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Abstract. A phenomenon of formation of multiple ”coffee rings” consisting of microcrystals
in the 4,4‘-azoxyanisole - benzene system was experimentally and theoretically investigated. It
is shown that by changing of the geometry of a drop, for example, by placing a metal ball in its
center it is possible to fundamentally change the geometry of the “coffee ring”. Assumptions
were made about the physical nature of the effect of the formation of a ”coffee ring” of a spiral
shape. The proposed geometric model of this phenomenon reflects well the physical processes
occurring during spiral crystallization, and the model is in good agreement with the experimental
data obtained by gravimetry. New approaches to the formation of microstructures of functional
materials with a thermotropic liquid crystal phase on a glass substrate can be used to create
devices for nano– and microelectronics and optical technology.

1. Introduction
Many modern electronic components, including those requiring optical transparency during
operation, are printed using inkjet printing methods. One of the objectives of this technology
is the uniform application of the functional component to the substrate. However, when the
solvent dries, a phenomenon called the “coffee ring” effect is observed on the surface of the
substrate. Particles of the dissolved substance are not distributed evenly over the surface of
the coating during deposition from the solution, but are mostly located along the perimeter
of the droplet [1–5]. It is traditionally considered [6–10] that this phenomenon is due to the
presence of capillary flows in the droplet [11]. “Coffee rings” can be formed upon drying of
various substances (true and colloidal solutions) – low molecular weight substances, protein
molecules [12], carbon nanotubes [13–15], polymers [16–18]. This phenomenon is considered in
detail in the technology of OLED displays in work [19–23]. The paper considers approaches to
reduce the impact of this phenomenon. In [24], the effect of the “coffee ring”, on the contrary,
is specially used for applying transparent conductive coatings based on carbon nanotubes to a
flexible polymer substrate. It is interest to study of possibilities for controlling the shape of the
“coffee ring” [13, 16, 25]. It is shown that the ring can be not one, but represent multiple ring
structures or a spiral. Under the influence of phenomenon of various nature, a change in the
shape of the coffee ring is observed. For example, acting on a drop with ultrasound during its
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drying, it is possible to achieve the disappearance of the “coffee ring” effect [26]. In a number
of works, electrowetting [27, 28] or laser radiation [29] is used to uniformly coat the substrate.
In [30], the effect of surfactants on the shape of the “coffee ring” was investigated. In [13], to
obtain a spiral structure from single–walled nanotubes, a glass ball was placed in the centre of
a drop. The aim of this work was to study the formation of spiral crystalline microstructures
from 4,4‘ - azoxyanisolane and mathematical modelling of the processes.

2. Experimental part
A saturated solution of 4,4‘-azoxyanisole (N-4) in benzene was prepared at room temperature
for the experiment. Compound N-4 has a thermotropic nematic liquid crystalline phase in the
range of 118 – 136 ◦C. A metal ball with a diameter of 1 mm was placed on a glass and a drop of
the solution with a diameter of ∼ 10 mm was placed on the glass, so that the ball would appear
in the centre of the drop. The experiment was carried out at room temperature.

The concentration of the solution at which N-4 begins to crystallize from benzene was
determined by gravimetry. The experiment was carried out on an analytical balance (Gosmeter
vl-220m, Russia). The concentration was determined from the mass difference between the
solution and the crystals after drying of benzene. Polarization optical microscopy (POM) studies
were performed using a POLAR 3 microscope (Altami, Russia).

3. Results and discussion
The effect of the formation of multiple spiral ”coffee rings” is observed visually. A photograph
of a sample after the evaporation of benzene is in fig. 1. A metal ball with a diameter of 1 mm
is in the middle.

Figure 1. Photograph of sample of N-4 after evaporation of benzene. The diameter of the
metal ball in the centre is 1 mm

It is assumed that the process of formation of the ”coffee ring” of this form occurs due
to a number of physical phenomena. Evaporation occurs uniformly from the entire surface
of the droplet, and the evaporation rate is directly proportional to the surface area of the
evaporation. At a certain moment, the solution is supersaturated, and the crystals begin to
crystallize. Crystals on the diameter of the droplet are wetted by the solution, so that the
ensembles from the crystals are impregnated with the solution like a porous sponge due to the
capillary effect. This “sponge” impregnated with a supersaturated solution obviously has a large
evaporation surface of benzene, so evaporation from the “sponge” faster than from the surface
of the droplet. This is confirmed by observations in POM. On relatively large crystals, which
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apparently appeared first, there are smaller crystals that appeared in the secondary process.
Meanwhile, the droplet volume decreases and the solution recedes from the rim of the outer
ring. At this moment, the system is similar to 2-communicating vessels connected by a thin flat
capillary that feeds the external “sponge” due to the volume of the droplet solution. All this
time, the drop‘s height is kept constant by wetting and holding by the surface of the metal ball.
Then this thin capillary dries up, and the process begins again on a new ring.

The phenomenon of the formation of multiple spiral rings was investigated by the POM
method. The result of polarization-microscopic investigation is presented in Fig. 2.

Figure 2. Microphotograph of a sample with N-4 crystallized in the form of a spiral (parallel
polarizers, value of division is 40 m) and a geometric model for calculating the mass concentration

The geometric model for calculating the mass concentration at which crystallization occurs
on each of the subsequent rings is shown in Fig. 2. The volume of the element (in Fig. 2 its
cross section is shaded):

∆Vn−1 = V bxt
n−1 − V int

n − V sph. (1)

• V bxt
n−1 the volume of the truncated cone with the height hn−1 and radii of the bases Rn−1

and rn−1,

• V int
n the volume of the truncated cone with the height hn and radii of the bases Rn and rn,

• V sph volume of a spherical layer with radii of the bases Rn−1, Rn, and height hn−1 − hn.

Substituting the volumes of these bodies in (1), we obtain:

∆Vn−1 =
π

3
r30A, (2)



MRSU 2020

Journal of Physics: Conference Series 1560 (2020) 012038

IOP Publishing

doi:10.1088/1742-6596/1560/1/012038

4

where

A =
2x2

1 + x2

(
x2 +

(
2x

1 + x2

)2

+
2x2

1 + x2

)
− 2y2

1 + y2

(
y2 +

(
2y

1 + y2

)2

+
2y2

1 + y2

)
−

− x2 − y2

(1 + x2)(1 + y2)

[
3

(
2x

1 + x2

)2

+ 3

(
2y

1 + y2

)2

+ 4

(
x2 − y2

(1 + x2)(1 + y2)

)2
]
.

Here the normalized radii of the rings are introduced x =
rn−1

r0
, y =

rn
r0
, r0 - the radius of

the ball.
The volume of the part of the figure bounded by the angle ϕ (Fig. 3):

∆V ϕ
n−1 =

ϕ

2π
∆Vn−1. (3)

Figure 3. Volumetric model of a drop with a ball

We consider that after the evaporation of benzene from a solution with a volume ∆V ϕ
n−1

(indicated in yellow in Fig. 3). N-4 crystallizes on a strip of volume vϕn (indicated in red in
Fig. 3). The volume of this strip can be estimated by the equation:

vϕn = S · ϕ · rn, (4)

Where S is the cross–sectional area (Fig. 3).
The ratio of volumes ∆V ϕ

n−1 and vϕn can be associated with the mass concentration of N-4 in
solution:

∆V ϕ
n−1

vϕn
=

1

ω
· ρLC
ρsol

. (5)

Here ω =
mLC

mLC +mB
is the mass concentration, ρLC , ρsol – the density of the N-4 and the

solution, respectively.
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Substituting equations (2), (3) and (4) in (5), we obtain the equation for determining the
concentration:

ω = 6x
ρLC
ρsol

(
r2x
r20

)
A. (6)

The calculation results by equation (6) are presented in Fig. 4. In the calculations, it is
assumed that the height of the ring is equal to its width rx.

In fig. 4a, red, blue, and green dots indicate mass concentration values calculated, respectively,
along different directions of radii (see Fig. 2). In fig. 4b shows the mass concentration
values averaged over the ring number. The dashed line is the mass concentration determined
experimentally by gravimetry (8 wt. %).

Figure 4. Mass concentration calculated according to the model (equation (6))

Thus, the presented geometric model of the formation of crystals of N-4 in the form of multiple
rings reflects well the physical processes occurring during spiral crystallization and is in good
agreement with experimental data obtained by an independent method.

4. Conclusion
The regularities of the formation of a microrelief from a solution of 4,4‘-azoxyanisole in benzene
using the “coffee ring” effect were studied. It is shown that by changing of the geometry of a
drop, for example, by placing a metal ball in its center it is possible to fundamentally change
the geometry of the “coffee ring”. Microscopic studies in statics and dynamics were carried out
and processes accompanying the formation of “coffee rings” were modeled. A geometric model
is presented to explain the given processes. The equilibrium concentrations calculated by the
model, at which the formation of each of the rings begins, are in good agreement with the data
obtained by the gravimetric method. Thus, the developed new approaches to the formation
of microstructures of functional materials with a thermotropic liquid crystal phase on a glass
substrate can be used to create devices for nano- and microelectronics and optical technology.
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