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Self-Assembling Semicrystalline Polymer into Highly Ordered,
Microscopic Concentric Rings by Evaporation
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A drop of semicrystalline polymer, poly(ethylene oxide) (PEO), solution was placed in a restricted geometry
consisting of a sphere on a flat substrate (i.e., sphere-on-flat geometry). Upon solvent evaporation from the sphere-
on-flat geometry, microscopic concentric rings of PEO with appropriate high molecular weight were produced via
controlled, repetitive pinning (“stick”) and depinning (“slip”) cycles of the contact line. The evaporation-induced
concentric rings of PEO exhibited a fibrillar-like surface morphology. Subsequent isothermal crystallization of rings
at 40 and 58C led to the formation of multilayer of flat-on lamellae (i.e., spiral morphology). In between adjacent
spirals, depletion zones were developed during crystallization, as revealed by AFM measurements. The present highly
ordered, concentric PEO rings may serve as a platform to study cell adhesion and motility, neuron guidance, cell
mechanotransduction, and other biological processes.

Introduction We have previously demonstrated that constrained evaporation
Drving drool . lati | | (i.e., drying in a confined geometry to provide control over the
rying droplets containing nonvolatile solutes (po YMETS,  solvent evaporation and associated capillary flow) can be utilized
nanoparticles, single-walled carbon nanotubes, etc.) on a solid;, produce concentric rings o&morphous polymers and

surface have been utilized to yield self-assembled, diSSipativenanoparticles of high regularity over a large area in oneep
structures. These structures, m_cludmg_polygonal network struc- p drop of amorphouspolymer or nanoparticle solutions was
tures (Benard cells), fingering instabilities,®and concentric confined either between two crossed cylinders covered with single

« : W—9 H ;
°°ff‘?e. rln%os are, in genergl, irregular and far from crystals of mica sheétsor between a spherical lens and a Si
equilibrium:® Maximum evaporative loss of solvent atthe edge ¢ |psirate (i.e., sphere-on-flat geometry), forming a capillary-

of the droplet triggers the accumulation of solutes and createspa1q solution (ie., capillary edgéd:18 Experiments were

ahlocal roug?nes_s; thffs’. tE? S%IUteE tr?nsp_ort to thfi edge and P'erformed inside a sealed chamber so that the evaporation rate
the contact line (i.e., “stick”), thereby forming a coffee rifig. of solvent wascontrolledand temperature gradient was elimi-
nated. The evaporation in the sphere-on-flat geometry was

The droplet then jerks (i.e., “slip”) to a new position and a new
coffee ring is deposited. The pinning and depinning processes o qyjcted to the edge of the droplet, and the controlled, repeated
stick—slip motion resulted in hundreds of concentric rings with

alternate as solvent evaporates and, ultimately, lead to the
formation of concentric coffee rings that are governed by the regular spacing? 10
Semicrystalline polymers, when cooled from the melt, can

competition between the capillary force and the pinning force.

Howr:aver_, since the (_avap?fratlo_n proces? 'Srgsg‘?rd:]y no]f controlled, organize into microscopic crystalline structures (e.g., spherulites;
stgl)p astic concentric coffee rllngs are for ed. erefore, to they are optically anisotropic objects). Spherulites composed of
utilize evaporation as a simple route to producing Intriguing, g, aving and branching thin lamellae with thickness on the order
of 10 nm are often produced in thick filmk ¢ 1 «m),2°where

well-ordered structures, it is essential to control the evaporation

flrrlx,th?a SOlu“%n cot?centranon,thelnterfamal interaction between the crystallizable phase possesses a sufficient diffusivity, and
the solute and substrate, etc. thus aredge-ororientation is favorable (i.e., crystalline lamellae
are perpendicular to the substratej? Spiral structures, on the

. :Tto "(‘j’hom correspondence should be addressed. E-mail: zqlin@ other hand, can be readily created in thinner fillms(300 nm),
lastate.edu.
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where the molecular mobility is reduced, arfth&-onorientation
\ : : . (a)
is dominated (i.e., crystalline lamellae are parallel to the
substrate$1:22.2829Recently, polymer crystallization has been
exploited to develop crystallization-enabled nanotechnotédy.
It is of considerable interest to study polymer crystallization
confined at the micro- or nanoscale, including in ultrathin
films,25-32 semicrystalline/amorphous polymer bler@siew-
etting of semicrystalline polymer solutiof$,3” and semicrys-
talline block copolymer&-4°Furthermore, the use of microscopic
and/or nanoscopic patterned surfaces made it possible to examine
the effects of confinement on the primary nucleation, crystal
morphologies, crystal growth rates, and crystal orientations of
semicrystalline polymer&-—43

In this paper, we extend the nonvolatile solute tsemi- (b)
crystallinepolymer, i.e., poly(ethylene oxide) (PEO). The choice
of PEO was motivated by its widely known crystallization and
melting behavior, low melting temperature, and simple chain
conformation. We demonstrate that dynamic self-assembly of
semicrystalline polymers in sphere-on-flat geometry allowed the
formation of periodically ordered concentric rings, which was \
dependent on the molecular weight of PEO and the solution |
concentration. The rings were micrometers wide and a few W«Y
hundred nanometers high. Subsequent isothermal crystallization_. , , e ,
of PEO concentric rings at elevated temperatures (i.e., 40 andfi9ureé 1. (a) Three-dimensional illustration of a drop of semi-

o L . . crystalline polymer (i.e., PEQO) acetonitrile solution trapped between
58°C) transformed the originally formed fibrillar-like morphology ar)éphere e?ndya Si(substrate) (e. a sphere-on-flatpgpeometry). (b)

at room temperature into spiral morphology within a ring. In - cross section of the capillary-held PEO solution in part a. The radius
between adjacent spirals, depletion zones were developed duringf curvature of the upper spheres The concentric rings were

crystallization, as revealed by AFM measurements. formed by controlled, repetitive stietslip motion of the contact
line. The distance of rings away from the sphere/Si contact center
Experimental Section is X. (a) Ring formed at outermost region (i.¥;), (b) ring formed

at intermediate region (i.eX,), and (c) ring formed at innermost

Materials. Two PEO with different molecular weight (MW) region (i.e.,Xs).

(Sigma-Aldrich) were used in the studies. The viscosity average

MWs, M,, were 100K and 600K, denoted PEO-100K and PEO-

600K, respectively. These two PEO were dissolved in acetonitrile from fused silica with a radius of curvatur®,~ 2.0 cm, and Si

to prepare the PEO acetonitrile solutions at different concentrations substrate with [111] crystallographic orientation were cleaned by a

(c=0.5and 1.0 mg/mL). Subsequently, the solutions were purified mixture of sulfuric acid and Nonchromix. Subsequently, they were

with 0.2 um hydrophilic membrane filters. rinsed with DI water and blown dry with/NThe sphere and Si were
Sample Preparation. To construct a restricted geometry, a firmly fixed at the top and bottom of sample holders inside a sealed

spherical lens and a Si wafer were used. The spherical lens madechamber, respectively. To implement a restricted geometry, an

inchworm motor with a step motion of a few micrometers was used

(23) Li, B.; Li, C. Y. J. Am. Chem. So@007, 129 12. - _ _ to place the upper sphere into contact with the lower stationary Si
E.-(Ei4)cL.I'YL.'N\;iggllgt'tiz\g)%%géé" Chen, X.; Hsiao, B. S.; Chu, B.; Spanier, J. - g;iface. Before they contacted (i.e., separated by approximately a

'(25) Pearce, R.; Vancso, G. Macromolecules1997 30 (19), 5843. few hundred micrometers apart), a drop-&3uL of PEO acetonitrile

(26) Schultz, J. M.; Miles, M. 1. Polym. Sci. Part B Polym. Phyk998 36, solutions was loaded and trapped within the gap between the sphere
2311. and Si due to the capillary force. The sphere was finally brought into

F \(,\Z,?)Cchh:rz]d Eé Qz'; éﬁfgﬁ&ﬂg}’ ﬁ;,;ﬁ%iﬂg&"g‘;‘; 2|0 '\fgf N, B. S Hamis, - contactwith Sisubstrate by the inchworm motor such that a capillary-

(28) Dalnoki-Veress, K.; Forrest, J. A.; Massa, M. V.; Pratt, A.; Williams, A. held PEO solution formed with the evaporation rate being highest

J. Polym. Sci. Part B-Polym. Phy2001, 39, 2615. at the extremity (Figure 1). The use of a sealed chamber eliminated
43 (igé?eekmans, L. G. M.; van der Meer, D. W.; Vancso, Galymer2002 the possible external influences such as the humidity in an open
'(30) Schonherr, H.; Frank, C. Wacromolecule2003 36, 1188. space and air C.Onvecnon'
(31) Schonherr, H.: Frank, C. Wdacromolecule2003 36, 1199. The evaporation took about half an hour to complete. Afterward,
(32) Chen, E. Q.; Jing, A. J.; Weng, X.; Huang, P.; Lee, S. W.; Cheng, S. Z. the sphere and Si were separated. The structures (e.g., concentric
D, Hsiao, B. S.; Yeh, F. Polymer2003 44, 60S1. coffee rings composed of PEO) were produced on both the sphere
65 (gi)zgggf”o' V.; Douglas, J. F.; Warren, J. A.; Karim,#hys. Re. E 2002 and Si surfaces. Due to the curving effect of the sphere, only the
'(34) Reiter, GPhys. Re. Lett. 2001, 87, 1861011. patterns formed on Si were evaluated by the optical microscope
(35) Reiter, G.; Sommer, J. WPhys. Re. Lett. 1998 80, 3771. (OM; Olympus BX51 in the reflection mode) and the atomic force
o7 (g%g/loazssa, M. V.; Carvalho, J. L.; Dalnoki-Veress fhys. Re. Lett.2006 microscopy [AFM; Dimension 3100 scanning force microscope in
'(37) Massa, M. V.: Dalnoki-Veress, Kohys. Re. Lett. 2004 92. the tapping mode (Digital Instruments)]. BS-tap300 tips (Budget
(38) Loo, Y. L.; Register, R. A.; Ryan, A. Phys. Re. Lett.200Q 84, 4120. Sensors) with spring constants ranging from 20 to 75 N/m were used
(39) Reiter, G.; Castelein, G.; Sommer, Jitieke, A.; Thurn-Albrecht, T. as scanning probes. Subsequently, all samples on Si substrates were
Phys. Re. Lett. 2001, 87, 226101. . . . ~_ transferredinto avacuum oven and kept for 12 h atroom temperature
R g,‘_‘f)g szh,eB”_; 1\3/\2 n\g(;','LL.I'F?\'/\Xj,' éh%‘% rﬁ]ééléﬁﬁ?ggéﬁd,éh;\’/l‘c’ rg‘;'()%c’ﬁe“;rk' to remove residual solvent from the patterns. The samples were then
2004 37, 5292. placed on the heat stage for isothermal annealing at a certain
(41) Despotopoulou, M. M.; Frank, C. W.; Miller, R. D.; Rabolt, J. F.  temperature, as described in the following. The samples were heated
Macromolecules996 29, 5797. up to 80°C and held at that temperature for 30 min to ensure complete

39§§2) Beers, K. L.; Douglas, J. F.; Amis, E. J.; Karim, langmuir2003 19, melting of PEO crystals. Subsequently, the melted PEO patterns

(43) Steinhart, M.; Goring, P.; Dernaika, H.; Prabhukaran, M.; Gosele, U.; Weére rapidly cooled to 4_0 and 58:_(b9|0Wthe melting temperaturg,
Hempel, E.; Thurn-Albrecht, TPhys. Re. Lett. 2006 97, 027801. Tm=165°C), corresponding to a high and low degree of supercooling,
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Figure 2. Optical micrographs of PEO concentric ring patterns formed at the intermediate regioXJifegm PEO-600K acetonitrile
solution at (a)}c = 0.5 mg/mL and (b = 1.0 mg/mL, respectively, and from PEO-100K acetonitrile solution at (€)0.5 mg/mL and
(d) c = 1.0 mg/mL, respectively. The arrow indicates the movement of the solution front toward the center of the sphere/Si contact. Scale
bar= 70 um.

respectively, and allowed to isothermally crystallize at these molecule. The interfacial interaction between PEO and hydro-
temperatures for 2 days. Finally, the samples were quenched tophilic Si substrate is energetically favorable, thereby promoting
room temperature and examined by OM and AFM to evaluate the the adsorption of PEO at the contact line. Taken together, distinct
effect of cry;talllzatlon temperature on the surface morphology of pgg rings resulted, and no PEO-600K was deposited between
the concentric PEO rings. the rings (Figure 2ac = 0.5 mg/mL). The center-to-center
distance between adjacent rings, ¢, and the height of rind,
are 50um and 100 nm, respectively (Figure 2a). It is worth
1. Formation of Concentric Coffee Rings Composed of  noting that the microscopic concentric rings composed of
PEO. A semicrystalline polymer, PEO, was chosen as the semicrystalline polymers with well-defined lateral dimension
nonvolatile solute due to its widely known crystallization and can be readily produced by the evaporation-induced self-assembly
melting behavior, low melting temperature, and simple chain in sphere-on-flat geometry, which dispenses with the need for
conformation. Figure 2 shows typical optical micrographs of lithography and external fields. This is in contrast with the
PEO formed by drying the PEO acetonitrile solutions with micropatterning of semicrystalline polymer solutibor polymer
different MW of PEO (PEO-100K and PEO-600K) and different melt*”8 in which a micro- or nanomold (e.g., PDMS mold
solution concentrations & 0.5 and 1.0 mg/mL for both PEO-  prepared by soft lithographf) was used to pattern semicrystalline
100K and PEO-600K) from a sphere-on-flat geometry (i.e., from polymers.
a bound solution as shown in Figure 1). When high-MW PEO  In comparison to periodic concentric rings formed in sphere-
was used (i.e., PEO-600K), microscopic concentric rings of PS- on-flat geometry (Figure 2a), highly irregular concentric rings
600K were obtained (Figure 2a,b). It should be noted that only were produced (data not shown) by allowing a drop of PEO
a small zone of the entire concentric ring pattern is shown in solutionto evaporate from a single surface (i.e., on a Si substrate,
these images. The formation of concentric rings resulted from thereby forming an unbound droplet). The use of sphere-on-flat
controlled stick-slip cycles of the contact line, that is, the geometry in a sealed chamber eliminated the hydrodynamic
competition between the pinning force (stick) and depinning instabilities and convection over the course of solvent evaporation
force (slip) toward the sphere/Si contact center with elapsed (i.e., suppressing the Marangoni flow), thereby facilitating the
time, as discussed in our previous wétk31618The Marangoni  formation of ordered structuré&!216-18|n marked contrast with
flow was suppressed in the sphere-on-flat geom¥ity The the distinct concentric rings observedat 0.5 mg/mL (Figure
solution front was arrested at the capillary edge as acetonitrile 2a), self-assembly of semicrystalline PEO frors 1.0 mg/mL
evaporated (Figure 1). The local viscosity of the contact line was solution showed a connectivity between the adjacent concentric
then increased with time. This led to the solidification of a PEO- rings through the underlying continuous film (Figure 2b). The
600K ring before the solution front jumped to the next position,

where it was arrested again. Moreover, PEO is a hydrophilic ~ (46) Park, Y. J.; Kang, Y. S.; Park, Eur. Polym. J2005 41, 1002.
(47) Okerberg, B. C.; Soles, C. L.; Douglas, J. F.; Ro, H. W.; Karim, A.; Hines,

D. R. Macromolecule2007, 40, 2968.

(44) Hu, H.; Larson, R. GJ. Phys. Chem. BR006 110, 7090. (48) Hu, Z.; Baralia, G.; Bayot, V.; Gohy, J.-F.; Jonas, A.N&no Lett2005

(45) Hu, H.; Larson, R. GLangmuir2005 21, 3963. 5, 1738.

Results and Discussion
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Figure 3. AFMimages (heightimages, a, ¢, and e; phase images, b, d, f) of concentric rings produced from the drying-mediated self-assembly
of the 0.5 mg/mL PEO-600K acetonitrile solution at room temperature. As the solution front progressed toward the sphere/Si contact center,
the center-to-center distance between adjacent ritgs, was reduced. (a, b) Outermost region (i2&), (c, d) intermediate region (i.e.,

X5), and (e, f) innermost region (i.€X3). The image size is 86 80 um?.

impingement of crystals is clearly evident, represented intercon- produces pretty crystals (e.g., square-shaped crystals and finger-
nected curves superimposed on the blue background of concentridike crystals), in the present study no clear concentric rings were
rings (Figure 2b). produced when it was used as the nonvolatile solute (i.e., MW
Comparison of the optical micrographs of PEO surface < 100K).

morphologies obtained at different MW revealed that MW has g explore the details of polymer crystals within microscopic

a marked effect on the ring pattern formation. In the case of jngs AFM measurements were performed only on the PEO-
low-MW PEO (PEO-100K) used atboth=0.5mg/mL and 1.0 oK rings obtained from dynamic self-assembly of the 0.5 mg/
mg/mL, ringlike patterns superimposed on a continuous film ) PEG-6O0K acetonitrile solution (Figure 2a). Locally, the
¥vere ylelded. '!'”hesef observations suggested th"ﬁ the deplnnr:ngings appeared as parallel stripes. As the solution front moved
orce (i.e., capillary force) was not strong enough to cause the y, - the sphere/Si contact center due to evaporative loss of

E:r:r?r?c-)?rz:%sr’: Tgtr;acct)\l/lgrecé%gThpetoiﬁn?swfg?:étlgﬂéﬂggng' the acetonitrile, the center-to-center distance between adjacent PEO-
p y P 9 y 600K rings, Ac-c, and the height of the rindh, decreased

deposition of PEO-100K. Thus, arather continuous film of PEO- ]
. ’ progressively fromic—c = 50.31um andh = 100.27 nm aiX;
100K was formed. It is noteworthy that, as a model system for (Figure 3a) toic_c = 37.03um andh = 76.40 nm ai, (Figure

studying polymer crystallization, low-MW PEO with MW in the - - .
range of 1006-10 000 has been widely utilized for several 3¢) to4c-c = 33.29um andh = 71.24 nm aiXs (Figure 3e),
decaded®s Although the use of low-MW PEO generally whereX, is the distance away from the sphere/Si contact center,

as depicted in Figure 1. So itis clear that concentric PEO-600K
(49) Huang, Y.; Liu, X.; Zhang, H. L.; Zhu, D. S.; Sun, Y.; Yan, S.; Wang, 'INgS were gradient in spacing and height. The measurements
J.; Chen, X. F.; Wan, X. H.; Chen, E. Q.; Zhou, Q. Folymer 200§ 47, revealed the formation of fibrillar-like crystals (Figure 3). This
1217, contrasts with the featureless surface morphology within the

(50) Cheng, S. Z. D.; Lotz, BPhilos. Trans. R. Soc. London 2003 361, ' .
517. ring whenamorphougpolymers were usetf- 1’ The evaporative




Self-Assembly into Microscopic Concentric Rings Langmuir, Vol. 24, No. 7, 28539

loss of acetonitrile at the capillary edge triggered the accumulation
of PEO and generated a local roughness to pin the contact line,
during which PEO crystallization took place. However, due to
relatively quick solvent evaporation (the boiling point of
acetonitrile is 81.6°C), PEO crystals were trapped in the
metastable state, leading to the formation of PEO fibrillae inside
the ring (Figure 3). Notably, PEO fibrillae were oriented, to
some extent, along the rings (i.e., parallel to the edge of rings)
(Figure 3b,d,f).

2. Morphological Changes of Crystallized PEO in the Ring
Pattern. Isothermal annealing at 40 and 38 were performed
only onthe PEO-600K sample in which highly ordered concentric
rings were obtained from the 0.5 mg/mL acetonitrile solution
(Figure 2a and 3). The optical micrographs of PEO rings before
and after isothermal crystallization are shown in Figure 4.
Although the integrity of originally formed ring patterns (Figures
2a and 4a) was retained after annealing (Figure 4b,c), the surface
topology of individual rings was altered. The fibrillar-like
morphology formed from the solution state via evaporation-
induced self-assembly process (Figure 4a, a closeup of Figure
2a) transformed into patch-like surface patterns (Figure 4c, a
closeup of Figure 4b). In particular, AFM measurements revealed
that the crystalline fibrillae tuned into multilayers of crystals
(i.e., forming spiral structures), presumably formed via screw
dislocation, whenisothermally crystallized from the molten state
to 40°C and 58°C, as evidenced in Figure 5. Within a spiral,
the lamellar crystals were oriented parallel to the substrate (Figure
5), which is more thermodynamically stalifeThis flat-on
lamellar orientation was due to annealing-induced film thickness
reduction. It is well-known that crystallization in thicker film
often exhibits a spherulite morphology, consisting of lamellae
that grow radially from a nucleation cent®rAs film thickness
decreases, a transition to spiral structures are often resulted, due
to restricted chain mobility®-3°-3lin the present study, the average
width, w, and heighth, of originally formed rings were 26.25
um and 100.27 nm, respectively (Figure 4a). After annealing,
the values changed to 28.48n and 67.67 nm, respectively
(Figure 4b,c and Figure 5&), thus facilitating the spiral structure
formation.

The morphology of isothermally crystallized PEO-600K at 40
and 58°C inside the ring showed differences in the density of
nucleation sites. Since high-MW PEO was used, which makes
it difficult to grow into bigger crystals, the size of spiral structures
(Figure 5) was small as compared to the crystals formed from
low-MW counterparts. The PEO spirals are randomly dispersed
within the microscopic rings. This is due to the fact that the
nucleation number and sites were hard to control in polymer
crystallization, and the width of microscopic ring was large,
thereby imposing no confinement effect on the crystal growth.
In the crystallization of polymer thin film, insufficient transport
of crystallizable molecules, in general, leads to the formation of
depletion zones at the crystal fra#§t39-31.39n the present study,
the dgpletlon ZOnes, as marked in Figure 5, were caused by theFigure 4. Optical micrographs of concentric PEO-600K rings (a)
diffusion of PEO chains to the fold surfaces of the flat-on lamellae pefore (i.e., at room temperature) and (b, c) after isothermal
and the specific volume decrements between the melt andcrystallization at 58C. The PEO rings were formed from the 0.5
crystals®® The number of nucleation sites at 40 were more mg/mL PEO-600K acetonitrile solution. Optical micrographs a and
than that at 58C, which in turn resulted in more depletion zones ¢ are the close-ups of the black boxes in Figures 2a and 4b,
(Figure 5d,e). High supercooling (i.e., low crystallization eSPectively. Scale bar 70 um.
temperature at 40C) tended to activate the nucleation rate and
retarded the chain diffusion rate, eventually giving rising to a
considerable number of depletion zones. In contrast, low promoted a higher diffusion rate and thus formed relatively fewer
supercooling (i.e., high crystallization temperature at°63 nucleation sites. The root-mean-square (rms) surface roughness
of PEO crystals obtained from isothermal annealing at 40 and
(51) Wang, Y.; Chan, C.-M.; Li, L.; Ng, K.-MLangmuir 2006 22, 7384. 58 °C was 22.25 and 16.06 nm, respectively.
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Figure 5. Surface morphologies of PEO crystals in a microscopic PEO-600K ring. (a, b) AFM height and phase images of spiral structures
of PEO crystals after isothermal annealing at°68 The section analysis of PEO crystal is shown in part c. (d, €) AFM height and phase
images of spiral structures of PEO crystals after isothermal annealing ‘@.4The section analysis of the PEO crystal is shown in part

f. The image size is 26 20 um2.

Conclusion flow within the evaporating droplet, which in turn regulated the

The confined, axial symmetric geometry (i.e., sphere-on-flat formation of concentric rings of a semicrystalline polymer, PEO.
geometry) provided a unique environment for controlling the The formation of distinct microscopic rings depended on the
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MW and the solution concentration. Upon the completion of ring width may dramatically affect the nucleation and growth
solvent evaporation, a continuous PEO thin film was left behind of crystals, crystal morphology, and crystal orientation, some
at low MW, while at high MW concentric PEO rings of high intriguing surface morphologies other than spirals may also form.
regularity were produced. Thiswork is currently under investigation. PEO is a biocompatible
Subsequent isothermal crystallization of ring patterns trans- polymer suitable for biological application, since surfaces covered
formed originally formed fibrillar-like PEO crystals into spirals ~ with PEO have shown to be nonantigenic, nonimmunogenic,
as a result of the reduction in height of the rings by annealing. and protein resistat® Therefore, the present highly ordered
The formation of spiral terraces suggested a flat-on orientation concentric PEO rings may serve as a platform to study cell
of the lamellae. A high supercooling of PEO (corresponding to adhesion and motility, neuron guidance, cell mechanotransduc-
low crystallization temperaturél = 40 °C) generated more tion, and other biological process&$*
depletion zones than a low supercooling counterphrt(58
°C). We envisage that, by applying the upper spherical lens with Acknowledgment. We gratefully acknowledge support from
alarger radius of curvatuféconcentric rings of PEOwith much  the National Science Foundation (CBET-0730611) and the 3M
smaller width (a few micron or submicron) and height (tens of Non-tenured faculty award. We also thank Qingze Zou for use
nanometers or a few nanometers) could be produced in such & AFM.
dimension that is comparable to the lateral size of a PEO spiral. | A703270C
Thus, hierarchically ordered structures may be anticipated, in
which only a single row of PEO spirals are allowed to form, and s _(\E;VZe)”':leirkO}LicAr':/l-e%: érr%% mi: /élélé%%ng;ogg,?\?/-; Kornowski, A.; Forster,
they are adjacent to one another, residing along the ring in a™" 53)'chen, X.?Hir.tz, M.. Fuchs, H.. Chi, LLangmuir 2007, 23.
concentric ring mode. Since the confinement imposed by the  (54) Kumar, G.; Ho, C. C.; Co, C. GAdv. Mater. 2007, 19, 1084.




