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A drop of solution containing nonvolatile solute is allowed to evaporate from a sphere-on-flat geometry.
Left behind is a striking pattern of gradient concentric rings with unprecedented regularity. The center-to-
center distance between adjacent rings, Ac-c, and the height of the ring, h,, are strongly affected by the
concentration of the solution and the properties of the solvent. The nature of the formation of regular
gradient ring patterns during the course of irreversible solvent evaporation is revealed through theoretical
calculations based on the mass conservation of the solution.
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Dynamic self-assembly of nonvolatile solutes through
irreversible solvent evaporation of a droplet (unbound
liquid) is widely recognized as a nonlithography route to
produce intriguing patterns [1-10]. Two main character-
istic patterns are known. The best studied is produced by
temperature-gradient-induced Marangoni-Bénard convec-
tion [8—10], which results in irregular polygonal network
structures from an upward flow of the warmer lower liquid.
The second is the “coffee ring”” pattern [1-3], which forms
when the contact line of an evaporating droplet becomes
pinned, ensuring that liquid evaporating from the edge is
replenished by liquid from the interior, so that outward
flow carries the nonvolatile element to the edge. A subset
of the coffee ring phenomena is the concentric ring formed
by repeated pinning and depinning events (i.e., stick-slip
motion) of the contact line [11-13]. However, stochastic
concentric rings (i.e., irregular rings) are generally formed
[11]. Moreover, the bulk of theoretical work within lubri-
cation approximation has centered on understanding a
single ring formation [3,14,15]. Only very few elegant
theoretical studies have focused on periodic multiring
(i.e., concentric rings) formation during droplet evapora-
tion on a single surface [11,12].

To date, a few attempts have been made to control a
droplet evaporation in a confined geometry (bound liquid)
[6,16,17]. Recently, a periodic family of concentric ring
patterns with unprecedented regularity has been produced
by constraining a drop of polymer solution in a confined
geometry composed of either two cylindrical mica surfaces
placed at a right angle to one another [16] or a sphere on a
flat surface [17]. However, the nature of the formation of
such highly regular patterns remains to be addressed.

In this Letter, we report gradient concentric ring patterns
formed from a capillary-held polymer solution in a con-
fined geometry consisting of a spherical lens on a silicon
surface (sphere on Si) as illustrated in Fig. 1(a). The
concentration of the solution and the properties of the
solvent are found to exert profound influences on the
center-to-center distance between adjacent rings (Ac-c)
and the height of the ring (#,). Each ring is nanometers
in height and microns wide. Both A-_- and h, decrease
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slowly with increasing proximity to the center of the
sphere/Si contact (Fig. 1). In other words, the patterns
are gradient [Fig. 1(b)]. A theoretical calculation based
on mass conservation of the solution is conducted for the
first time to gain physical insight of the pattern formation
and agrees well with the experimental observations.

A linear conjugated polymer, poly[2-methoxy-5-(2-eth-
ylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) (MW =
50-300 kg/mole) was selected as nonvolatile solute. The
choice of system was motivated by its numerous potential
applications in the areas of light emitting diode, photovol-

(a)

(b)

FIG. 1 (color online). (a) Left: Schematic cross section of a
capillary-held solution containing nonvolatile solute placed in a
sphere-on-flat configuration. X;, X, and X, are the radii of
outermost, intermediate, and innermost rings from the center
of sphere/flat contact, respectively. Right: The close-up of the
capillary edge marked in the left panel. The parameters used in
the calculation are illustrated. (b) The digital image of entire
gradient concentric ring patterns formed by the deposition of the
solute (i.e., MEH-PPV from the 0.075 mg/ml toluene solution)
in the geometry in (a). On the right side, a small zone of the
fluorescent image of MEH-PPV ring patterns is shown. The scale
bar is 200 um. As the solution front moves inward, rings
become smaller and the height decreases as illustrated in lower
left schematic.
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taic cells, thin-film transistors, and biosensors [18]. An
additional advantage of employing MEH-PPV is that it
enables fluorescence imaging. Therefore we were able to
confirm that no MEH-PPV was deposited between adja-
cent rings [Fig. 1(b)]. Two MEH-PPV toluene solutions
were prepared at concentrations ¢ = 0.075 and
0.05 mg/ml, respectively. The MEH-PPV benzene and
chlorobenzene solutions were also prepared at ¢ =
0.03 mg/ml. A drop of 12 uL solution was loaded be-
tween the spherical lens (the radius of curvature is 2 cm)
and the Si surface. Subsequently, two surfaces were
brought into contact with inchworm motor so that a
capillary-held MEH-PPV solution (capillary bridge) was
formed with the evaporation rate highest at the edge of the
drop [Fig. 1(a)] [16,17]. Experiments were performed at
room temperature inside a homemade chamber so that the
evaporation rate of the solvent was controlled and tem-
perature gradient was eliminated. The pattern formation
was monitored in situ by optical microscopy (OM).

The in situ OM observation revealed that the contact line
of the droplet moved in a controlled, repetitive stick-slip
fashion [i.e., a competition between pining force and de-
pinning force (capillary force)] [11-13] toward the center
of the sphere/Si contact with elapsed time (see the real-
time lapse video in supporting information [19]). A dark
front (i.e., meniscus) was clearly evident at the capillary
edge. The solution front (i.e., liquid-vapor interface) was
arrested at the spherical lens and Si surfaces for a certain
period of time during which a MEH-PPV ring was formed.
Then it jumped a short distance to the next position where
it was arrested again and a new ring was thus deposited.
The jumping distance (Ac-¢) was found to decrease slowly
with increasing proximity to the center of sphere/Si
contact.

After the evaporation was complete, the two surfaces
were separated and examined by OM and atomic force
microscope (AFM). Highly ordered gradient concentric
rings (both Ac_ and width) were observed that span al-
most the entire surfaces of both the spherical lens and Si,
except the region where the sphere was in contact with Si,
as seen in the digital image [Fig. 1(b)]. Only the patterns on
Si were evaluated. The first AFM image (images are all
100 X 100 um? in the measurements) was taken starting
from the outermost ring. Efforts were made to ensure that
the ring patterns are perpendicular to the scan direction.
Then, the AFM tip was moved toward the sphere/Si contact
center by exactly 100 wm using the automated transla-
tional stage of the AFM. Subsequently, the second image
was captured. The scans and movements were repeated
until no rings could be imaged. Finally, the tip was moved
to pass the contact center and reach the other end of the
ring patterns so that the diameter d of outmost ring could
be obtained, which is found to be consistent with the value
obtained using a digital camera (In the present study, d =
8500 wm was found for the 0.075 mg/ml toluene solution
[Fig. 1(b)].) The data were then processed as follows. Each
100 X 100 wm? image was split into two 50 X 50 gum?

scans from the center of the AFM image. The A-_c and the
height of the ring, h,;, were obtained after averaging from
5 cross sections of an AFM image (50 X 50 um?). The
center-to-center distance of adjacent rings was measured as
Ac-c. The absolute position of the ring away from the
sphere/Si contact center, i.e., X, was also determined.

Figure 2 shows A._c and &, obtained from dynamic
self-assembly of two MEH-PPV toluene solutions at the
different concentrations, as a function of X. As ¢ decreased
from 0.075 to 0.05 mg/ml, both A-_¢ and &, reduced. This
can be qualitatively rationalized as follows. Compared to
the case at ¢ = 0.075 mg/ml, there were fewer MEH-PPV
with which to create local surface roughness to pin the
contact line at lower concentration (¢ = 0.05 mg/ml)
[10,20]. The pinning time was therefore much shorter. In
other words, the evaporative loss of toluene AV was less,
which in turn caused the contact line to deposit less (i.e.,
smaller 4, and width as confirmed by AFM) and to hop less
inward to the next position (i.e., smaller A._c). For ex-
ample, at X = 3775 um for the 0.05 mg/ml solution,
Ac-c 18 8.9 um with 7.1 nm in height [Figs. 2(a) and
2(b)]. However, these values were much larger for ¢ =
0.075 mg/ml (A¢c.c = 12.8 um and h; = 11.4 nm). Two
representative 3D AFM height images and corresponding
profiles, obtained from the 0.075 mg/ml solution, are
shown in Figs. 2(a) and 2(b) as insets, respectively. Both
Ac-c and h, decreased from 11.5 um and 9.5 nm at X =
3725 pm to 7.6 um and 5.9 nm at X = 3375 um as the
evaporation front moved inward. For the 0.075 mg/ml
solution, concentric rings are formed from 4250 um (X;)
to 2625 um (X,), where X; and X, are the radii of outer-
most and innermost ring in the experiment, respectively.
The values of X; = 4250 um and X, = 2825 um are
found for the 0.05 mg/ml solution. It should be noted
that, to exclude the possible hydrodynamic instabilities
caused when the sphere is brought in contact with the Si
surface, the rings formed in the range from 4000 to
4250 pum at the early stage of the evaporation are not
analyzed.
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FIG. 2 (color online). Concentration effect. (a) Ac-¢ and (b) hy
are plotted as a function of X at different concentrations (solid
and open circles corresponding to the data obtained from toluene
solutions at ¢ = 0.075 mg/ml and 0.05 mg/ml, respectively). X
is the distance away from the center of sphere/Si contact. Two
representative 3D AFM topographical images (50 X 50 um?) and
the corresponding cross sections obtained from the 0.075 mg/ml
solution are given as insets in (a) and (b), respectively.
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The amount of volume loss of the solvent AV is gov-
erned by the competition between pinning force and cap-
illary force. The pinning force is proportional to the total
length of the contact line [ ~ 27X in Fig. 1(a)] [20], which
decreases linearly in the course of the stick-slip motion of
the contact line. The capillary force Fo = 1677y, X X
arctan(4aR/X?), however, is nonlinear, where 7,, is the
surface tension of the solvent, and a and R are the height of
meniscus and the radius of curvature of the spherical lens,
respectively [Fig. 1(a)]. The imbalance between linear
pinning force and nonlinear capillary force resulted in a
nonlinear AV. Consequently, the patterns were gradient
rather than strictly repetitive.

To quantitatively uncover the nature of the formation of
concentric rings exhibiting gradient in both A-_ and A,
we performed a theoretical calculation based on the mass
conservation during the course of the solvent evaporation.
As toluene evaporates, MEH-PPV jams into the edge of the
solution next to the contact line, preventing it from retract-
ing (i.e., “stick’). The chemical property of deposited
MEH-PPYV is different from the sphere and Si. The depo-
sition (jamming) creates local surface roughness at sphere
and Si surfaces. Both chemical inhomogeneities and sur-
face roughness contribute to the pinning of the contact line
[20]. During the deposition of MEH-PPV the initial contact
angle 6; decreases gradually, owing to the evaporative
volume loss of toluene AV to a critical angle 6.
[Fig. 1(a)] at which the capillary force becomes larger
than the pinning force [2,3,14,15,21]. This leads the con-
tact line to jump to a new position (i.e., “slip”’). The AV
during the formation of MEH-PPV ring (i.e., a changing
from a; to a.) is given by

AV = WXH{H[&I‘C'Z&H(%) - arctan(%)} +(a, — a,-)},
(1

where H is the surface separation at the liquid-vapor inter-
face of the solution, and a; and a, are the height of
meniscus at contact angles #; and 6., respectively. The
relation of 6 and a can be established from the geometry of
capillary edge defined in Fig. 1(a).

H 2
(E — h) + (R, —a+r?=R2, 2)
oh H-2
0~tanf = | =~ a 3)
r x=0 H

where R,, is the radius of curve of the capillary edge (H =
2R,,), h is the local thickness of capillary edge at the
position r, and H = %. The volume of confined solution
Viiq [i.e., light gray area in Fig. 1(a)] is

’ ) ) 2a wXH?>
Vig=7X"H—7RH"— 7wXH a.rctanﬁ + — 7w XaH
4)
and
VE?&V == VLiq - AV (5)

The initial contact angle 6; is ~18°, calculated from
Egs. (3) and (4) since the initial loading volume Vy;, and
initial X (i.e., X) are known from the experiment. It agrees
well with the value determined experimentally from the
side view of the capillary edge using a digital camera [22].
Combining Eqs. (1) and (3)—(5), the new position X, at
which a contact line is atrested, can be identified by
iterative calculation until a best fit [lines in Fig. 2(a)]
with experimental data [symbols in Fig. 2(a)] is reached
[23]. The calculated outermost A-.- = X; — X and sub-
sequent Ac.c = X — X, can thus be obtained.

In the lubrication approximation after considering the
evaporation process, the evolution equation of the local
thickness of capillary edge is given by [3,12,15]

dh 1d
py = P o (rhv) =, ©)
where p is the density of the solvent (p = 1), and J is the
mass of solvent evaporating per unit area unit time and
assumed to be a constant. The average velocity of the
solute moving toward the capillary edge to pin the contact
line as illustrated in Fig. 1(a) can be obtained by the
integration of Eq. (6) [24]:

4J arctan34)(H? + 4a?

o) = [ - r J—i—L( arcanzH)( i a*) .
2ph hpr (3H? + 4a?)

(N

When the time ¢ = r/v is smaller than the pinning time
t,, the solute is allowed to transport, deposit, and form a
ring at the contact line with a height 4, (assuming that the
cross section of the ring is a cylindrical ridge in one
dimension), which can be calculated by

h, = Vdeposit
d= -
27 X(a — cosa sina)

1/2
} (1 —cosa), (8)

where « is the angle between the ring and the Si surface
(a = 0.5° estimated based on AFM image). Vgeposic 18 the
volume of deposits formed during the pinning time and
calculated by

,
Vdeposits -2 f 27 Xhdr, &)
Pa JO
where ¢ is concentration of the solution, p, is the density of

the deposited solute (p,; = 1).

The solid lines in Fig. 2 represent the calculated values
of Ac-c and h,; based on the mass conservation discussed
above, yielding 6. of 15.6° and 16.1° for MEH-PPV
solutions at ¢ = 0.075 mg/ml and ¢ = 0.05 mg/ml, re-
spectively. Good agreement between experimental data
and theoretical fits is clearly evident. The pinning force
is directly related to the surface roughness [20]. An in-
crease in h,; during MEH-PPV deposition results in a
decrease in 6. [3,15,20,21]. A smaller 6. implies a longer
pinning time 7, which in turn causes a greater volume loss
AV during pinning. As a result, it leads to a larger pull
away of the contact line to reach initial contact angle 6; at a
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FIG. 3 (color online). Solvent effect. (a) Ao and (b) h, are
plotted as a function of X with different solvents employed. The
solid and open circles are data from 0.03 mg/ml benzene and
0.03 mg/ml chlorobenzene solutions, respectively.

new position. Thus, a larger A~ was observed at ¢ =
0.075 mg/ml as shown in Fig. 2(a).

Figure 3 illustrates quantitative differences in Aq-¢ and
h, as different solvents (benzene and chlorobenzene) were
used. The concentration of both MEH-PPV solutions is
0.03 mg/ml. The boiling point (7},) of benzene and chlor-
obenzene are 80 and 130 °C, respectively, which implies
that benzene evaporates faster than chlorobenzene (i.e., a
faster evaporation rate J for benzene). Thus, larger volume
loss AV is expected for the MEH-PPV benzene solution to
reach 6. and hop to the next position inward. Accordingly,
a larger A-_c would result as is evidenced in Fig. 3(a). For
benzene solution (X; = 4125 um and X, = 3675 um
were found in the experiment) the number of concentric
rings formed is much fewer than that from chlorobenzene
solution (X; = 4275 um and X, = 2925 um) as a result
of faster evaporation of benzene. To render a meaningful
comparison, only the data points in the region of
3700-4100 pm are presented in Fig. 3. The AV is domi-
nantly dictated by 6; and 6. [Eqs. (1) and (3)]. The fitting
of the experimental values of Ac.¢ yields 6; = 35° and
0c = 32° for the MEH-PPV benzene solution, and 6; =
16° and 6. = 14° for the MEH-PPV chlorobenzene solu-
tion. The larger difference between #; and 6. for the
benzene solution (A@ = 3°) signifies a greater AV, sug-
gesting that more MEH-PPV are deposited, reflected as
higher value of &, observed in the experiment [Fig. 3(b)]
and the solution front would retract at a bigger pace sub-
sequently. Thus, larger A~_c and %, are obtained in the case
of the MEH-PPV benzene solution.

In conclusion, we showed that gradient concentric ring
patterns of high regularity could form spontaneously, sim-
ply by allowing a droplet to evaporate in a consecutive
stick-slip motion in a confined geometry. The use of solu-
tions with different concentrations and different solvents
effectively mediated the evaporative loss of the solvent and
the deposition time of the solute, thereby affecting Aq_¢
and h,;. A simple theoretical calculation has, for the first
time, been performed to reveal the nature of the formation
of gradient ring patterns. The studies demonstrate that
dynamic self-assembly in a confined geometry may offer
a new means to produce gradient features, as well as a

simple, versatile, generalizable approach to produce yet
more complex patterns. This natural, pattern-forming pro-
cess could find use in fields such as nanotechnology and
optoelectronics.
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