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Spontaneous Formation of Mesoscale Polymer Patterns
in an Evaporating Bound Solution**

By Suck Won Hong, Jianfeng Xia, and Zhiqun Lin*

The use of spontaneous self-assembly as a lithography- and
external-fields-free means to construct well-ordered, often in-
triguing structures, has received much attention owing to the
ease of producing complex structures with small feature
sizes.[1–3] Drying mediated self-assembly of nonvolatile solutes
(polymers, nanoparticles, and colloids) through irreversible
solvent evaporation of a sessile droplet on a solid substrate
(unbound solution) represents one such case.[3–16] However,
irregular polygonal network structures (Benard cells)[14,15] and
stochastically distributed concentric ‘coffee rings’[4–6,10] are of-
ten observed. The irregular multirings (‘coffee rings’) are
formed via repeated pinning and depinning events (i.e., ‘stick-
slip’ motion) of the contact line.[4–6,10] The evaporation flux
varies spatially, with the highest flux observed at the edge of
the drop. Therefore, to form spatially periodic patterns at the
microscopic scale, the flow field in an evaporating liquid must
be delicately harnessed. In this regard, recently, a few at-
tempts have been made to guide the droplet evaporation in a
confined geometry[17–20] with[17] or without[18–22] the use of ex-
ternal fields. Patterns of remarkably high fidelity and regular-
ity have been produced.[18–22] However, interfacial interac-
tions between nonvolatile solutes and substrates govern the
stability of thin films and have not been explored in these
studies. The synergy of controlled self-assemblies of solutes,
and their destabilization mediated by the interaction between
solutes and substrates during the solvent evaporation, can
lead to the formation of intriguing, ordered structures.

Herein, we report on the spontaneous formation of well-or-
ganized mesoscale polymer patterns during the course of sol-
vent evaporation by constraining polymer solutions in a
sphere-on-Si geometry, as illustrated in Figure 1 (bound solu-
tion, i.e., capillary bridge). Gradient concentric rings and self-
organized punch–holelike structures were obtained via med-
iating interfacial interactions between the polymer and the
substrate. This facile approach opens up a new avenue for
producing yet more complex patterns in a simple, controlla-
ble, and cost-effective manner.

Poly(methyl methacrylate) (PMMA), polystyrene (PS), and
PS-b-PMMA diblock copolymers were used as nonvolatile
solutes to prepare PMMA, PS, and PS-b-PMMA toluene solu-
tions, respectively. The concentration of all the solutions was
0.25 mg mL–1. The evaporation, in general, took less than
30 min to complete. The pattern formation was monitored
in situ by using optical microscopy (OM). After the evapora-
tion was complete, two surfaces (spherical lens and Si) were
separated and examined by using OM and atomic force mi-
croscopy (AFM). Only the patterns on Si were evaluated.

Highly ordered gradient concentric rings of PMMA, persist-
ing toward the sphere/Si contact center, were obtained over
the entire surfaces of the sphere and Si except the region
where the sphere was in contact with Si (Fig. 2a). A typical
OM image of a small region of entire rings of PMMA is
shown in Figure 2b. The formation of periodic, gradient rings
was a direct consequence of controlled, repetitive ‘stick-slip’
motion of the contact line, resulting from the competition of
linear pinning force and nonlinear depinning force (i.e., capil-
lary force) in the sphere-on-Si geometry[20]. This is in sharp
contrast with irregular concentric rings formed in an unbound
liquid by stochastic ‘stick-slip’ motion of the contact line,[5,6,10]

suggesting that the use of the sphere-on-Si geometry rendered
control over the evaporation rate, and is effective in improv-
ing the stability against the convection.

Representative 3D AFM height images of PMMA rings at
different radial distances, X (Fig. 1), away from the center of
the sphere/Si contact are shown in Figure 2c–e. The recession
(Fig. 2c–e) of the center-to-center distance between adjacent
rings, kC–C, and the height of the ring, h, was clearly evident.
As the solution front moved toward the center of the sphere/
Si contact due to evaporative loss of toluene (Fig. 2a), both
kC–C and h decreased progressively from kC–C = 35.2 lm and
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Figure 1. Confined geometry: cross-sectional view of a capillary-held
solution containing nonvolatile solutes placed in a sphere-on-Si geome-
try (i.e., capillary bridge). X is the radial distance of a formed pattern
away from the center of sphere/Si contact, h is the thickness of the thin
film, H is the height of the capillary bridge at the liquid/vapor interface,
and L is the distance from the capillary entrance to the meniscus (the
liquid/vapor interface).



h = 192 nm at X = 4200 lm (Fig. 2c) to 27.2 lm and 141 nm at
X = 3300 lm (Fig. 2d) to 25.3 lm and 93 nm at X = 2700 lm
(Fig. 2e). The number of the rings in the 120 lm × 120 lm scan
area increased from four rings (Fig. 2c) to four and a half
rings (Fig. 2d) to five rings (Fig. 2e). The average width of a
typical ring, w, was roughly 2–3 orders of magnitude smaller
than its associated length (i.e., circumference) (e.g., (2p ×X)/
w = 2p × 4200/16.8 ∼ 103; corresponding to the rings shown in
Fig. 2c). It is noteworthy that marginal undulations at edges
of the rings were seen at the very late stage of dynamic self-as-
sembly of PMMA (Fig. 2e), in which the solution front was
close to the center of the sphere/Si contact. Such gradient con-
centric PMMA rings may be explored as unique surfaces for
studying cell adhesion, selective adsorption, and molecular
recognition.19

Rather than a periodic family of
concentric rings of PMMA formed
by the ‘stick-slip’ motion of the con-
tact line, considerable fingering in-
stabilities[2,3,7,13,17,23] were observed
in the deposition of PS as toluene
evaporated, characterized by the ap-
pearance of surface perturbation
with a well-defined wavelength at
edges of a ring (Fig. 3). In the exper-
iment, the concentric rings of PS
were found to form only at distances
far away from the center of the
sphere/Si contact (i.e., at larger X)
at the early stage of the dynamic
self-assembly process (left panel in
Fig. 3a), as shown in a representa-
tive AFM image (leftmost ring in
Fig. 3c). As the solution front pro-
gressed inward, fingering instabil-
ities emerged at both sides of a ring
(middle panel in Fig. 3a; rightmost
ring in Fig. 3c and d) due to the si-
multaneous occurrence of the ‘stick-
slip’ motion of the contact line and
the fingering instabilities of the
rings.[17] The fingers were readily re-
vealed in the 2D AFM height im-
ages (Fig. 3c and d). Eventually, the
contact line jumped inward to a new
position, during which it dragged
fingers formed in its front with it
and yielded the punch–holelike
structures, residing along the space
between two adjacent rings (see
snapshots in Fig. S1 in the Support-
ing Information, from a real-time
lapse video). An OM image is
shown in Figure 3b, illustrating sur-
face patterns of PS produced locally
at different stages.

The center-to-center distance between adjacent PS fingers
on a ring, kF, and the height of the ring, h, were 26.6 lm and
374 nm, respectively, at X = 3195 lm (Fig. 3d) and 25.3 lm
and 328 nm, respectively, at X = 3020 lm (Fig. 3e, where kF

was roughly equal to the diameter of the microscopic hole).
The average width of fingers at the center connecting two ad-
jacent rings was ca. 2.6 lm, as measured by using AFM
(Fig. 3e). The spatial-temporal evolution of PS surface pat-
terns from rings to fingers to microscopic holes can be ratio-
nalized as follows. The velocity of the displacement of the me-
niscus (i.e., the liquid/vapor interface), v, in a capillary bridge
is inversely proportional to the distance from the capillary en-
trance to the meniscus, L (Fig. 1) (i.e., v ∼ 1L).[24] v deceases
as the meniscus moves inward as a result of an increase in L.
Numerical calculations have demonstrated that the formation

C
O

M
M

U
N

IC
A
TI

O
N

1414 www.advmat.de © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2007, 19, 1413–1417

(a)

20

1
0
0
0
.0

0
 n

m

40

60

80

100
µm

20

1
0
0
0
.0

0
 n

m

40

60

80

100
µm

20

1
0
0
0
.0

0
 n

m

40

60

80

100
µm

(c) (d)

(e)

50 µµm

Figure 2. Gradient concentric-ring-pattern for-
mation. a) Schematic drawing illustrating se-
quential formation of gradient concentric rings
of PMMA during the solvent evaporation in the
geometry shown in Figure 1. Left panel: PMMA
rings with the largest kC–C are formed at an
early stage. Middle and right panels: as the so-
lution front propagates toward the center of
sphere/Si contact, kC–C decreases. The sphere/
Si contact area is marked as the “Contact Cen-
ter” in the right panel. b) OM image of gradi-
ent concentric rings of PMMA. The rings are
periodic over a large distance. The concentra-
tion of the PMMA toluene solution is
c = 0.25 mg mL–1. The scale bar is 50 lm.

c–e) 3D AFM height images of PMMA rings as the ‘stick-slip’ motion progressively approaches the cen-
ter of the sphere/Si contact, corresponding to the stages in (a). The image size is 100 lm × 100 lm.
The z scale is 1000 nm.



of fingering instability in an evaporating film is dictated by v:
a faster v stabilizes the front, whereas a slower v leads to the
development of fingering instabilities at a propagating
front.[25] In the present study, the concentration of the solution
was higher at the beginning of the evaporation process so that
more solutes can deposit to form a ring, yielding a larger value
of h, as observed experimentally. As the solution front re-
tracted, the evaporation rate of the solvent decreased, which,
in turn, caused a reduction in v. Thus, fewer solutes were
available with which to pin the contact line. As a consequence,
the concentration and the viscosity of the solution at the capil-
lary edge decreased. These led to instabilities.[25] The fingers
on the PS rings were observed to emerge gradually (middle
panel in Fig. 3a, and Fig. 3d). A slower v made fingers more

stable. Furthermore, the center-to-center
distance between two adjacent rings, kC–C

decreased as rings neared to the center of
the sphere/Si contact. This facilitated the
continuity of fingers connecting between
neighboring rings. The microscopic holes
were, thus, formed with increasing proximi-
ty to the center of the sphere/Si contact
(right panel in Fig. 3a, and Fig. 3e).

Since the solution concentration
(c = 0.25 mg mL–1), the loading volume
(V = 20 lL), and the solvent (toluene) were
kept the same for both PS and PMMA solu-
tions, the difference in resulting surface pat-
terns of PS and PMMA (i.e., rings in
PMMA vs. rings together with fingers and
holes in PS) can be attributed to different
interfacial interaction between the polymer
and the substrate. The in situ OM observa-
tion revealed that the formation of fingers
at the early stage was a thin-film instability
in origin (see snapshots in Fig. S1 in the
Supporting Information from the real-time
lapse video). On the basis of linear stability
analysis on a liquidlike thin film, that is, the
capillary edge with height h (Fig. 1) in the
present study, the dispersion relation that
quantifies the perturbation is given by[26,27]

X � �q4 � A
2ph4c

q2 �1�

where X is the growth rate of the perturba-
tion, q is the growth mode, c is the surface
tension of the solute, and A is the Hamaker
constant, signifying the interfacial interac-
tion between the solute and the substrate. It
has been shown both experimentally and
theoretically that a PMMA thin film is
stable on a Si surface with 2 nm thick
native silicon oxide at the surface, since A
is negative.[28,29] In contrast, a PS thin
film is unstable owing to a positive value

of A.[29–31] Therefore, PMMA rings were stable on a Si sub-
strate, whereas PS rings destabilized and formed fingering in-
stabilities with a fast growth mode,

qm = [1/(2 h2)] × [A/pc]1/2 (2)

It is worth noting that the viscosities of PS and PMMA, which
contributed the pinning of the polymers, were of the same or-
der of magnitude provided that number-average molecular
weight (Mn) of PS = 420 kg mol–1 and PMMA= 534 kg mol–1;
however, the stabilities of the polymer rings were governed by
the sign of A (Eq. 1). The fingering instabilities were caused
by the concentration-gradient-induced surface-tension gradi-
ent.[17] The deposition of polymer to form a ring reduced local
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Figure 3. Fingers and punch-hole structure
formation. a) Schematic illustrations of se-
quential formation of rings, rings with fin-
gers, and punch–holelike structures of PS
as the solution front moves inward. b) OM
images of surface patterns of PS formed
by drying mediated self-assembly in the
sphere-on-Si geometry (Fig. 1). The fingers
and punch–holelike structures are ob-
served. The concentration of PS toluene
solution is c = 0.25 mg mL–1. The scale bar
is 50 lm. c–e) 2D AFM height images of
PS surface patterns. The coexistence of
rings and fingering instabilities is seen in
(c) at larger X. As the solution front moved

inward (i.e., reducing X) owing to the evaporative loss of the solvent, fingering instabilities ap-
pear at both sides of a ring in (d) and (e). With increasing proximity to the center of the
sphere/Si contact, punch–holelike structures are formed in (e). The image size is
100 lm × 100 lm. The z scale is 1000 nm.



surface tension of the solution, thereby leading the solution to
spread to the region with higher concentration.[17] The condi-
tion for equilibrium between a wetting and a meniscus is the
equality of the capillary pressure and the disjoining pres-
sure,[24]

2cmeniscus

H
≅

A� �
6ph3 �3�

Substituting Equation 3 into Equation 2, the characteristic
wavelength of fingering instabilities, kF is, thus, given
by[24,26,27,32]

kF � 2p
qm

� 2p
6cmeniscus

chH

� ��1

2 �4�

where cmeniscus is the surface tension of the meniscus in the
capillary bridge (i.e., the surface tension of toluene in the pre-
sent study, 29 mN/ m), c is the surface tension of the solute
(i.e., the surface tension of PS in present study, 40.7 mN/ m),
and H is the height of capillary bridge at the liquid/vapor in-
terface (Fig. 1) and can be calculated based on H ≈ X2/2R,
where R is the radius of curvature of the spherical lens
(R ∼ 2 cm), and X can be readily determined experimentally.
Substituting the height of the PS ring, determined by using
AFM measurements, and H into Equation 2 yields
kF = 29.6 lm at X = 3195 lm and kF = 26.3 lm at X = 3020 lm,
which are in good agreement with values measured experi-
mentally (i.e., 26.6 lm at X = 3195 lm in Fig. 3d and 25.3 lm
at X = 3020 lm in Fig. 3e). While optimized experimental
conditions are required to impart higher regularity of punch–
holelike structures (Fig. 3b and e), the present findings
suggest that a coupling of ‘stick-slip’ motion and fingering in-
stabilities due to unfavorable interfacial interaction between
the nonvolatile solute and the substrate (i.e., possessing a
positive A) may provide a unique means of organizing materi-
als into well-ordered structures in which regular microscopic
holes reside along concentric circles (Fig. 3e).

To further verify that unfavorable interfacial interaction
between PS and the Si substrate is crucial in forming fingering
instabilities, a lamellar-forming diblock copolymer of PS-b-
PMMA was employed as a nonvolatile solute in which PS
blocks were covalently linked with PMMA blocks at one end.
Figure 4 shows a surface pattern of PS-b-PMMA formed by
drying mediated self-assembly of a 0.25 mg mL–1 PS-b-
PMMA toluene solution in the sphere-on-Si geometry
(Fig. 1). Well-ordered gradient concentric rings of PS-b-
PMMA formed at the early stage of the solvent evaporation
were seen to transform into concentric rings with fingering in-
stabilities at their front at the final stage. The latter reflected a
delicate balance of competition of unfavorable interfacial in-
teraction between the PS block and Si and favorable interfa-
cial interaction between the PMMA block and Si. The obser-
vations of PS-b-PMMA fingers at the final stage contrast
significantly with those in homopolymer PMMA, in which

only minimal undulations were detected (Fig. 2). On the other
hand, as compared to the case of homopolymer PS (Fig. 3),
the punch–holelike structures are, however, not observed in
PS-b-PMMA. This can be attributed to favorable interaction
between the PMMA block and the Si substrate. Depending
on the affinity of the respective block for the substrate sur-
faces and the film thickness, the mircodomain of a block co-
polymer can be oriented normal to the surface of a film over a
large area.[33] A systematic study of microphase separation in
the PS-b-PMMA rings is currently underway.

In conclusion, we have developed a simple route to produce
well-ordered patterns in an easily controllable and cost-effec-
tive manner by allowing a drop to evaporate in a sphere-on-Si
geometry. The interfacial interaction between the solute and
the substrate effectively mediate the pattern formation. The
rings and punch-hole-like structures organized in a concentric
mode may offer possibilities for many applications, including
annular Bragg resonators for advanced optical-communica-
tion systems[34] and as tissue-engineering scaffolds.[35,36] The
present studies provide valuable insights into the rationale of
harnessing the flow and the evaporation process in confined
geometries and creating unprecedented regular patterns.

Experimental

Sample Preparation: 0.25 mg mL–1 of PS (Mn = 420 kg mol–1, the
polydispersity, PDI = 1.15), 0.25 mg mL–1 of PMMA
(Mn = 534 kg mol–1, PDI = 1.57), and 0.25 mg mL–1 of a lamellar-form-
ing diblock copolymer of PS-b-PMMA (Mn of PS = 130 kg mol–1, Mn

of PMMA= 133 kg mol–1, PDI = 1.10) toluene solutions were pre-
pared. All solutions were filtered by using a 200 nm filter. The spheri-
cal lenses and Si substrates were cleaned by using a mixture of sulfuric
acid and Nochromix. Subsequently, they were rinsed with deionized
water extensively and blow-dried with N2.

Confined Geometry: To construct a confined geometry, a spherical
lens made from fused silica with a radius of curvature of ca. 2 cm and
a Si wafer were used. The sphere and Si were firmly fixed at the top
and the bottom, respectively, of the sample holders. To implement a
confined geometry, an inchworm motor with a step motion of a few
micrometers was used to place the upper sphere into contact with the
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Figure 4. OM image of a gradient concentric surface pattern of a PS-b-
PMMA diblock copolymer formed from a 0.25 mg mL–1 PS-b-PMMA tolu-
ene solution. As the solution front progresses inward, the transition from
rings to the coexistence of rings with fingering instabilities are clearly evi-
dent. However, punch-hole-like structures are not observed.



lower stationary Si surface. Before they contacted (i.e., separated by
approximately a few hundred micrometers apart), a drop of ca. 20 lL
polymer toluene solutions were loaded and trapped within the gap be-
tween the sphere and Si due to the capillary force. The sphere was fi-
nally brought into contact with the Si substrate by using an inchworm
motor such that a capillary-held polymer solution (i.e., capillary
bridge) formed with the evaporation rate being highest at the extre-
mity (Fig. 1).

Characterization: An Olympus BX51 optical microscope in the re-
flection mode was used to monitor the patterns formation in real time.
AFM images on patterns formed on a Si surface were performed
using a Dimension 3100 scanning force microscope in tapping mode
(Digital Instruments). BS-tap300 tips (Budget Sensors) with spring
constants ranging from 20 to 75N m–1 were used as scanning probes.
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