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Abstract⎯Experiments have been performed to clarify the mechanism of pinning, i.e., the phenomenon of
fixing menisci of evaporating dispersion droplets, related to the formation of ring-shaped deposits (coffee ring
effect). The influence of particle concentration in dispersions and the degree of hydrophilicity (hydrophobic-
ity) of substrates on pinning has been studied. It has been shown that there are three main mechanisms of pin-
ning, with the first one being due to the hysteresis of droplet contact angle, the second mechanism resulting
from the adhesion of particles to substrates, and the third one being caused by the formation of a dense
adsorption layer on a substrate. A relation has been revealed between the pinning mechanism that occurs and
the degree of substrate hydrophilicity.
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1. INTRODUCTION
In [1–3], we began to study systematically the reg-

ularities of the formation of ring-shaped deposits upon
the evaporation of dispersion droplets. This phenom-
enon, which was, for the first time, considered in [4, 5]
and called the “coffee-ring effect” (CRE), has
attracted the attention of many researchers. Subse-
quent experiments have shown that the processes
accompanying droplet evaporation have a rather com-
plex character and are governed by both the individual
and collective behaviors of colloidal particles. The
mechanism that leads to the formation of ring-shaped
deposits with the observed diversity of the structures
remains to be studied. However, this circumstance
does not prevent the CRE from being used in practice
[6, 7].

In addition to the aforementioned individual/col-
lective behavior of particles, the difficulties that are
encountered when clarifying the fine peculiarities of
the ring-shaped deposits originate from the simulta-
neous action of different factors, namely, the proper-
ties of a dispersion medium [8]; the state of the particle
surface, which predetermines the interparticle interac-
tion [8]; and the shapes and sizes of the particles [10,
11]. An important role is also played by the composi-
tion of a dispersion medium, especially the presence
of surfactants in it [12]. The influence of a substrate
has also appeared to be rather strong [1–3, 13–18]. In
addition to the expected important role of the hydro-

philicity (hydrophobicity) of a substrate in the forma-
tion of a deposit structure, the thermophysical charac-
teristics of a substrate have unexpectedly appeared to
be of significance [19, 20]. This experimental fact sug-
gests that the structure of a deposit being formed must
be strongly affected by the dynamics of droplet evapo-
ration. The important role of dynamic processes in the
formation of self-organized ensembles of colloidal
particles has also been observed in other situations
[21–25].

This work continues our previous studies [1–3].
Among our earlier results, three main scenarios estab-
lished for the formation of ring-shaped deposits
should be distinguished [2]. These scenarios have been
conventionally classified as follows: “droplet evapora-
tion from the center to the periphery with the forma-
tion of a ring-shaped deposit,” “droplet evaporation
from the periphery to the center with the formation of
a ring-shaped deposit,” and “droplet evaporation from
the periphery to the center with the formation of a
disk-shaped deposit” and imply the following droplet
evaporation regimes: “at an unchanged radius,” “at an
unchanged shape,” and a combined regime “at both
radius and shape being changed.” Note that the possi-
bility of realization of only two main scenarios of
droplet evaporation under the conditions of CRE was
previously noted in the literature [26]. It was also
shown [3] that, under certain conditions, droplet
evaporation scenarios may replace each other, with the
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replacement being associated with the main phenom-
ena that accompany the development of CRE. This
concerns the phenomena of pinning (a fixed position
of the meniscus of an evaporating dispersion droplet)
and depinning (meniscus movement after some period
of its quiescence). That is, it may be stated that pin-
ning and depinning predetermine the structure of a
resulting deposit. In this work, we shall consider the
mechanisms responsible for pinning; depinning will
be discussed in a subsequent communication.

2. MATERIALS AND METHODS

Experiments were performed with droplets of disper-
sions of polystyrene latex particles (DPSP-1) with diam-
eters d = 210 ± 60, 250 ± 60, and 540 ± 60 nm [28] and
dispersions of silica particles (DSPs) with d = 230 ±
10 nm obtained by tetraethoxysilane hydrolysis in etha-
nol in the presence of ammonia as a catalyst [29].
Polystyrene particles contained surface NH– and
СOО– groups in a concentration of 2 × 10–6 mol/m2.
In addition, dispersions of polystyrene latex particles
(DPSP-2) with a size of 540 ± 30 nm (PolymerLatex
GmbH & Co, Germany) were used.

Particle sizes were determined by dynamic light
scattering with a Photocor Complex spectrometer
(Fotocor Ltd, Russia).

Particles were dispersed in deionized water
obtained by sorption and ion-exchange filtration fol-
lowed by mechanical microfiltration in a D-301
deionizer (Akvilon, Russia). The same deionized
water was used in experiments with the particle-free
dispersion medium.

LOT 18414 219 microscope slides (MSs) (Marien-
feld, Germany) with sizes of 76 × 26 × 1 mm3 prelim-
inarily cleaned from contaminants were used as
hydrophilic substrates.

The MS surface was treated as follows. Initially, an
MS was mechanically cleaned with cotton wetted with
2-propanol and, then, with dry cotton. After that, the
MS was treated with an air jet.

MSs coated with a polystyrene film (500 nm thick)
on a Spincoater P6700 setup (Specialty Coating Sys-
tems, United States) were used as hydrophobic sub-
strates. The films were formed in the following way.
Initially, a saturated polystyrene solution in toluene
was prepared. For this purpose, polystyrene (0.1 g)
and toluene (0.8 mL) were placed into an Eppendorf
tube, which was exposed in a thermoshaker for 60 min
(1400 rpm, 50°С). Then, the polymer solution
(100 μL) was applied onto cleaned MSs with a Spin-
coater P6700 setup at 2000 rpm for 1 min. Computer
disks, the working surface of which had a protective
layer of a f luoroorganic polymer, were also used as
hydrophobic substrates.

Comparative characteristics of deposits resulting from evaporating droplets of DPSPs with different concentrations and 
corresponding photographs

DPSP 
concentration, 

wt %
0.01 0.25 1

Droplet
photograph

Deposit
photograph

Relative pin-
ning radius 0.25 0.46 0.62
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Experiments were also carried out with polymer
films of different compositions, the surfaces of which
were modified by different methods (see [3]) to vary
the contact angle in a wide range of its values.

Before the experiments on droplet evaporation, the
dispersions were treated in a UZV-2 ultrasonic bath
(Sapfir, Russia) for 15 min.

Microdroplets were applied onto a substrate using
a manual Lenpipet Digital dosing pipette equipped
with replaceable heads, which enabled us to obtain
droplets with sizes of 2–40 μL.

Droplets with picosized volumes were applied
using a Jetlab II setup (MicroFab Inc., United States).
The generated microdroplets had the following
parameters: velocity at the nozzle outlet of 2.3 ±
0.2 m/s, volume of 230 ± 25 pL, diameter of 78 ±
2 μm, and angle of deviation from the vertical of no
more than 1°.

The droplets were monitored using the video cam-
era supplied with the Jetlab II setup and a SolverBio
scanning probe microscope (SPM) (NT-MDT, Rus-
sia). The contact angles were measured with the help
of an optical video stand (Photochemistry Center,
Russian Academy of Sciences) [24] consisting of a
measuring table for a substrate onto which a droplet
was applied, as well as vertical and horizontal long-
focus microscopes equipped with video cameras,

which monitored the droplet at different angles.
Before a droplet was applied, a substrate was placed
onto the measuring table; then, the droplet images
were begun to be recorded (the top and side views)
with preset time intervals. After that, a droplet of a
specified volume was applied onto the substrate. The
droplet images were taken until it was completely
evaporated. The obtained images were used to deter-
mine all necessary parameters, i.e., the initial and cur-
rent contact angles, pinning angle, sizes of the droplet
contact spot and the solid deposit, the pinning radius
and its duration, etc. Special software was used to
determine accurately the contact angle of a droplet
from the parameters of its side-view image (Photo-
chemistry Center, Russian Academy of Sciences, Rus-
sia).

The experiments were carried out under standard
laboratory conditions: the temperature of the solu-
tions, substrates, and environment was 20°C, and the
relative humidity was 25%.

3. PINNING
As has been noted in the Introduction, the phe-

nomenon of pinning, which consists in meniscus fixa-
tion on a substrate during the evaporation of a sessile
droplet, is of fundamental importance for explaining
the mechanism of CRE and the formation of resulting

Fig. 1. Time dependences of the (1) contact angle and
(2) relative radius of a deionized water droplet on a hydro-
phobic polystyrene substrate; an interval of 200 s corre-
sponds to unit time. 
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Fig. 2. Time dependences of the (1) contact angle and
(2) relative radius of a deionized water droplet on a hydro-
phobic substrate made of a computer disk; an interval of
150 s corresponds to unit time. 
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Fig. 3. Photographs taken from a 20-μL deionized water droplet after evaporation for (a) 0, (b) 24, (c) 31, (d) 37, (e) 40, and (f) 41 min. 
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structures. This phenomenon is characterized by three
main parameters, namely, pinning time (the time
elapsed from the droplet application to the fixation
(fastening) of its meniscus), pinning angle, and pin-
ning diameter (the values of the contact angle and the
base diameter of a droplet at the moment of meniscus
fixation).

In this work, we shall consider the effects of sub-
strate characteristics, the initial contact angle of a
droplet, its volume, and the concentration and nature
of particles in a colloidal dispersion on pinning. We
shall illustrate the relation between the pinning
parameters and the structures of deposits resulting
from droplet evaporation and propose an original clas-
sification of its mechanisms. The matter is that the
meniscus fixation may result from different causes,
with only some of them being relevant to the CRE.

3.1. Pinning of the Meniscus
of a Dispersion Medium Droplet

In some cases, droplet evaporation is not accompa-
nied by pinning. The time dependences of the
contact angle and the relative radius of a contact spot
for a 10-μL deionized water droplet on a glass substrate
coated with a polystyrene film serve as an example
(Fig. 1).

The dependences presented in Fig. 1 show that the
droplet evaporates at a constant contact angle, with its
radius gradually decreasing (regime “at an unchanged
shape”). This process may be referred to as an “ideal”
one, because, according to [2], even when a pure sol-
vent is evaporated, the meniscus of an evaporating
droplet may remain quiescent for some time; i.e., pin-
ning is possible. Two variants may take place in this
situation.

3.1.1. Impurities and pinning. One of the reasons
for the appearance of pinning for a droplet of a for-

mally pure solvent is associated with the presence of
impurities in it. The impurities may be both primordi-
ally present in a solvent and transferred into the bulk
droplet from a substrate surface after the droplet appli-
cation. Moreover, their concentration increases as the
droplet evaporates.

This situation is illustrated in Fig. 2, which presents
the time dependences of the contact angle and relative
radius of a 20-μL droplet of deionized water evaporat-
ing on a substrate made of a computer disk. Time vari-
ations in the size and shape of the droplet are shown in
Fig. 3. A ring-shaped deposit that has remained on the
surface after droplet evaporation indicates the pres-
ence of impurities in water. It is obvious that, in this
case, the droplet volume plays a significant role; the
larger the volume, the larger the amount of impurities
that will remain in the final deposit and affect the
moment of pinning onset.

The aforementioned figures show that the droplet
initially evaporates in the regime “at an unchanged
shape.” However, at a certain stage, its meniscus is
fixed (pinning takes place); later, the droplet evapo-
rates with the quiescent meniscus in the regime “at an
unchanged radius,” leaving a faint trace.

Thus, the presented data indicate that two evapora-
tion regimes may be realized for droplets of “pure”
solvents on hydrophobic substrates depending on the
purity of a solvent–substrate system: (1) in the case of
an “ideally” pure system, the droplet evaporates at a
constant contact angle, while its radius gradually var-
ies, and (2) in the presence of impurities, the initial
stage resembles the “ideal” regime; however, at the
final stage, the pinning of the meniscus takes place,
which “switches over” the evaporation regime. It may
be concluded that the appearance of pinning at the
final stage of droplet evaporation indicates the pres-
ence of impurities in the droplet substance, while the
pinning time characterizes their amount.

3.1.2. Wetting hysteresis and pinning. A somewhat
different situation arises on a hydrophilic substrate.
Experiments on droplet evaporation on hydrophilic
substrates [2] have shown that, initially, the droplet
meniscus may remain quiescent for a long time; i.e.,
pinning takes place from the very beginning. In this
case, pinning is associated with the hysteresis of the
contact angle [27]. Being applied onto a substrate,
droplets f ly down onto it at some velocity, so we may
consider them as “advancing” on the surface. The
advancing contact angle is larger than the receding
angle. Therefore, the initial steady equilibrium contact
angle appears to be larger than the receding angle,
which determines the condition of meniscus move-
ment along the substrate. Figure 4 presents the time
dependences of the contact angle and contact-spot
radius for a 10-μL deionized water droplet on a glass
substrate. It can be seen that, in contrast to the hydro-
phobic substrate, the initial stage of droplet evapora-
tion occurs in the regime “at an unchanged radius”;

Fig. 4. Time dependences of the (1) contact angle and
(2) relative radius of a deionized water droplet on a hydro-
philic glass substrate; an interval of 180 s corresponds to
unit time. 
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i.e., the contact-spot radius remains unchanged, while
the contact angle gradually decreases. When the con-
tact angle becomes smaller than the receding one
(15°), meniscus movement (depinning) begins.
Therewith, the contact angle remains unchanged
(equal to the receding angle), while the radius of the
contact spot gradually decreases.

It is clear that, in the case of hydrophilic substrates,
the occurrence and duration of pinning are mainly
determined by the substrate characteristics, which
affect the hysteresis of the contact angle.

3.2. Pinning of Dispersion Droplet Meniscus
As has been shown in [1–3], the “visiting card” of

CRE is pinning, which, in most cases, takes place
immediately after the application of a droplet onto a
substrate. Pinning predetermines the development of
ring-shaped deposit formation via the three scenarios
[2] and, in the long run, the structure of a deposit.
Hence, the main parameters affecting pinning and
methods for the control over it must be searched for.

3.2.1. Pinning and particle concentration in a solu-
tion. As follows from all of the aforementioned, the
presence of dispersed phase particles must, obviously,
affect the pinning characteristics, at least, because
they may be considered as an “impurity.” In this situ-
ation, particle concentration is, of course, the key fac-
tor. To clarify its role, experiments were preliminarily
performed with droplets of dispersions, the concentra-
tions of which were substantially different, while being
rather low (see below). This enabled us to realize a sit-
uation in which pinning occurred not immediately
after droplet application, but rather somewhat later,
and was not accompanied by the rapid filling of the
entire droplet contact spot with particles.

The experiments were performed with 5-μL drop-
lets of DPSP-2 samples having concentrations of 0.01,
0.25, and 1 wt %, which were applied onto a glass sub-

strate coated with a polystyrene film (the contact angle
for water droplets of the same size was 94°). Figure 5
shows the time dependences of the contact angle and
relative radius of the droplet contact spot for the afore-
mentioned dispersions.

Curves 1 in Figs. 5a and 5b indicate that the time
dependences of the contact angle and radius for a droplet
of the low-concentrated dispersion (0.01 wt %) almost
coincide with those obtained for pure water (Figs. 1, 2).
There are, however, the two following exceptions: (1) at
the final stage of evaporation, pinning is observed, which
is quite to be expected taking into account that the parti-
cles play the role of an impurity, which finally remains on
the substrate, and (2) pinning is also observed at the ini-
tial stage, when it is due to the contact angle hysteresis.
For a droplet of the dispersion with a concentration of
0.01 wt %, the contact angle decreases from an initial
value of 93° to 87°; then, it remains almost unchanged,
while the meniscus moves until the onset of the final pin-
ning, during which its value decreases from 80° to 0°.
Note that, in contrast to a pure water droplet, the contact
angle for the droplet of the low-concentrated dispersion
is not constant, but rather decreases gradually.

As the dispersion concentration increases, the
aforementioned influence of particles is enhanced. At
a concentration of 0.25 wt %, the dependences deviate
still greater from those observed for pure water; i.e.,
the critical receding angle and pinning angles have
decreased, while the range of variations in the contact
angle during meniscus movement and the radius of the
contact spot at which the final spinning takes place
have enlarged.

Greater deviations from the dynamics of pure water
droplets are observed for a 1 wt % dispersion droplet,
as can be distinctly seen from curves 3 in Fig. 5. More-
over, the contact-spot radius has even somewhat
enlarged at an initial stage, and this finding may
unambiguously be related to the increased concentra-

Fig. 5. Dependences of the current (a) contact angle and (b) relative radius on evaporation time for droplets of dispersions with
concentrations of (1) 0.01, (2) 0.25 and (3) 1 wt %; an interval of 3 min corresponds to unit time. 
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tion of particles and their influence on the contact
angle.

The comparative data on the three considered sys-
tems are presented in the table.

The image taken from the solid deposit upon the
evaporation of a 0.01 wt % dispersion droplet dis-
tinctly shows a peripheral ring and an unfilled sub-
strate regions inside it. Other images presented in the
table indicate that some particles are fixed on the sub-
strate before the three-phase contact line ceases to
move. Hence, neither wetting hysteresis nor the for-
mation of a densely packed layer of particles on the
surface can be the reasons for the pinning in this case,
while the cessation of meniscus movement is caused
by the adhesion of the particles to the substrate at the
three-phase contact line. This adhesion takes place
upon increasing particle concentration (the analysis of
the sizes of the ring-shaped deposits depicted in the
table shows that, in the case of the dispersion with an
initial concentration of 0.01%, the adhesion of the
particles begins when their concentration has
increased by no less than two orders of magnitude). As
the meniscus moves, the particle concentration in the
droplet increases, primarily at the three-phase contact
line, thus leading to the formation of the ring-shaped
deposit. Note that the deposits formed from disper-
sions with higher concentrations have the shape of a
monolithic disk rather than that of a ring characteristic
of the CRE. This suggests that the adhesion of the par-
ticles to the substrate occurs also in the internal region
of the contact spot because of the relatively high con-
centration. Nevertheless, after the onset of pinning,
the evaporation has occurred via the scenario “from
the center to the periphery to yield a ring-shaped
deposit” [2]. Obviously, this structure of the deposit
results from the fact that, for a rather long period of
time, the droplets evaporated in the regime “at an
unchanged shape,” i.e., in the absence of compensa-
tory f lows transferring particles from the center to the
periphery. In this situation, particles were uniformly
accumulated at the liquid–gas interface, while the

total concentration of the dispersion grew. When the
meniscus stopped moving (pinning began), the com-
pensatory f lows naturally arose; however, the droplet
completely evaporated too soon for the formation of
true peripheral rings. Therefore, only slight signs of
the rings can be seen on the disks. Thus, it may be
stated that, as the pinning time increases, the shape
of a solid deposit varies from the ring-like to the disk-
like one.

The aforementioned data show that, as the initial
dispersion concentration increases, the value of the
critical receding angle decreases. Moreover, the higher
the initial particle concentration, the higher the rate of
a reduction in the contact angle after the beginning of
the meniscus movement; at the same time, the rate of
decrease in the relative radius remains almost
unchanged. Therewith, since the particle concentra-
tion in the droplet continuously increases, it may be
concluded that the critical receding contact angle
decreases. As the initial particle concentration
increases, both the pinning contact angle and time
decrease, while the deposit spot radius increases.

As we have shown in [1], the surface tension of a
dispersion of polystyrene particles decreases with an
increase in its concentration. This decrease may
explain the reduction in the contact angle at which the
meniscus begins to move. It also affects the pinning at
the final stage of evaporation. A reduction in the sur-
face tension decreases the force applied to the three-
phase contact line in the direction toward the droplet
center. Moreover, it may be assumed (here, special
studies are required) that the adsorption of particles on
a hydrophobic substrate (remember that air is consid-
ered to be a hydrophobic medium) also increases with
particle concentration. A rise in the adsorption also
enhances the probability of particle adhesion, after the
onset of which the droplet evaporates with a fixed
meniscus and a weak development of the compensa-
tory f lows, thereby leading to deposit formation via
particle deposition, mainly in the form of a planar
disk.

3.2.2. Contact angle and pinning. In this section, we
shall consider the relation between the pinning and the
initial contact angle. The experiments were performed
with dispersions of two types; thus, we may, in some
sense, take into account the effect the nature of parti-
cles. Evaporation of DPSP-1 and DSP droplets with
particle diameters of 210 and 230 nm, respectively, was
studied. Dispersion droplets with a volume of 20 μL
were applied onto polymer substrates treated in differ-
ent ways (see [3] for details), thereby varying the con-
tact angle from 16° to 94°. The value of meniscus dis-
placement (h) that occurs during the period from the
moment of droplet application to the onset of pinning
was recorded. Displacements of the meniscus toward
the droplet center were considered to be positive. The
pinning radius was determined as the radius of the

Fig. 6. Dependences of meniscus displacement h of
(1) DPSP-1  and  (2) DSP  droplets on the contact angle.
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solid deposit. The results of the experiments are illus-
trated in Fig. 6.

The dependences presented in Fig. 6 show that, at
small values of the initial contact angle, a droplet may
spread until the onset of pinning. In this case, the
diameter of the solid deposit is commonly larger than
the initial contact spot diameter; i.e., displacement
value h is negative. The value of h increases with a
decrease in the contact angle; for DPSP-1, it is larger
than for DSP.

At moderate values of the initial contact angle, the
meniscus is fixed immediately at the moment of drop-
let application onto a substrate. In this case, the initial
droplet diameter coincides with the solid deposit
diameter. The mechanism of this effect will be consid-
ered in Section 4.

At large initial contact angles, pinning does not
occur at once and is preceded by a decrease in the
droplet size; it evaporates in the regime “at an
unchanged shape” with the moving meniscus. The
same case was considered in the previous section,
however, without variations in the initial contact
angle.

The observed different displacements of the three-
phase contact line may be related to different adsorp-
tion values of particles at dispersion/air and disper-
sion/substrate interfaces and rate of their adhesion to
the substrate. At a low rate of adhesion, particles have
not time to essentially modify the surface, and, as a
droplet evaporates, its meniscus moves toward the
center. A rise in the concentration of particles at the
meniscus as a result of droplet evaporation increases
the probability of their adhesion, and, at some
moment, the amount of the adhered particles becomes
sufficient for meniscus fixation. This situation takes
place at large contact angles. At small contact angles,
movement in the opposite direction is possible, which
may be related to the presence of a precursive film
[30], from which particles may be deposited (see
below), thus facilitating some spreading of the droplet.

3.2.3. Pinning at high particle concentrations. As
has been mentioned above, when a dispersion droplet
evaporates on a hydrophobic substrate, its meniscus is
fixed after a substantial volume of water has evapo-
rated from the droplet, and the three-phase contact
line has been displaced toward the droplet center.
Before this moment, the droplet evaporates in the
regime “at an unchanged shape,” i.e., at a fixed con-
tact angle (or its slow decreasing). In this case, the dis-
persed particles are “pushed” by the interfacial surface
along the substrate surface toward the central region of
the droplet. It has been shown that pinning takes place
when some critical particle concentration is reached in
the droplet. The pinning can be realized only when
particles are fixed on the substrate at the three-phase
contact line. A reduction in the surface tension of a
colloidal solution also plays some role. However, in
the case of hydrophobic substrates, the contact angle

may be close to 90°, thus noticeably enhancing the
role of lateral components of the forces that displace
the particles toward the droplet center and diminish-
ing the role of their normal components that press the
particles against the substrate. It is clear that, in this
situation, the critical condition for the onset of pin-
ning is determined by the degree of substrate surface
coverage with the particles alone. It is reasonable to
suppose that this critical degree of surface coverage is
close to their dense packing. In this situation, the fix-
ation of particles at the meniscus is predetermined by
the dense packing of particles adsorbed on the sub-
strate.

Let us consider the realization of this mechanism
by the example of evaporating 280-pL microdroplets
and 10-μL macrodroplets (d = 540 nm) of DPSPs
with concentrations of 0.25, 0.5, 1, 2.5, 5, and 10 wt %
on a hydrophobic substrate prepared as an MS coated
with a polystyrene film (water contact angle is 85°).
The pinning radius was determined as the size of the
deposit spot.

The experiments with the microdroplets were per-
formed to study the packing of the particles in the
deposit with the SPM and confirm that the packing is
dense.

Figure 7 depicts an SPM image of a solid deposit
resulted from evaporating a microdroplet of a 0.25 wt %
dispersion. The deposit represents a hemisphere, which
is formed by densely packed particles and reproduces the
droplet shape. This witnesses that, at the pinning onset,
the concentration of the particles in the droplet reaches a
threshold value that corresponds to their dense packing.
It is the establishment of the limiting packing that causes
the stop of meniscus movement (pinning).

We failed to determine the profile of the deposit at
a higher dispersion concentration, because the
dynamic range of the SPM was exceeded. However,
the conclusion that the deposits formed from droplets
with different volumes and particle concentrations had
similar shapes was inferred from the following consid-
erations.

Figure 8 illustrates the dependences of relative pin-
ning radius r/r0.25 on particle concentration, where the
radius of a deposit formed from a droplet with a parti-
cle concentration of 0.25 wt % is used as the normal-
ization value.

As can be seen from the figure, the patterns of the
dependences plotted for the micro- and macrodrop-
lets are almost identical, thus indicating the same
mechanism of pinning and the similarity of the shapes
of the deposits. The more rapid increase in the pinning
diameter with the concentration for the macrodroplets
(curve 2) suggests the more rapid passage to a deposit
with a f lattened shape. Deposit f lattening with an
increase in the particle concentration was established
visually with an optical microscope. At the highest
concentrations, deposits were even formed with
slightly concave tops. The appearance of the concave
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regions is explained by the fact that the concentration
of particles driven away by the interfacial surface is
higher in the region of the meniscus, this leading to a
larger height of the deposit at its periphery.

4. RESULTS AND DISCUSSION

Let us use the aforementioned data to formulate a
physical model of pinning taking into account only the
compensatory f lows and disregarding the Marangoni
and Rayleigh f lows.

After a droplet is applied onto a substrate, it
acquires an equilibrium shape, which is governed by
the balance of the capillary forces at the three-phase
contact line. The value of the initial contact angle
strongly affects the rate of droplet evaporation; i.e.,
the smaller the angle, the higher the evaporation rate
(see [1–3] for details) and the velocity of the compen-
satory f lows. Their velocity directly depends on the
evaporation rate. Thus, the velocity of the compensa-
tory f lows is higher at small contact angles.

The contact angle also determines (indirectly) the
character of the interaction between particles and a
substrate. Since the particles are readily dispersed in
water, their interaction (adsorption) must be more
intense with a hydrophilic substrate than with a hydro-
phobic one. Thus, the pinning mechanism must pri-
marily be determined by the initial contact angle. The
pinning of a pure solvent is also governed by this angle,
because the hysteresis of the contact angle is less pro-
nounced (or absent) for a hydrophobic substrate.

Hence, when droplets evaporate on a hydrophobic
substrate, their sizes decrease, with their shapes
remaining self-similar; therefore, compensatory f lows
that would transfer the particles toward the meniscus
are absent. The particles weakly interact with the sub-

strate surface and are displaced by the moving liq-
uid/gas interface. A droplet evaporates in the regime
“at an unchanged shape.” The adsorption of the parti-
cles on the substrate surface growth as their concentra-
tion increases. The surface tension of the dispersion
somewhat varies, thereby affecting the contact angle
of the moving meniscus. When a rather high particle
concentration in the droplet is reached (owing to the
evaporation of the dispersion medium), a densely
packed layer of adsorbed particles is formed on the
substrate. The moving meniscus “runs into” the
adsorption layer, and pinning begins (Fig. 9). The fur-
ther droplet evaporation leads to a decrease in the con-
tact angle, which, at the onset of pinning, is markedly
larger than the equilibrium one (the particles are “wet-
table” with water; therefore, the equilibrium contact
angle is small on the layer of adsorbed particles).
Evaporation in the regime “at an unchanged radius”
begins. As the contact angle diminishes, compensa-
tory f lows develop and transfer the particles to the
zone of the fixed meniscus. As a result, evaporation of

Fig. 9. The state of the adsorption layer of particles at the
moment of meniscus fixation on a hydrophobic substrate.

Fig. 7. SPM image of a deposit resulting from evaporating
a DPSP-1 microdroplet on a polystyrene substrate. 
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rather large droplets results in the formation of drop-
lets that have signs of a toroidal shape.

In the case of droplets on a hydrophilic substrate,
the large difference between the advancing and reced-
ing contact angles results in the fact that, initially, pin-
ning, which is also characteristic of the pure solvent,
takes place. The smallness of the contact angle prede-
termines the high intensity of the compensatory f lows
and the rapid transfer of particles to the meniscus. The
intense interaction of the particles with the substrate
results in their strong fixation. This may be, in partic-
ular, due to the following effect. In the case of hydro-
philic substrates, a precursive film is rather rapidly
formed in the region of the meniscus [30], with the
concentration of dissolved substances dramatically
increasing as this film evaporates. This promotes a
reduction in the electrostatic potential barrier for the
particles located near the substrate surface; therefore,
they rapidly adhere to the surface. Note that our spe-
cial studies have shown that particles in the meniscus
are, indeed, so strongly bonded to a substrate that they
are difficult to remove from it even under a strong
mechanical action.

Since the particles are wettable with the dispersion
medium, the equilibrium contact angle of water on
their layer is small. Therefore, the meniscus “is
anchored” to the particles adhered to the surface, and
the droplet evaporates in the regime “at an unchanged
radius” with a gradual decrease in the contact angle
from the pinning angle to the equilibrium angle for the
droplet on the layer of the particles (depinning angle).
This is the main pinning mechanism for the majority
of systems.

The additional transfer of particles to the region of
the meniscus with the compensatory f lows facilitates
further reduction in the equilibrium contact angle,
thus providing almost “absolute” fixation of the
meniscus. The contact angle decreases until the thin
water layer loses its stability (see [2]). We shall con-
sider the behavior of the droplet after pinning in
greater detail later when analyzing depinning.

Finally, a state of affairs is possible that is interme-
diate between those considered above and provides the
realization of the main pinning mechanism in some
period of time after the onset of droplet evaporation.

As has been mentioned above, the particle concen-
tration increases while the meniscus moves. The con-
centration grows most rapidly at the liquid/vapor
interface and, accordingly, at the liquid/substrate
interface in the region of the meniscus. Here, the con-
centration of dissolved substances also increases, thus
affecting the particle/substrate interaction. When
some critical concentration is exceeded, the particles
appear to be capable of overcoming the potential bar-
rier of the interaction with the substrate and adhere to
the latter. The fixation primarily occurs in the region
of the meniscus, and the meniscus is, then,
“anchored” to the fixed particles.

5. CONCLUSIONS

Thus, it has been shown that pinning, which is
observed during droplet evaporation that is accompa-
nied by the CRE, may have different physical causes.
Three main mechanisms responsible for the pinning
may be distinguished: the contact angle hysteresis, the
formation of a dense layer of adsorbed particles, and
their adhesion to a substrate. In the case of the forma-
tion of the dense layer, the adhesion of particles is not
necessary for the onset of pinning. This mechanism is
commonly realized for hydrophobic substrates. An
increase in the substrate hydrophilicity facilitates the
adhesion of particles due to a change in the character
of their interaction with the substrate. A rise in the
concentration of dissolved substances in the region of
the meniscus and the precursive film decreases the
electrostatic barrier. An increase in the substrate
polarity also plays an important role by accelerating
the fixation of the particles. In both cases, it is of
importance that the particle concentration in the bulk
droplet increases due to the evaporation of the disper-
sion medium, as well as in the region of the meniscus
on a hydrophilic substrate, where the concentration
grows owing to the transfer of the particles by the com-
pensatory f lows that arise as a result of meniscus fixa-
tion caused at an initial stage by the hysteresis of the
contact angle. The growth of the concentration
increases the adsorption of the particles on the sub-
strate and the total probability of overcoming the
potential barrier and adhesion to the substrate. The
particles appear to be strongly bonded to the substrate
and are not displaced by the forces that arise upon the
displacement of the meniscus.
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