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We report experimental results on the drying of a colloidal dispersion drop in a circular thin cell. This
confined geometry is well adapted to quantify concentration profiles inside the drop using fluorescence
microscopy. Two stages have been identified in the drop evolution. In the first one the drop is shrinking
such as if a pure drop, keeping axisymmetry. In the second one strong distortions occur and result in the
appearance of a local depression at the drop surface. This process results in the spontaneous formation of
a complex drop shape with both concave and convex interfaces. The influence of the interface concavity
on the concentration profiles inside the drop and the drying kinetics are investigated. Particularly, con-
centration profiles are related to the nonuniform evaporation rate at the distorted drop surface.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Most coatings are made by depositing on a substrate a volatile
liquid that contains dispersed colloidal particles or dissolved mac-
romolecules. The liquid is then evaporated until a dry film is ob-
tained. The success of the coating procedure is crucial and
confers new functionalities to the coating material such as
mechanical or chemical protection, optical or electrical properties.
Common examples are paints, coatings colors for paper or anti-
corrosion coatings for steel. For such applications drying techniques
have been developed in order to achieve a good control of the
properties of the final film such as thickness, density and structure.
Yet concerning the deposition of dispersions of nanometric parti-
cles, there are basic problems that prevent further technical ad-
vances. These problems have their origins in phenomena that
take place at different stages of the film formation process. Also,
during evaporation, the film composition evolves and starts from
a gas of particles to finally reach a solid like phase with the forma-
tion of a gel. Particularly, evaporation at the free surface creates a
concentration gradient of the non-volatile species across the film
thickness. These concentration gradients can have other possible
sources such as Rayleigh-Bénard or Bénard—-Marangoni instabili-
ties due to temperature or/and surface tension gradients [1-4].
Also mechanical instability can occur when a skin forms at the sur-
face [5-9], resulting in spatial variations of the liquid-air interface;
in turn this affects the evaporation process, and consequently the
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diffusion in the film. Here we consider experimental conditions
where the system is stable regarding to hydrodynamic instabilities
but unstable regarding to mechanical instabilities. The geometry is
a drop sandwiched between two parallel circular glass slides
(Fig. 1). In this quasi-2D geometry, the evaporation flux is radial
and accumulation of non-volatile species at the liquid/air interface
results in the formation of a skin at the drop edge. This setup is
well adapted to observe and quantify concentration profiles inside
the liquid drop using fluorescence microscopy. Notably, strong
deformations of the drop interface can induce concave and convex
interfaces [10-12]. By means of fluorescence microscopy, the dis-
tribution of particles in the drop volume is characterized. These
measurements have been related to the evaporation rate through
the concave and convex air/drop interfaces.

2. Experimental
2.1. Materials

Two colloidal systems have been studied.

The first is an aqueous dispersion of fluorescent particles, 20 nm
diameter, made of polymethylmethacrylate (provided by Micro-
mod). The particle volume fraction is initially 5% (polydispersity
<0.2). The mass density of the particles is 1.03 g cm™>. They are
characterized by an absorbance: Zeyitation = 475 nm and an emis-
sion: Aemission = 510 nm. The initial viscosity of the dispersion is
1 =5mPa s (measurements using a rheometer Contraves LS30)
and the surface tension is equal to 65 +5 mN m~! (measurements
using the Wilhelmy plate method). This system has been studied in
two cases: (i) without any additional compounds and (ii) as probes
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Fig. 1. (a) Set-up in side view: a droplet of solution (radius R(t)) is sandwiched
between two circular glass slides (radius R;). (b) Images of a meniscus at the drop
edge in top view and in side view (contact angles of the liquid on the two glass
slides ~ 38°).

when added to an aqueous dispersion of nanolatex particles (see
below).

The second system is an aqueous dispersion of nanolatex parti-
cles, 25 nm diameter, made of polystyrene (provided by Rhodia
Recherche, Aubervilliers, France). The glass transition temperature
is around 100°C; consequently at room temperature the nanolatex
particles are assumed to be rigid (not deformable). The particle vol-
ume fraction is initially 24% and stabilization is feasible due to the
presence of surfactants (SDS) [13]. The Debye screening length is
55 nm. The weak polydispersity of the particles (polydispersity
~0.18) prevents from crystallization. The mass density of the par-
ticles is 1.05 g.cm_s3. The initial viscosity of the dispersion is
7 =8 mPas (measurements using a rheometer Contraves LS30)
and the surface tension is equal to 62+ 5 mN m~! (measurements
using the Wilhelmy plate method).

When fluorescent probes are added to the Latex dispersion, the
ratio of fluorescent probes is chosen to optimize the fluorescence
intensity profile (see Section 2.2).

2.2. Methods

The confined geometry consists of a thin cell made of two circu-
lar, parallel and horizontal glass slides of radius R; (Fig. 1a) [16]: in
our experiments R; = 10 mm. The slides are carefully cleaned then
lubricated with a thin film of silicon oil V1000 (viscosity 1 Pas)
spread, then carefully wiped. This treatment prevents the pinning
process of the drop contact line [11]. A drop of the dispersion is
placed on the bottom substrate with a micropipet. Then the upper
glass slide is carefully placed to squeeze the drop. The gap, §, be-
tween the slides is controlled using three thin spacers. In our
experiments the gap is kept constant at 6 = 100 + 5 um. One can
note that the presence of the spacers at the periphery of the cell

does not affect the evaporation process of the drop and does not in-
duce preferential deformation of the drop.

During the drying process, images of the drop are recorded at
different times. The high contrast of the images allows an accurate
detection of the drop edge and provides variations with time of the
periphery length of the drop. The drying kinetics is obtained using
a micro-scale (Sartorius) with a precision of 0.01 mg. The drying
rate, 42, is calculated from mass loss, m, as a function of time, t.
Fluorescence microscopy has been investigated in order to detect
the particles volume fraction inside the drop at successive times.
The volume fraction of particles is deduced from a calibration
curve between the fluorescence light received and a reference vol-
ume fraction [18]. At the beginning of the drying process, fluores-
cence intensity is homogeneous far from the border as shown in
Fig. 2a (due to the presence of the menisci, the particles accumu-
late towards the drop edge which results in a high fluorescent
intensity there). The intensity profile is expected to be proportional
to the total amount of colloid in the drop, assuming the volume
fraction is uniform in the vertical direction. As a result fluorescent
intensity has been measured in the center of the profile for a given
volume fraction ¢™°. The ¢™° dependence of the intensity I is lin-
ear as shown in Fig. 2b. The domain of validity of the calibration
curve is restricted to ¢° < 5% as for high ¢ value, the intensity
I deviates from the linear relation because of the absorption of
light. In our experiments the initial volume fraction of the colloidal
particles expresses as: ¢, = ¢™ + ¢™°, where ¢“P denotes the
volume fraction of the non-fluorescent colloidal particles.

3. Results
3.1. Case of a pure water drop

In the ideal case of ultra pure solvents the drop completely
evaporates as gas diffusion proceeds from the edge of the drop to-
wards the edge of the cell and the drop shrinks isotropically [16].
Fig. 3 shows the time variation of the drying rate, 42, for a drop
of water. Since the distance, R; — R(t), over which the vapor that es-
capes from the drop interface and diffuses towards the cell edge,
increases with time, the drying rate decreases. The evaporation
rate, Vg, is defined as the gas flux at the drop interface, for a drop
of radius R, as: Vi = *y% %, where v; is the molecular volume of
the liquid phase. Vy is related to the drying rate by:
dm — _S(t)v,p, Ve, where p, is the density of the liquid, and
S(t) = 2mR(t)s is approximately the gas-liquid exchange surface.
As a result it comes:

r (mm)

dm dR
T = 2mpRO (1)
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Fig. 2. (a) Fluorescence intensity profile, I, in arbitrary units as a function of the initial volume fraction, ¢, of the dispersion. Measurements done across the bright rectangular
region of interest in the fluorescent drop (insert). (b) Calibration curve of the fluorescence response: mean value of the fluorescence intensity measured in the dashed

rectangular region in (a) vs. ¢,.
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Fig. 3. Drying rate, dm/dt, as a function of time for three confined droplets. The
drying rate was calculated from measurements of the mass variations versus time.
The black line corresponds to the theoretical drying rate resulting from relation 1.
Vertical dashed lines mark the discrepancy in time variation of the drying rate
between dispersion drop and water drop.

Eq. (1) can be expressed as: m(t) = mq + 7op, (R*(t) — R?), where m,
is the initial mass of the drop. Measurements of the drying rate (also
the time variations of the drop radius R(t) not shown here) are well
fitted by Eq. (1) as shown in Fig. 3.

3.2. Case of a drop of a colloidal dispersion

At the beginning of the drying, nonvolatile compounds are ad-
vected to the evaporation surface due to the radial flow. This radial
flow is induced by the evaporation rate, Vg, that gives the typical

dimensionless periphery length

.

O dispersion of nanolatex + fluorescent particles

velocity scale characterizing the transport of particles. As a result
2
a Péclet number, Pe, can be defined as the diffusion time, tp = g—z,

21/0
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Do with

divided by the evaporation time, ty = %, as follows: Pe =
E

the diffusion coefficient Dy = G%Ta =85x10""? m?s! using the
Stokes-Einstein relation. In our experimental conditions:
10 < Pe < 100. Moreover the concentration profile is expected to
develop in a typical length scale ¢ = 6—2 ~ 100 pm. Under these con-

ditions, the transport of particles to the drop-air interface strongly
suggests the formation of a porous skin during the drying process.
This skin thickens due to the particle accumulation: the solvent
evacuation is assumed to be driven by permeation through the
porous skin. Consequently the evolution of the drop shape is in-
duced by the solvent loss as shown in Fig. 4.

In a first stage, as the drop shrinks, it keeps a circular shape
(Fig. 4a and b): its periphery length decreases steadily with time
(see graph in Fig. 4). Then, contrasting with the case of a pure sol-
vent, the droplet stops shrinking isotropically. A sudden inversion
of curvature occurs and exhibits a buckling instability at time tp
(image in Fig. 4c and graph in Fig. 4). For t > t3, the mean distance
between the drop interface and the cell edge keeps constant. As a
consequence the drying rate becomes roughly constant and devi-
ates from the case of a pure solvent drop as shown in Fig. 3. The
distortion is continued by an invagination tip that deepens with
time (Fig. 4d). As a result the periphery length starts increasing
(graph in Fig. 4). The same behavior is achieved for dispersion of
pure fluorescent particles and binary mixture of fluorescent and
nanolatex particles.

In the isotropic shrinkage stage (at time t < t), concentration
profiles inside a drop of pure fluorescent particles have been plot-
ted for different times t in Fig. 5.

Concentration profiles inside a drop of pure fluorescent parti-
cles have been plotted in Fig. 6 and in a drop of a binary mixture
of fluorescent and nanolatex particles in Fig. 7. In each systems
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Fig. 4. (A-D) Digitized images taken during the deformation of a colloidal drop of fluorescent particles (R, = 10 mm, R, = 4 mm). Graph: periphery length as a function of
time for a dispersion of pure fluorescent particles and for a dispersion of both fluorescent and nanolatex particles. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Concentration profiles in the liquid phase for different time steps (bright
rectangular region of interest in insert); curves have been smoothed for clarity
(Rs =10 mm, Ry =4 mm, ¢, = 0.25).
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Fig. 6. Concentration profiles along a radius (bright rectangular region of interest)
of a colloidal drop of pure fluorescent particles (R; =10 mm, Ry =4 mm,
¢o = 0.25). The plots are deduced from measurements by fluorescence microscopy
and calibration related to Fig. 2. (a) Concentration profile in a circular drop at time
t; such as t; /tg = 0.7. (b) Concentration profile in a distorted drop at time t, such as
t/tg = 1.2. Dashed lines are fits obtained by solving Eq. (2) using a constant
diffusion coefficient D(¢) = Dy. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

two time steps have been considered: in the isotopic shrinkage
stage (at time t; < tg) and in the distortion stage (at time t, > t3).

e At time t;, when the drop shape is still circular, ¢ is homoge-
neous near the center of the drop and increases when approach-
ing the drop periphery (Fig. 6a and 7a).
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Fig. 7. Concentration profiles along a radius of a colloidal drop of a binary mixture
of fluorescent and nanolatex particles (R = 10 mm, Ry = 4.1 mm, ¢, = 0.25). (a)
Concentration profile in a circular drop at time t; such as t;/tg =0.7. (b)
Concentration profile in a distorted drop at time ¢, such as t, /t; = 1.2. Experimental
profiles are well fitted by solving Eq. (2) with a collective-diffusion coefficient D.(¢)
(dashed lines). (c) Variation of the osmotic pressure, I1, with the particle volume
fraction, ¢, for a Latex dispersion (particle size =10 nm); experimental data I1(¢)
come from reference [13,14].

e At time t; the drop is distorted leading to concave and convex
interfaces. Measurements reveal a lower concentration profile
near the concave interface than near the convex one (Fig. 6b
and 7b).

Quantifying these observations allow us to estimate the
evaporation rates through both convex and concave interfaces that
drive these concentration profiles. In this way, the concentration
profile can be quantified by the following diffusion equation of

o(r,t) [19]:

op 10 ol
9t ror (rD(d’)g) (2)

where the diffusion coefficient D(¢) in general depends on ¢.
Boundary conditions on Eq. (2) are that the flux of particles at the
liquid air-interface matches the recession due to evaporation,
hence:
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also the concentration at the drop center, ¢(0, t), plays the role of a
parameter directly deduced from the concentration profile mea-
sured at r =0 at time t.

Two cases can be highlighted: D(¢) =D, where the Stokes-
Einstein diffusion coefficient is independent of ¢ and D(¢) = D.(¢)
where D.(¢) denotes the collective diffusion coefficient that de-
pends on the particles volume fraction. In the last case, the collec-
tive diffusion coefficient rapidly increases when approaching the
close-packing volume fraction, ¢, [17]. D.(¢) describes the interac-
tions between the colloidal particles on the solvent transport [21].
Thus, D.(¢) is proportional to the osmotic pressure gradient as
[22]: D.(¢) = éﬂig; V, 2L where IT is the osmotic pressure, V, is the
volume of the suspended particle and K(¢) denotes the sedimenta-
tion coefficient that describes the hydrodynamic interactions at fi-
nite concentration [15]. The osmotic pressure expresses as:

[(¢) = 77— $Z(¢) (4)

where k; is the Boltzmann constant, T is the absolute temperature
and Z(¢) the osmotic compressibility of the colloidal dispersion
accounting for the effect of particle-particle interactions on the os-
motic pressure. An analytical formula derived by Peppin et al. [20]
for Z(¢) expresses as: Z(¢) = Ww, with a; =4 — 1/¢,,

og
a,=10-4/¢,,a3 =18 —10/¢,, a4 = 1.85¢§ —18/¢,.

Eq. (2) is resolved numerically with a Runge-Kutta numerical
scheme in the case of circular drops, using the boundary condi-
tions, the initial particle volume fraction of the dispersion being
¢o- In the case of distorted drops, we assume that Eq. (2) allows
us to obtain a valid concentration profile along a radius of the drop,
without angular dependence.

In the case I, we consider a drop of pure fluorescent particles the
variation of the osmotic pressure with the volume fraction in un-
known; also we fit the experimental concentration profile by the
local variation of ¢ obtained using Eq. (2) and the constant diffu-
sion coefficient Dy. At time t;, we expect that the evaporation rate
at the drop-air interface is constant since the drop is circular. The
evaporation rate in Eq. (3) is deduced from the time variation of
the drying rate in Fig. 3 at time t;/tp = 0.7 : Vg(t1) = (1.7 £ 0.2) x
107" m s~'. This leads to the approximate adjustment in Fig. 6a.
However at time ¢, such as t,/tg = 1.2, due to the strong distortion
of the drop, we expect that the evaporation rate is not uniform
along the drop interface and depend on the concave and convex

0.50:
0.40:

0.30

0.10:

600pm X

0201,

interfaces of the drop. The approximate adjustment of the experi-
mental concentration profile in Fig. 6b need V¢ as a free parameter.
Particularly the best fit with the experimental data gives:
Ve () = (1.540.2) x 10" ms' near the convex interface
and V&"*(t;) = (0.84+0.2) x 10" ms~! near the concave
interface.

In the case I, we consider now the case of the colloidal drop of a
binary mixture of pure fluorescent and nanolatex particles. The
volume fraction of dispersion of fluorescent particles play the role
of probes in the colloidal dispersion and is low in comparison with
the volume fraction of nanolatex particles (volume fraction in fluo-
rescent particles is 0.5% and the initial particle volume fraction in
the dispersion is 25%). The concentration profiles can be quantified
using the local variation of ¢ obtained using Eq. (2) and, this time,
the collective diffusion coefficient D.(¢). Indeed, the variation of
the osmotic pressure with the volume fraction for the dispersion
of nanolatex particles is plotted in Fig. 7c [13,14]. The fit corre-
sponds to the prediction of the osmotic pressure of the dispersion
using Eq. 4. Assuming that the fluorescent particles do not strongly
modify the osmotic pressure of the dispersion, the concentration
profiles have been fitted for t;/ty = 0.7 in Fig. 7a and t,/tg = 1.2
in Fig. 7b. As in the case I, for the circular drop, no free parameter
is needed and the evaporation rate at time t; is deduced from
Fig. 3. For distorted drop, the best fit with the experimental data
gives: V"™ (t;) = (1.6 £0.2) x 1077 m s~! near the convex inter-
face and V"(t,) = (0.7+0.2) x 10" m s~' near the concave
interface. Good agreement between theory and measurements in
Figs. 6 and 7 reveal that the effect of the particles interaction, de-
scribed by the collective-diffusion coefficient D.(¢), is to sharpen
the volume fraction profile near the drop interface.

The higher value for VZ""* comparing to V" can be inter-
preted as follows: the air located inside the invagination tip be-
comes quickly saturated in water vapor and therefore slowing
down the evacuation of the vapor from the drop interface; as a
result it is easier to evaporate in the convex region than in the con-
cave one.

Finally high fluorescence intensity is detected near high curva-
ture regions as shown in the three-dimensional plot obtained by
Image-processing in Fig. 8a. The sketch in Fig. 8b shows three main
regions in the evaporation process: convex interface, concave
interface where the evaporation is lower, and interface of high cur-
vature denoted by “wedges”. As for VF"“*¢, an estimation of the
evaporation rate at these locations can be made and yields to:
Vel — (1.24£0.2) x 107 m s~'. Basically in a distorted drop, the
drying rate involves three main contributions as described in the
sketch 8b. These contributions are driven by evaporation through

&)

concave \%
' / E

X
E 63( 6

convex

Fig. 8. (a) Three-dimensional profile obtained by image-processing (Image]) from a digitized image obtained in fluorescent microscopy. (b) Sketch showing three drop/air
interfaces of various interface curvatures. C; denotes the convex region while C, denotes the concave one; C; denotes the wedge interface.
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concave Cq, convex C, and wedge interface Cs;. The deduced drying
rate is then:

VEOnCﬂl}edl +
[ s

=(12+03)x107gs!

1/L5p< verredl + VE’Edgedl>
C

This consideration based on conservation at the drop-air interface
is in agreement with the experimental value deduced from
Fig. 4c: 4o e, = 2.7 x 107 g s71, in accordance with Eq. (1). As a con-
sequence, coupling measurements of fluorescence microscopy with
the diffusion model highlights a non-uniform evaporation rate at
the distorted drop/air interface.

4. Conclusion

Drying process of a drop of a colloidal dispersion in a confined
geometry yields to high distortions in the shape of the drop that
tends to modify the particles distribution inside the drop. The first
stage of the drying process is similar to the case of a pure solvent
drop: the drop starts shrinking as water evaporates, then the trans-
port of particles to the drop periphery results in the formation of a
porous skin. The porous skin buckles under the action of the capil-
lary forces inside the porous envelope. Particularly the time for
buckling depends on both the drying kinetics and the initial con-
centration of colloidal dispersion. After the buckling process, the
evaporation rate keeps constant and diffusion of solvent happens
through the skin. The drop shape is circular before the buckling
process and after it becomes asymmetric as the initial depression
inside the drop is proceeded. The single depression continues in
the formation of an invagination tip that deepens inside the drop.
This generates strong distortions of the drop shape and results in
both concave and convex interfaces. Fluorescence microscopy
measurements highlight different concentration gradients inside
the drop near convex and concave interfaces. This supposes prefer-
ential transport of particles inside the drying drop; particles are
actually less easily advected out of concave regions than convex
ones where evaporation is not limited. The influence of the initial
particle volume fraction and the initial evaporation rate on the
concentration profile in the drops (circular or distorted case) is
investigated through fluorescence microscopy measurements.
These experimental data can be well fitted by a convection-
diffusion model taking into account a collective diffusion coefficient.
Moreover the preferential transport of particles suggests the

formation of a non-uniform envelope in thickness: the envelope re-
mains thin in concave region as it thickens in the convex one [8].
As the envelope is nonuniform, one expected that only one depres-
sion can deep inside the drop during water loss.
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