
particles on Glass in: (a) a 1:1 binary mixture at pH12 and 0.01% (w/w) and (b) the corresponding
monodisperse suspensions at pH12 and 0.005% (w/w).
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CHAPTER 7

Effect of particle collective diffusion

The aim of this chapter is to examine the role of the particle electric charge in convection-driven

self-assembly. We also performed in-plane counting of fluorescent particles in the vicinity of the

triple line of evaporating drops by using CLSM. For the same evaporation conditions , fluorescent-

labeled particles with different charge-response (see Section 5.3) over the pH scale were studied.

Size, concentration and electric charge of the particles were conveniently selected accordingly (see

Section 5.2). The use of two substrates with different receding contact angle allowed to explore

different evaporation convective flows (see Section 5.1).

7.1 Results and discussion

gradients is not discarded. In the experiments carried out on glass substrates under the same

evaporation conditions, we observe that the uncharged particles accumulated at the contact line

at faster rate than the charged ones (see Figure 7.1). This behavior was found regardless of the

particle size (see Figures 7.1a and 7.1b), the type of particle (see Figures 7.1b and 7.1c), and

the particle concentration (see Figures 7.1b and 7.1d). From the linear behavior of each particle

increment, we compared the slopes obtained. The nearly uncharged MF-s particles arrived to

the contact line 47.3 times faster than the charged ones, and the ratio between amount of
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Figure 7.1: 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-l at 0.01% (w/w), (c) MF-COOH at 0.01% (w/w) and (d) MF-l
at 0.005% (w/w).
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material deposited was 5. At the same solid fraction (0.01% (w/w)), the barely charged MF-l

particles accumulated 7.4 times faster than the charged MF-l particles due to the lower number

of larger particles although the ratio between the masses of final deposit was 6. The uncharged

MF-COOH particles, at the same concentration than the MF-l particles and with similar size,

accumulated 2.2 times faster than the charged MF-COOH particles and the mass of the final

deposit was 3 times greater. The difference between the charged MF-l 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 concentration (0.005% (w/w)), the

deposition of the barely charged MF-l particles was mitigated although it was 2.5 times faster

than for the charged MF-l particles and the mass deposited was 1.7 times greater. The rate of

deposition of charged particles revealed the particular balance between the outward convective

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

(number of particles), the relative difference between uncharged and charged particles is also

reduced because the evaporation-driven convective flow produces lower concentration gradients.

Although our measurements were restricted just to the horizontal surface of the substrate, the

development of vertical concentration

The accumulation of barely charged particles was also favored on PMMA substrates, rather

than with the charged ones, under the same evaporation conditions (see Figure 7.2). 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 angle. 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 concentra-

tion. At 0.01% (w/w), the uncharged MF-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 7.2a)

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 7.2b). With charged MF-l particles at 0.01%

(w/w), the contact line mostly receded on the PMMA substrates with micron-sized particles al-

though 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 during the complete evaporation of the

drop, regardless of the particle charge. In Figure 7.2b, 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 MF-s particles at the triple line. At the time that the

drop containing charged MF-s particles collapsed and dried, the nearly uncharged MF-s particles
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Figure 7.2: 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).
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began to describe a marked “rush-hour” motion up to exceed significantly the number of charged

MF-s particles accumulated at the contact line at the end of drop evaporation, as shown in Figure

7.1a on the glass substrate. 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 nanoparticles, 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 adsorption at the water-air interface (skin

formation) might explain 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 be-

cause the small “wedge” enabled the formation of a particulate film (39) rather than the particle

piling up and besides the strong evaporative flux was hardly decreased.

We further conducted experiments with 1:1 binary mixtures of the MF-l and MF-COOH

particles at 0.01% (w/w) (0.005% (w/w) per particle) on glass substrates. Although the bulk

concentration and size was the same for both particles, the collective diffusion coefficient was

expected to be different (51). At pH4, the MF-COOH particles were nearly uncharged while the

MF-l particles were positively charged and at pH10, the MF-l particles were nearly uncharged

while the MF-COOH particles were negatively charged (see Figure 5.1). Figure 7.3 shows the

number increment of particle for the two bi-disperse suspensions. The rate of accumulation of

the nearly uncharged MF-l particles was 4.9 times greater than the negatively charged MF-COOH

particles whereas the final amount of material deposited 3.9 times greater (see Figure 7.3a). In

Figure 7.3b, the rate of accumulation during the initial evaporation was identical for both particles.

However, during the “rush-hour” stage, the increment of the barely charged MF-COOH particles

overcomes the positively charged MF-l particles. It is important to take into account that these

MF-l particles 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-l and MF-COOH particles can be

explained once the collective diffusion and substrate-particle attraction were mutually canceled.

However, during the “rush-hour” stage, the gradient of particle concentration was high enough

so that the particle diffusion overcame the electrostatic interaction and mitigated the arrival of

charged MF-l 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.

In binary mixtures, it is important to take into account that certain competing effects were

present. Hydrodynamic and direct interactions might affect the osmotic pressure in a different
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Figure 7.3: 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-l and negatively charged MF-COOH particles
(pH 10), (b) nearly uncharged MF-COOH and positively charged MF-l particles (pH4).
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uncharged particles, under the same evaporation conditions.

manner than in a monodisperse suspension prepared at the same concentration. For this purpose,

we compared Figure 7.3a with experiments carried out under the same conditions but with the

corresponding monodisperse suspensions (not shown). The relative rate of accumulation between

nearly uncharged MF-l 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-l particles at 0.01% (w/w) 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 substrates).

Results are summarized in Figure 7.4. 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 angle, 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 remained pinned until the complete evaporation. Whereas, for the PMMA substrates, the

particle counting was interrupted when the contact line started to recede. Although, electrostatic

attraction between particle and substrate enhances the deposition, it can be observed that all

data are lower than the unit regardless of the type of substrate-particle interaction. This reveals
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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 convective flows seems to overcome the interaction between particle and

substrate.

7.2 Conclusions

We found that collective diffusion mitigated the arrival of charged particles to the contact line,

regardless 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 experiments 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 equation.

In this scenario, substrate-particle electrostatic repulsion has no significant effect because, even

for unlike charged substrate-particle systems (preferential deposition), the deposition was more

favored with uncharged particles than with charged ones. However, the substrate does modulate

the particle 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).



CHAPTER 8

Effect of the “colloidal Brazil” nut effect

In this chapter we focused on the behaviour of highly charged particles suspended in a “salt

free” media. We investigated the importance of the charge-mass ratio of the particles on the

convective-capillary self-assembly using the CLSM technique (see Section 5.3). The work the

substrates used were Glass to fix the receding contact angle and to reduce the contact angle

hysteresis. We modified the charge-mass ratio by selecting particles with different surface charge

and density (see Section 5.2).

8.1 Results and discussion

In Figure 6.5, we plot the experiments performed on the Glass substrates with a 1:1 binary

mixture of PS-l and MF-l particles at 0.01% (w/w) (3:1 in particle number) and the corresponding

monodisperse suspensions at 0.005% (w/w). At pH12 both particles are negatively charged but

the PS-l particles have higher unsigned charge (see Figure 5.1) This way, the charge-mass ratio

for the PS-l particles is 6.7 times greater than for the MF-l particles. In the binary mixture (see

Figure 6.5a), we observe that the PS-l particles arrived at the triple line 3.2 times faster than the

MF-l particles and the final particle accumulation after the complete drop drying was 4.6 times

greater. In the monodisperse cases (see Figure 6.5b), we observe that the deposition rate was 2.7
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Figure 8.1: Normalized particle accumulation per area in terms of time for the PS-l and SiO2-l
particles on Glass in: (a) a 1:1 binary mixture at pH6 and 0.01% (w/w) and (b) the corresponding
monodisperse suspensions at pH6 and 0.005% (w/w).
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times greater for the PS-l particles than for the MF-l ones, although the final deposit of particles

was very similar. This behavior might be explained as follows. The PS-l particles are very charged

over the entire pH scale. Strongly charged particles in “salt-free” media are known to suffer

an “entropic lift” as the counter-ions move into the solvent seeking to maximize their entropy

and homogeneity (129). This way, to maintain the macroscopic electro-neutrality the diffusing

counter-ions pull the colloid avoiding its sedimentation. This effect causes segregation in binary

mixtures where the micron-sized particles with lower charge-mass ratio sediment while the other

ones are pushed upward by the former ones (52). In our experimental scenario, the MF-l particles

partially settled from the bulk of the drop whereas the PS-l particles mostly remained suspended in

the bulk or even close to the drop apex. This segregation within the bulk of the drop dictates the

behavior nearby the contact line. The particles more susceptible to sedimentation (MF-l) arrived

at the contact line in a lower number. On the other hand, all stable particles suspended in bulk

(PS-l) were available to be pushed towards the contact line by the evaporation-driven flow. This

behavior was observed with the binary mixture rather than with the monodisperse suspensions.

The final accumulation of particles was higher for the PS-l particles in the binary mixture than in

the monodisperse suspension. However, the MF-l particles accumulated less in the binary mixture

than in the monodisperse case. This clearly points out to a particle segregation in the mixture

due to the “colloidal Brazil nut” effect. Deposition is enhanced for the PS-l particles as they

are “lifted” by the downward motion of the MF-l particles, while the accumulation of the latter

ones is unfavoured as they are “sunk” due to the reciprocal mechanism. In the monodisperse

experiments each particle in suspension was exclusively affected by sedimentation, with different

rate, although the PS-l particles also deposited faster at the contact line than the MF-l particles.

The same result was found for the system formed by the PS-l and SiO2-l particles at the same

concentration (5:2 in particle number) (see Figure 8.1). In the bidisperse mixtures (see Figure

8.1a), the SiO2-l particles arrived at the contact line 8.1 times slower than the PS-l particles. In

the monodisperse suspensions (see Figure 8.1b), the PS-l particles accumulated 1.5 times faster

than the SiO2-l particles. In this case, the SiO2-l and PS-l particles were equally charged (see

Figure S2), but silica is much denser than polystyrene, thus the charge-mass ratio was 1.8 times

greater for the PS-l particles than for the SiO2-l particles. The segregation was more significant

than with the mixture of PS-l and MF-l. This points out to that in addition to the “colloidal Brazil

nut” effect, other mechanisms should be further considered such as hydrodynamic interactions

(130).

We further performed experiments with nanometer-sized particles to reduce the sedimentation

(see Figure 8.2). We decreased the solid concentration of the mixture up to 0.002% (w/w) to allow

a better counting without signal saturation (see Figure 8.2a). In this experiment, the “colloidal

Brazil nut” effect was scarcely relevant because the MF-s particles accumulated nearby the triple

line 1.3 times faster than the PS-s particles. Otherwise, in the monodisperse suspensions, the
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Figure 8.2: Comparison between the normalized particle increment per wet area in terms of time
for the MF-s and PS-s particles in: (a) a 1:1 binary mixture at pH12 and 0.002% (w/w) and (b)
the corresponding monodisperse suspensions at pH12 and 0.001% (w/w).



8.2. Conclusions 95

PS-s particles deposited at the triple line 1.4 times faster than the MF-s particles. This results is

expected because all nanoparticles were suspended in the interior of the drop and then they were

available to be pushed towards the contact line by the convective capillary flow. In the case of

monodisperse suspensions, the final deposition was greater for both particles than in the binary

mixture. This indicates no segregation of nanoparticles ruled by the “colloidal Brazil nut” effect.

8.2 Conclusions

Sedimentation of micron-sized particles affects the accumulation at their triple line. In “salt-free”

media, polystyrene particles (charged) can be subjected to an “entropic lift” against sedimentation.

Binary mixtures of particles with different charge-mass ratio revealed segregation as the “colloidal

Brazil nut” effect. This effect was not observed with nanoparticles. In this scenario, we found

that the charge-mass ratio of particles also modulates their deposition nearby the contact line.





Part III

Conclusions and Appendices





CHAPTER 9

Conclusions

In this thesis we have studied the assembly of colloidal particles by convective deposition. We

have examined the effect of three factors: particle electric charge, wettability properties of the

substrate, and charge-mass ratio of the particles by using two experimental approaches: driven

evaporating menisci and free evaporating drops.

The set-up for driven evaporating menisci is very similar to the dip-coating technique frequently

used in the coating industry. This set-up provides a controlled environment to develop protocols for

reproducible coatings. The surface coverage is greater than with millimeter-sized drops although,

of colloidal particles required is higher as well. We fixed the withdrawal velocity with this method,

the particle concentration in bulk remains constant over the entire experiment. Hence, the effects

due to the particle concentration gradient can be noticeable. We used smooth substrates with very

different wettability properties. Three cleaning protocols were developed to alter the wettability

properties of the substrates used. We measured the receding contact angle and contact angle

hysteresis with the captive bubble technique. We also used nanoparticles of different surface

charge and size. The morphology of the final deposits was analyzed by confocal microscopy and

the contact line dynamics by optical microscopy. We modulated the evaporative flux through the

relative humidity, the particle concentration and the substrate-particle system. Particle-particle

and substrate-particle electrostatic interactions were varied through the medium pH.
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Free evaporating drops in still air were used to explore the particle behaviour just at the vicinity

of the contact line. We used Confocal Laser Scanning Microscopy to acquire real time images

of the triple line of an evaporating colloidal sessile drop. We performed particle counting to

estimate the in-plane accumulation per unit of drop area over the time. We used two transparent

substrates with different wettability properties and six types of fluorescent particles selected as

their fluorochrome, size, surface charge and density.

By using the two methodologies, the wettability properties of the substrate were found to

be important for colloidal assembly. Driven evaporating menisci experiments showed different

surface patterning as the substrate used. A transition from stripe-like deposit to heterogeneous

film was reproduced as the substrate. Receding contact angle was directly related to the deposit

dimensions and contact angle hysteresis was related to the gap between the bands. The stripe-

to-stripe distance increases as the pinning time of the contact line (while the contact line remains

static). We found that the pinning time correlated to the contact angle hysteresis because the

meniscus could reach different meta-stable configurations. Very low values of the receding contact

angle and nearly zero hysteresis enhanced the formation of an unresolved colloidal monolayer. We

confirmed that the receding contact angle imposes a geometrical constraint for the particles at

the triple line and due to this, size segregation of binary suspensions was observed with CLSM.

Further, the particle deposition rate strongly depended on the value of the receding contact angle

of the substrate. The effects of wettability properties of the substrate on the colloidal assembly are

coupled because self-pinning affects contact line dynamics, and the particle accumulation depends

at different extents on the space available near the contact line, the time of natural pinning and

mostly, the convective flow. Further work should be addressed to optimize the production of

colloidal patterns by changing the wettability properties of substrates.

We found that collective diffusion mitigated the arrival of electrically charged particles to the

contact line, regardless of the type of particle, the substrate or the methodology used. The rate of

accumulation for the barely charged particles was always lower than for the charged ones. From

the experiments of driven receding contact lines, we conclude that the particle deposition 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 convection before reach-

ing the triple line. this was observed in free evaporating drops with receding contact lines: high

values of receding contact angle and low convective evaporative flows. Experiments carried out

with binary colloidal mixtures illustrated the influence of collective diffusion on the particle depo-

sition. With the same mixture, the pH variation always promoted the accumulation of the nearly

uncharged particles. Likewise, barely charged particles enhanced the self-pinning of the contact

line because their diffusion towards the bulk was reduced. Diffusive flow in drops takes relevance

at low particle concentration, when the gradient between the contact line and bulk is important.
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Instead, in driven evaporating menisci the bulk concentration remains constant and the effects due

to concentration gradient are enhanced. In both scenarios, substrate-particle interactions seems

to play no significant role because the deposition of particles was favored for the nearly uncharged

particles rather than the charged ones, even for the opposite charged substrate-particle system.

This opens up a new route in convective/capillary self-assembly for the particle segregation ruled

by electric charge.

Finally, we found that the analysis of assembly of strongly charged particles (such as polystyrene)

in a “salt free” media should be addressed carefully. For particles suspended in these conditions,

ion condensation can produce an “entropic lift” against sedimentation. Binary mixtures of par-

ticles with different charge-mass ratio revealed segregation as the “colloidal Brazil nut” effect.

This segregation produced an increase of the rate of accumulation of the particles suspended with

higher charge-mass ratios. Otherwise, the particles with lower charge-mass ratio arrived at the

contact line at lower rate. This effect was not observed with nanometer-sized particles as they

did not develop sedimentation. This way, we found that the charge-mass ratio of particles further

modulates the colloidal assembly by convective deposition nearby the contact line.
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Conclusiones

En esta tesis hemos estudiado el ensamblaje de part́ıculas coloidales mediante deposición convec-

tiva. Hemos examinado el efecto de tres factores: la carga eléctrica de la part́ıcula, las propiedades

de mojado del sustrato y la relación carga-masa de las part́ıculas a través de dos técnicas experi-

mentales: meniscos ĺıquidos guiados y gotas evaporándose libremente.

El dispositivo usado para los meniscos ĺıquidos guiados es muy parecido al dispositivo de

recubrimiento por inmersión que se usa en la industria de los revestimientos. Este dispositivo

proporciona un entorno controlado para desarrollar protocolos para recubrimientos reproducibles.

El área revestida es mayor con gotas milimétricas aunque, la cantidad de part́ıculas coloidales

necesaria es también mayor. Con este método hemos fijado la velocidad de succión y la concen-

tración de part́ıculas en el seno del reservorio permanece constante durante todo el experimento.

Por lo tanto, los efectos de gradientes de concentración de part́ıculas se hacen patentes. Hemos

usado sustratos lisos con propiedades de mojado muy diferentes para lo que se han alterado de-

bidamente los sustratos. Hemos medido el ángulo de contacto de retroceso y la histéresis en

el ángulo de contacto con la técnica de burbuja cautiva. También hemos usado nanopart́ıculas

con carga superficial y tamaños diferentes. La morfoloǵıa del depósito final se ha analizado con

microscoṕıa confocal y la dinámica de la ĺınea de contacto con microscoṕıa óptica. Hemos variado

el flujo evaporativo por medio de la humedad relativa, la concentración de part́ıculas y el propio

sustrato. Las interacciones electrostáticas, tanto la sustrato-part́ıcula como la part́ıcula-part́ıcula,

han sido alteradas variando el pH del medio.

La técnica con gotas evaporándose libremente se ha utilizado para analizar el comportamiento
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de las part́ıculas muy cerca de la ĺınea de contacto. Hemos usado Microscoṕıa de Barrido Láser

Confocal (CLSM, de las siglas en inglés) para adquirir imágenes a tiempo real dentro de una gota

sésil conteniendo coloides evaporándose. Hemos analizado las imágenes realizando un contaje

temporal de las part́ıculas acumuladas por área mojada para estimar el incremento de las mis-

mas justo en el plano sobre sustrato. Se han usado dos sustratos transparentes con diferentes

propiedades de mojado y seis part́ıculas fluorescentes escogidas según su fluorocromo, tamaño

carga superficial y densidad.

Con ambas configuraciones se obtuvo que las propiedades de mojado del sustrato son muy

importantes para el auto-ensamblado coloidal. Los meniscos ĺıquidos guiados produjeron diferentes

patronados según el sustrato utilizado. Se formó un patronado a bandas evolucionando hacia una

peĺıcula homogénea según las propiedades de mojado de los sustratos utilizados. Las dimensiones

de estas bandas estaban directamente relacionadas con el ángulo de contacto de retroceso y

el espacio entre bandas ligado a la histéresis del ángulo de contacto. El salto entre bandas

aumenta según aumenta el tiempo de anclado de la ĺınea (mientras la ĺınea permanece estática

sin retroceder). Este lapso temporal está relacionado con la histéresis del ángulo de contacto

porque el menisco puede adoptar más estados meta-estables cuanto mayor sea su histéresis.

Sin embargo, valores muy bajos de la histéresis de ángulo de contacto, aśı como ángulos de

retroceso muy bajos, favorecieron la formación de una monocapa coloidal incompleta. Hemos

confirmado que el ángulo de contacto impone una restricción geométrica a la deposición de

part́ıculas en la ĺınea de triple fase. Debido a esto observamos cómo las suspensiones binarias

sufrieron una segregación por tamaño en las gotas analizadas con CLSM . Además, constatamos

que el incremento de part́ıculas en la ĺınea de contacto depende mucho del ángulo de contacto de

retroceso. Por todo esto, concluimos que las propiedades de mojado y el propio auto-ensamblado

coloidal están acoplados ya que la acumulación de part́ıculas provoca el anclaje de la ĺınea y

esto altera su dinámica, mientras que la deposición de part́ıculas depende, entre otros factores,

del espacio disponible, de los estados meta-estables que adopte la ĺınea y sobre todo, del flujo

convectivo. Planteamos como trabajo futuro el optimizar la producción de patrones coloidales

alterando las propiedades de mojado.

También hemos observado que la difusión colectiva mitiga la llegada a la ĺınea de contacto

de part́ıculas cargadas eléctricamente, independientemente del tipo de part́ıcula, del sustrato o de

la técnica usada. La acumulación de las part́ıculas apenas cargadas siempre ha sido menor que

la acumulación de part́ıculas cargadas. De los experimentos con meniscos guiados concluimos

que el balance entre el flujo convectivo originado por la evaporación y el flujo difusivo puede

controlar la deposición de part́ıculas. Cuando el flujo evaporativo es pequeño, se puede incluso

suprimir la deposición si la repulsión entre part́ıculas es suficientemente grande y la difusión

supera aśı el transporte de part́ıculas por convección. Este resultado se obtuvo también con gotas

evaporándose libremente. Los experimentos con mezclas binarias han ilustrado la influencia de la
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difusión colectiva en la deposición de part́ıculas. Para una misma pareja de part́ıculas, a partir

de la variación del pH las part́ıculas casi descargadas siempre llegaron a un ritmo mayor que las

part́ıculas cargadas. De igual modo, las part́ıculas casi descargadas favorecieron el anclaje de la

ĺınea de contacto ya que la difusión de las part́ıculas hacia el seno de la gota era menor. El flujo

difusivo en las gotas cobra relevancia cuando la concentración de part́ıculas es baja, de este modo

el gradiente entre la ĺınea de contacto y el seno de la gota es mayor, aunque la concentración

en el seno aumente con el tiempo. Sin embargo, para los meniscos guiados, la concentración en

el seno del fluido permanece constante durante todo el experimento favoreciendo aśı la difusión

colectiva. En ambas configuraciones, la interacción entre el sustrato y la part́ıcula parece no ser

determinante ya que la deposición de part́ıculas cargadas era menor incluso para el caso en que

sustrato y part́ıcula tienen cargas opuestas (deposición favorecida). Estos resultados abren una

v́ıa para conseguir segregación de part́ıculas por su carga para auto-ensamblado convectivo.

Por último, hemos observado que hay que tener especial cuidado en la deposición de part́ıculas

fuertemente cargadas (como el poliestireno) en un medio con baja fuerza iónica. Para una sus-

pensión de part́ıculas con estas caracteŕısticas, la condensación de iones puede producir algo cono-

cido como “empujón entrópico” que mitiga su sedimentación. Las mezclas binarias de part́ıculas

con diferente relación carga-masa segregaron según el conocido efecto “nueces de Brasil”. Esta

segregación produce que las part́ıculas permanezcan suspendidas con más facilidad, si las part́ıculas

tienen una relación carga-masa mayor. Por otro lado, las part́ıculas con una menor relación carga-

masa llegaban a la ĺınea de contacto con un ritmo menor. Este efecto no ha sido observado

para part́ıculas más pequeñas (nanopart́ıculas) porque debido a su tamaño, no sedimentan. De

esta manera, hemos encontrado que la relación carga-masa de las part́ıculas puede controlar el

ensamblaje coloidal por deposición colectiva en la ĺınea de contacto.





APPENDIX A

High Resolution SEM of nanoparticles

In this Appendix we visualize the nanoparticles used in Part I (see Section 2.3) with High Resolution

Scanning Electron Microscopy (HRSEM). We used the AURIGA microscope (Carl Zeiss SMT) of

the CIC-UGR. We obtained HRSEM images of the three particles used in Part I (SiO2-s, Glass

and PMMA). These particles are monodisperse and spherical (see Figure A.1).

For the SiO2-s particles at pH9 on the Glass substrate described in Chapter 3 (charged state,

see Figure 2.3) a spider-web pattern was eventually observed in their deposits rather than stripe-

like pattern (see Figure A.2a). When we magnified the deposit, highly ordered self-assembly

with hexagonal packaging was found (see Figure A.2b). We finally confirmed how the particles

deposited on highly packed configuration even when isolated island were formed (see Figure A.3).
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(a) Glass

(b) SiO2-s

(c) PMMA

Figure A.1: HRSEM images of deposits of the particles used in Part I. Spherical shape and
monodispersity are assured.
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(a)

(b)

Figure A.2: HRSEM images of the deposits formed with the SiO2-s particles at pH9 (3% (w/w))
on the Glass substrate(a) A spider-web-like deposit is identified, (b) Magnification of (a), particles
are locally highly-ordered.
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Figure A.3: HRSEM images of deposits of the SiO2-s particles at pH2 (3% (w/w)) on the PTGlas
described in Chapter 3. Highly packed particles were observed to form isolated island leading to
an unresolved monolayer.



APPENDIX B

Stick-Slip motion of evaporating contact

lines

In convective capillary self-assembly, the use of a substrate with high Contact Angle Hystere-

sis (CAH) enhances the contact line self-pinning (see Section 1.2.1). This typically induce a

“stick-slip” motion responsible for the periodical patterns discussed in Chapter 3. The meniscus

configuration enhances the stick-slip behavior (122) because the contact line is driven to recede

on the substrate.

In Chapter 3 we reported the displacement of the driven contact line with and it reveals a linear

macroscopic behavior (see Figure 2.10). However, this behaviour was also found for experiments

performed with nanoparticles suspensions at 3% (w/w). This is due to the camera resolution

and the experimental conditions used. We increased the particle concentration to enhance the

self-pinning as more particles deposit nearby the contact line per unit of time. This way, we

performed driven-evaporating menisci experiments (see Section 2.3) at high concentration. We

used the SiO2-s nanoparticles (see Section 2.2) as they were supplied at a particle concentration

of 15% (w/w).

Firstly we studied the contact line dynamics on the three glass substrates described in Section

2.1. In this case, we used suspensions at pH2 to reduce possible diffusion effects (see Chapter 4).
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Figure B.1: Position of the contact line versus time for experiments of colloidal deposition with
SiO2-s nanoparticles (pH12, 15% (w/w)) performed on the three glass substrates. Different
stick-slip behavior is observed as the receding values of contact angle and CAH of each substrate.

Figure B.1 shows the position of the contact line against the time for each substrate. The plot

origin was set to the position at time zero when the meniscus was at the highest position. As it

begun to recede, the downward motion of the contact line was defined as a positive displacement.

Different contact line dynamics was observed as the substrate used. For the PTGlass substrate

we observe a linear behavior with no stick-slip. This is, the contact line receded at constant

velocity as the resolution of our camera (see Figure B.1). The Glass substrate has almost the

same value of receding contact angle then the PTGlass substrate, although higher CAH (see

Table 2.1). This CAH enhanced the self-pinning of the contact line and produced a stick-lip

motion observed by our experimental set-up. Finally on the HTGlass substrate, the triple line was

further self-pinned and it exhibited a more pronounced stick-slip motion. These results sustain

the discussion proposed in Section 3.1. We further conducted experiments on the Glass substrate

using SiO2-s suspensions at two pH values (pH2 and pH9), namely with two charged states (see

Figure 2.3). Different contact line dynamics was observed as the pH used (see Figure B.2). No

stick-slip motion was observed with the charged SiO2-s particles (pH9) with the resolution of our

camera. On the other hand, for the nearly uncharged particles (pH2), a well-defined stick-slip

motion was obtained. This might be explained by the collective diffusion coefficient because it

was higher for the charged particles (see Section 4.1) than the nearly uncharged ones. These

particles were pushed towards the bulk and the self-pinning of the contact line was disfavoured.

However, nearly uncharged particles faster accumulated at the triple line. The diffusive flow was

not enough to allow the driven triple line to drag the particles deposited.
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Figure B.2: Position of the contact line versus time for experiments of colloidal deposition with
SiO2-s nanoparticles (15% (w/w)) performed on the Glass substrate for two pH values. Different
stick-slip behavior is observed as the pH used.

With free evaporating drops, a similar behavior was observed. In this scenario, there is no

driving force and self-pinning is mostly enhanced. On the three glass substrates (PTGlass, Glass

and HTGlass), the contact line of water drops remains static during the entire evaporation process

due to their low value of receding contact angle. However, on the PMMA substrate (see Section

2.1), the contact line does recede. We gently placed two drops containing the SiO2-s particles

(0.01% (w/w)) at pH2 and pH9 accordingly, on a PMMA substrate (see Figure B.3a). The drop

radius remained fixed at pH2 until the complete drop evaporation while it receded at pH9 (see

Figure B.3b). This points out to an enhanced self-pinning for the barely charged particles. We

also performed in-situ monitoring with the CLSM technique (see Section 5.3). We conducted the

evaporation of 3µl drops containing the MF-l particles for two different charge states (pH10 and

pH12, see Section 5.2). Since the nearly uncharged MF-l particles arrived to the triple line faster

(see Chapter 7), their accumulation caused that the triple line remained self-pinned during the

complete evaporation of the drop (not shown). The triple line could not be fixed by the charged

particles because there were not sufficient number of particles deposited. Furthermore, due to

their higher collective diffusion coefficient, they diffused away from the triple line more easily than

the uncharged ones and they could be “dragged” by the line as it receded. No particle deposit

was found except for the isolated “islands” produced by surface defects (see Figure B.4).
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pH9 

pH2 

(a)

pH9 

pH2 

(b)

Figure B.3: Cenital images of 3µl sessile drops containing the SiO2-s nanoparticles on PMMA at
0.01% (w/w) for two pH values (a) at the beginning of the experiment, (b) and after complete
evaporation (b). The radius of the final deposit is smaller with the charged particles because the
contact line receded.

(a) 

(e) 

(b) (c) (d) 

(f) (g) (h) 

t=0s t=490s t=290s t=570s 

t=615s t=650s t=800s t=880s 

Figure B.4: Sequence of CLSM images of the contact line of a drop containing MF-l particles at
pH12 and 0.01% (w/w). The charged MF-l particles slower accumulated at the triple line than
the uncharged ones and this inhibited the contact line self-pinning.



APPENDIX C

Fingering and branching in particle deposits

In convective capillary self-assembly, the deposits can adopt multiple morphologies depending on

the velocity of the contact line, the wettability properties of the substrate or the particle used

(75). Branch-like structures have been observed with free evaporating drops (74 , 131) (see

Figure C.1). These exotic structures are very interesting due to their singular geometry (132).

Numerical models have been developed to reproduce these patterns (133). For the formation of

these structures, it is important the particle shape (87). Marangonni flow and chemical-driven

instabilities can also produce these deposits (134 , 135).

Figure C.1: Typical branch-like deposits found with evaporating colloidal drops. Simulations are
able to reproduce the branched structures (74).

We performed driven-evaporating menisci experiments (see Section 2.3) with the glass and
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PMMA particles at pH2 (see Section 2.2) and 3% (w/w) we analyzed the deposits with the

white light confocal microscope (WLCM) (see Section 2.3). We selected the PTGlass substrate

because of its very low receding contact angle and low contact angle hysteresis (see Table 2.1).

With this system, we observed, in some cases, branched structures formed with the glass particles

(see Figure C.2). We found that when the contact line is pinned at a small surface defect or

inhomogeneity, a branch-like deposit is formed rather than a particulate film (see Figure C.3).

50 µm 

Figure C.2: WLCM topography of the deposit of glass particles formed on the PTGlass substrate
at pH2 and 3% (w/w).

100 µm 

Figure C.3: Precursor event of contact line pinning for the formation of a branched structure of
glass particles on the PTGlass substrate at pH2 and 3% (w/w).
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Otherwise, when the PMMA particles were used, fingering was observed on the same substrate

(see Figure C.4).

The mechanism for this effect in our systems are unknown because it is out of focus in this

thesis. However, further work should be addressed in this respect to obtain reproducible branch-

like deposits on the PTGlass substrate by driven-evaporating menisci.

100 µm 

Figure C.4: Finger-like deposits formed with the PMMA particles on the PTGlass substrate at
pH2 and 3% (w/w). We observe fingers along the direction of the contact line displacement.





APPENDIX D

Rush-hour effect in the colloidal deposition

driven by evaporation

To illustrate the “rush-hour” effect (76) during the colloidal deposition in evaporation drops. We

performed experiments described in Section 5.3 at the triple line, at ≈100µm from it and at

≈200µm. Far from the contact line the particle increment was much lower than at the triple line

(see Figure D.1). In the three cases, we observe a sudden acceleration at the end of the drop

evaporation and a final saturation due to the collapse of the drop apex. The experiment time

increases as we approach to the drop center, as expected. A linear fitting was performed at the

early stage of each graph. The particle increment per unit time at ≈100µm from the contact

line was very similar to the particle increment per unit time at ≈200µm from the contact line

(0.11 and 0.14 particles/second accordingly). On the other hand, the particle increment at the

contact line was greater (2.95 p/s). We also performed a linear fit to the “rush-hour” stage of

the experiments and the particle flow agrees in the three experiments (9.79, 4.64 and 9.52 p/s at

the contact line, ≈100µm and ≈200µm accordingly).
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Figure D.1: In-plane motion of particles in evaporating drops for PS-l particles at pH7 and 0.01%
(w/w) on glass substrate (a) at the contact line (b) at ≈100 µm from the contact line and (c)
at ≈200 µm from the contact line.



APPENDIX E

Effect of the electrolyte concentration on the

colloidal assembly of charged particles

Convective/capillary self-assembly of strongly charged particles at low ionic strength reveal a

singular behavior. These colloidal suspensions are unexpectedly stable against sedimentation.

Due to the so-called “entropic lift” related to the diffusion of counter-ions into the solvent (129).

Counter-ions diffuse through a medium seeking to maximize their entropy and homogeneity. This

way, to maintain the electroneutrality, they “push” the particles by repelling the counter-ions

adsorbed into its surface (see Section 1.3.2). We studied the effect of added salt concentration

within the low ionic strength regime. We measured the electrophoretic mobility of polystyrene

particles (PS-l, see Section 5.2) at increasing concentrations of NaCl (see Figure E.1). We

observed an increase of the surface charge of the PS-l particles as the NaCl concentration. We

could not perform measurements at higher concentration (>4mM) due to device limitations.

These results showed that the PS-l particles behaved atypically as the ionic strength was varied

(53). We further performed in-plane particle counting using CLSM (see Section 5.3) with the PS-l

suspensions on Glass (see Section 5.1), varying the concentration of in-excess electrolyte in the

medium. We plotted the particle increment per unit of wet area against the time in Figure E.2. It

can be observed that at increasing NaCl concentrations, the increment of particles nearby the triple

line also increased. Figure E.3 shows the linear trend of the early flow of incoming particles (at
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particles
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Figure E.1: Electrophoretic mobility for the PS-l particles (0.01% (w/w)) against the concentra-
tion of NaCl. an unexpected increase of the particle charge was observed as increasing electrolyte
concentrations.
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Figure E.2: Increment of PS-l particles nearby the triple line per unit of wet area against the time
for the PS-l particles at 0.005% (w/w) at different NaCl concentrations.
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short times) with the NaCl concentration of NaCl. As the concentration of electrolyte increases,

the particles reach the contact line faster. We discarded effects due to substrate wettability

because the substrate used was fixed.
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Figure E.3: Rate of PS-l particle increment at the triple line against the NaCl concentration.

From the real time CLSM images, we observe that the PS-l particles were gradually adsorbed

at the water-air interface. This way, as we increased the salt concentration we observed well-

ordered particles in the image background, while a few particles appear directly in the foreground,

on the substrate (see Figure E.4). The water-air interface at the wedge-shaped region seems

to be saturated as the electrolyte concentration. The ions from NaCl also suffer the “Coffee

Stain” effect like the PS-l particles (136). This way, the concentration of electrolyte greater at

the contact line than in the bulk. It is known that the surface tension of water increases as the

concentration of NaCl (137). Therefore, a surface tension gradient was established along the

water-air interface due to the NaCl concentration gradient. This surface tension gradient further

developed a marangoni flow that intended to balance the gradient by replenishing water from the

apex of the drop towards the contact line. Unlike the experiments where surfactants are used

(22), in this scenario, the marangoni flow pushed the PS-l particles adsorbed towards the contact

line. This way, as we increased the NaCl concentration, the marangoni flow was reinforced, and

more particles arrived at the contact line from the water-air interface.
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particles

0 mM 1 mM 

2 mM 5 mM 

10 mM 

Figure E.4: CLSM images acquired at the final stage of evaporation. Images show the PS-l
particle accumulation at the triple line for different NaCl concentrations. The air-liquid interface
of the wedge-shaped region becomes visible from 2mM.
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