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The toluene solution of a bottlebrush block copolymer, polystyrene–polylactide (PS–PLA), was

confined in a cylinder-on-flat geometry, from which the consecutive ‘‘stick-slip’’ motion of the three-

phase contact line of the PS–PLA solution was effectively regulated as toluene evaporated, thereby

yielding gradient stripes at the microscopic scale. Subsequent selective solvent vapor annealing led to

the formation of hierarchically structured PS–PLA in which the lamellar nanodomains of PS–PLA

normal to the substrate were obtained within the microscopic stripes. After the selective removal of the

PLA block by enzymatic degradation, nanochannels were yielded within the stripes. This facile

approach of combining the controlled evaporative self-assembly with subsequent solvent vapor

annealing opens up a new avenue to rationally organize and engineer self-assembling building blocks

into functional materials and devices in a simple, cost-effective and controllable manner.
1. Introduction

Spontaneous self-assembly of nanoscale materials to form

intriguing, complex yet well-ordered structures via the evapora-

tion of a sessile droplet containing nonvolatile solutes provides

a simple means to fabricate functional materials.1–7 However,

flow instabilities within the evaporating droplet often result in

irregular dissipative structures (e.g., fingering instabilities,

convection patterns, etc.).4,8,9 To date, a few elegant methods

have emerged to precisely control the evaporation process to

produce highly ordered structures that are technologically rele-

vant. Among them, controlled evaporative self-assembly (CESA)

of a droplet constrained in restricted geometries (e.g., sphere-on-

flat) renders the creation of intriguing structures with high

fidelity and regularity.10–27 Diblock copolymers composed of two

chemically distinct chains that are covalently linked at one end

are thermodynamically driven to self-assemble into a range of

well-ordered nanodomains, including spheres, cylinders and

lamellae, depending on the volume fractions of the components.

The size of nanodomains governed by the molecular weight of

the polymer is typically on the order of tens of nanometres,

thereby offering a facile route to nanodevice fabrication and

nanotechnology.28,29 Notably, among a variety of block copoly-

mers, polylactide (PLA) containing block copolymers with
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cylindrical and lamellar morphologies are particularly attractive

as they offer a facile route to produce nanoporous and nano-

channel materials and devices by hydrolysis of the PLA

block.30,31 Normally, nanomaterials with domain sizes large than

100 nm are highly desirable for applications in photonics and

ultrafiltration. However, they are difficult to obtain by the self-

assembly of linear block copolymer. Recently, nanostructured

materials with large domain spacings of 100 nm and beyond have

been successfully achieved using a novel bottlebrush block

copolymer (BBCP), polystyrene–polylactide (PS–PLA),32

synthesized by a combination of living radical polymerization

and ring-opening polymerization. The self-assembly of PS–PLA

at the air/water interface was explored.33

Hierarchical structures over multiple length scales are highly

desirable for many technological applications. The use of micro-

patterning techniques (e.g., photolithography and e-beam

lithography) to produce hierarchical structures involves high

processing and maintenance costs and requires an iterative,

multistep procedure that makes the structure formation process

more complex and less reliable. By contrast, techniques that

combine top-down controlled self-assembly (i.e., forming

microscopic features) with bottom-up spontaneous self-assembly

(i.e., forming nanoscale features) provide a lithography- and

external-field-free means to create hierarchically organized

structures.15,20

Herein, we report a simple yet robust technique based on the

controlled evaporative self-assembly (CESA) of a newly

synthesized bottlebrush block copolymer (BBCP), PS–PLA in

a restricted geometry composed of a cylindrical lens situated on

a flat substrate (i.e., cylinder-on-flat geometry) to produce

gradient stripes of PS–PLA at the microscopic scale. Subsequent

solvent vapor annealing promoted spontaneous microphase
This journal is ª The Royal Society of Chemistry 2011
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separation of PS–PLA, forming lamella of PS and PLA oriented

normal to the surface of stripes at the nanoscale. Selective

removal of PLA arms by enzymatic degradation resulted in the

formation of nanochannels within themicroscopic stripes, thereby

yielding hierarchically organized structures over large areas. This

technique offers a promising route for crafting hierarchically

ordered structures for use in optical, electronic, optoelectronic,

and magnetic materials and devices.
2. Experimental

Synthesis and characterization of PS–PLA bottlebrush block

copolymer (BBCP)

A PS–PLA BBCP with an ultrahigh molecular weight of 1.2 �
106 g mol�1 was synthesized according to the procedure previ-

ously reported by us.32 The PS and PLA arms were densely

grafted along the polymethacrylate backbone through the ester

group. The lengths of the backbone, the PLA arm and the PS

arm are 90 nm, 6.3 nm and 6.5 nm, respectively.33 The volume

fraction of PS arms was calculated to be 60%.
Fig. 1 (a) Chemical structure of a newly synthesized bottlebrush block

copolymer, PS–PLA (A ¼ PS block and B ¼ PLA block). (b) Schematic

representation of PS–PLA with PLA (red) and PS (blue) chains densely

grafted on the backbone (black). (c) Stepwise representation of the

formation of stripes by allowing a drop of PS–PLA toluene solution to

evaporate in the cylinder-on-flat geometry (side view). H and L are the

height and length of cylindrical lens, respectively. The Si substrate was

spin-coated with a thin layer of HMDS (blue). The black arrows mark the

direction of the movement of the solution front toward the cylinder/

HMDS-coated Si contact center. Xn indicates the distance away from the

contact center.
Controlled evaporative self-assembly (CESA) of the PS–PLA

toluene solution in a cylinder-on-flat geometry

PS–PLA was dissolved in toluene at a concentration of

0.15 mg mL�1 and purified with 200 nm polytetrafluoroethylene

(PTFE) filters. The Si substrates were cleaned with a mixture of

sulfuric acid and Nochromix, then rinsed extensively with

deionized (DI) water and blow-dried with N2. A thin film of

hexamethyldisilazane (HMDS) was spin-coated at 3000 rpm for

60 s on the Si substrate to change the surface property of Si

substrate from hydrophilic to hydrophobic.34 The cylindrical lens

(L ¼ 9.5 mm, H ¼ 4.0 mm and W ¼ 11.0 mm; Fig. 1b) and

HMDS-treated Si substrate were used as the upper and lower

surface, respectively, to construct a cylinder-on-flat geometry.

This geometry was then placed in a sealed chamber to minimize

possible air convection and maintain constant temperature

during the evaporation process.
Surface reconstruction via solvent vapor annealing

The highly regular, gradient PS–PLA stripes formed on the

HMDS-coated Si substrate were exposed to the chloroform

vapor for 12 h in a closed vessel to achieve morphological

reconstruction of PS–PLA. The small piece of gauze soaked with

chloroform was placed into a 29.4 cm3 vessel. The value of

chloroform vapor pressure, P, was calculated to be 14.5 N cm�2

based on P ¼ mRT/MV.20 The vessel was sealed by Teflon and

placed in an Ar grove box to avoid temperature and humidity

variations.
Degradation of PLA arms in PS–PLA BCCP within stripes

Proteinase K was purchased from Sigma and used without

purification. The enzymatic degradation was performed by

immersing the sample into the degradation solution prepared by

adding 1.0 mg of proteinase K into 5 mL of Tris–HCl buffer

(pH ¼ 8.6) at 37 �C in an oil bath for various times. After the
This journal is ª The Royal Society of Chemistry 2011
degradation was terminated, the sample was dried under vacuum

for 12 h at room temperature.

Characterization

The evaporation took less than 30 min to complete. Afterward,

the cylinder and the HMDS-coated Si substrate were separated.

Because of the curvature effect of the cylinder, only the patterns

formed on the flat HMDS-coated Si substrate were characterized

by optical microscopy (OM; Olympus B � 51 in the reflection

mode) and atomic force microscopy (AFM, Dimension 3100

scanning force microscope in the tapping mode; Digital Instru-

ments). Vista probes (T190) with spring constants 48 N m�1 were

used as scanning probes.

3. Results and discussion

In the present study, a PS–PLA BBCP with an ultrahigh

molecular weight of 1.2 � 106 g mol�1 was employed as the

nonvolatile solute to prepare the PS–PLA toluene solution. The

chemical structure and schematic representation of PS–PLA are

depicted in Fig. 1a and b, respectively. This BBCP is a comb-like

macromolecule with highly densely grafted PS and PLA arms
J. Mater. Chem., 2011, 21, 14248–14253 | 14249
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Fig. 2 Optical micrographs of PS–PLA stripes formed by controlled

evaporative self-assembly (CESA) in a cylinder-on-flat geometry: (a) in

the outermost region, X1, (b) in the intermediate region, X2, and (c) in the

innermost region,X3, respectively. The arrows mark the moving direction

of the solution front during the course of evaporation.

Fig. 3 Representative AFM height images at different locations: (a) in

the outermost region, X1, (b) in the intermediate region, X2, and (c) in the

innermost region, X3. The height,H, and the width of stripes,W, and the

distance between adjacent stripes, l, gradually decreased in the three

regions. (d–f): Close-ups of black boxed areas in (a–c), respectively. The

featureless morphology was observed. Z range is 200 nm in all images.
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along the polymethacrylate backbone (Fig. 1a and b).

The lengths of the backbone, the PLA arm and the PS arm are

90 nm, 6.3 nm and 6.5 nm, respectively (see Experimental).33 This

ultrahigh molecular weight BBCP appeared to self-assemble into

a highly ordered morphology (i.e., lamella) upon thermal

annealing, which was attributed to the steric crowding of PLA

and PS arms and the unentangled nature of BBCP.32

The PS–PLA toluene solution (volume: V ¼ 30 mL) with the

concentration of 0.15 mg mL�1 was then loaded and trapped in

a restricted geometry composed of a cylindrical lens sitting on

a Si substrate coated with hexamethyldisilazane (HMDS)

(i.e. cylinder-on-flat geometry; Fig. 1c) (see Experimental),

yielding a capillary-held solution. It is noteworthy that the

evaporation of toluene only occurred at the constrained capillary

edge (Fig. 1c). The evaporative loss of toluene at the capillary

edge triggered the pinning of the three-phase contact line

(i.e., ‘‘stick’’) by transporting nonvolatile PS–PLA to the capil-

lary edge. The outermost PS–PLA stripe was thus formed.35

During the deposition of PS–PLA, the initial contact angle of the

solution gradually decreased due to the toluene evaporation to

a critical contact angle, at which the capillary force (i.e., depin-

ning force) became larger than the pinning force. This caused the

contact line to jump to a new position inward (i.e., ‘‘slip’’), where

it was arrested again and a new polymer stripe was thus

produced. The repeated pinning and depinning cycles of the

contact line led to the formation of regular stripes of PS–PLA

(last panel in Fig. 1c).10 The stripes exhibited gradient features,

representing the decrease in the height, H, and width, W, of the

stripes, and the center-to-center distance between neighboring

polymer stripes, l, as the liquid capillary edge gradually

approached the cylinder/HMDS-coated Si contact center (last

panel in Fig. 1c). The formation of gradient stripes was a direct

consequence of the competition between the nonlinear capillary

force, due to the curvature effect of the cylinder, and the linear

pinning force.10

After the evaporation was completed, the structure formed on

the HMDS-coated Si was examined. Three representative optical

micrographs taken at different radial distance,Xn (i.e., outermost

region, X1; intermediate region, X2; and innermost region, X3;

where X is the distance away from the cylinder/HMDS-coated Si

contact center; Fig. 1c) are shown in Fig. 2. They appeared as

parallel periodic stripes over large areas. The AFM measure-

ments showed the stripes were gradient, in which the average

H and W of the stripes, and the l between adjacent stripes

decreased progressively from H ¼ 92 nm, W ¼ 6.1 mm

and l ¼ 18.7 mm in the outermost region, corresponding to

X1 ¼ 4200 mm, toH¼ 56 nm,W¼ 4.2 mm and l¼ 11.6 mm in the

intermediate region, corresponding to X2 ¼ 3900 mm, to

H ¼ 31 nm,W ¼ 2.8 mm and l ¼ 6.9 mm in the innermost region,

corresponding to X3 ¼ 3600 mm (Fig. 3a–c). It is worth noting

that these self-organized stripes, formed by CESA of the BBCP

solution, were highly reproducible. The close examination of an

individual microscopic stripe revealed a disordered, featureless

surface morphology within the stripe (Fig. 3d–f). This may be

attributed to the fast depletion of toluene, which did not afford

the polymer chains much time for the microphase separation to

occur.20

To this end, selective solvent vapor annealing was performed

on the PS–PLA stripes. The solvent vapor annealing method has
14250 | J. Mater. Chem., 2011, 21, 14248–14253
been widely recognized as one of the most effective post-treat-

ments to achieve morphological rearrangement of nanodomains

in block copolymers.15,36,37The selective solvent (i.e., chloroform)

vapor annealing in a closed vessel for 12 h was conducted on the

periodic stripes. The polymer/solvent interaction parameter for
This journal is ª The Royal Society of Chemistry 2011
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PLA is cchloroform/PLA ¼ 0.32, which is smaller than for PS,

cchloroform/PS¼ 0.45, suggesting that the PLA block preferentially

responds to the exposure of chloroform vapor. After the 12 h

vapor annealing, the reconstruction of PS–PLA nanodomains

within the microscopic straight stripes occurred (i.e., microphase

separation of PS–PLA; Fig. 4d–f) as will be discussed later. We

note that the AFM measurements were conducted at the same

position for the sample before (i.e., as-prepared) and after the

vapor annealing. Quite intriguingly, at the microscopic scale,

after the chloroform vapor annealing, distinct morphological

alterations of stripes were observed (Fig. S1†;H andW changed,

while l did not change over the entire surface). The H and W

were changed to H ¼ 46 nm and W ¼ 11.2 mm at X1 ¼ 4200 mm,

to H ¼ 27 nm and W ¼ 7.9 mm at X2 ¼ 3900 mm, and to

H¼ 17 nm andW¼ 6.1 mm at X3 ¼ 3900 mm, respectively. It has

been demonstrated that the HMDS-treated Si substrate is

hydrophobic, with which the hydrophobic PS would preferen-

tially interact.38 Thus, during the course of vapor annealing, the

volume of PS arms on the hydrophobic HMDS surface

increased, and the PS arms wetted the hydrophobic HMDS

surface to lower the interfacial energy. As a result, the width of
Fig. 4 Representative AFM height images of the sample re-examined at

the same locations of Xn after the vapor annealing: (a) in the outermost

region, X1, (b) in the intermediate region, X2, and (c) in the innermost

region, X3. (d–f): Close-ups of black boxed areas in (a–c), respectively.

Within the stripes, vertically oriented lamella nanodomains are clearly

evident. Z range is 100 nm in all images.

This journal is ª The Royal Society of Chemistry 2011
stripes was increased laterally while the average height of the

stripes decreased by approximately two fold, compared to the

sample prior to the vapor annealing (Fig. 5 and S1†).

Upon exposure to the chloroform vapor, the chain mobility of

PS–PLA BBCP was effectively enhanced. As a result, the disor-

dered, featureless topology (Fig. 3d–f) was transformed into

vertically oriented lamellar nanodomains due to the packing of

rigid macromolecules32 within the stripes (Fig. 4d–f). The surface

energies of PS and PLA blocks are similar (PS: 39.4–40.7 mJ m�2

and PLA: 36–41 mJ m�2), therefore there was no preferential

wetting of either PLA or PS at the polymer/air interface.38,39 On

the other hand, since chloroform is a selective solvent for the

PLA block, the PLA was swollen by continuous uptake of

chloroform vapor and pulled to the polymer/air interface to

contact preferentially with the chloroform vapor (i.e., the air

surface). Furthermore, it is noteworthy that the characteristic

length, L0, of the ultrahigh molecular weight PS–PLA was

L0 ¼ 105 � 5 nm (Fig. S2c†),32 with which the height of stripes

cannot commensurate (the stripe height after annealing was less

than 50 nm; i.e., H ¼ 46 nm at X1, H ¼ 27 nm at X2, and

H ¼ 17 nm at X3), thus favoring the nanodomains (i.e., lamella)
Fig. 5 Representative AFMheight (left) and phase (right) images of PS–

PLA bottlebrush block copolymers: (a) as-prepared sample, (b) after

immersing in the degradation solution for 30 min, and (c) after immersing

for 60 min. The surface roughness changed from 1.75 nm (as-prepared) to

4.33 nm (30 min treatment) to 4.78 nm (60 min treatment), indicating the

successful removal of PLA arms. Image size ¼ 3 mm � 3 mm. Z range of

height images ¼ 60 nm.

J. Mater. Chem., 2011, 21, 14248–14253 | 14251
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to orient normal to the stripe surface.40 Taken together, vertically

oriented lamella of PS–PLA was observed. Thus, hierarchically

structured PS–PLA were yielded, that is, at the micrometre scale,

gradient stripes were formed globally by CESA of PS–PLA

(i.e., a top-down approach), and at the nanometre scale, verti-

cally oriented lamella within microscopic stripes were achieved

due to spontaneous self-assembly of PS–PLA that was promoted

by the solvent vapor annealing (i.e., a bottom-up approach).

Notably, as opposed to thermally equilibrated block copolymer

thin film morphologies, hierarchical structures produced by the

solvent vapor annealing process in the present study were far

from equilibrium. As PS has a higher modulus than PLA at room

temperature (EPS ¼ 3.0 GPa and EPLA ¼ 2.05 GPa41), the PS

block appeared brighter in the AFM phase images, corre-

sponding to a larger phase shift.36 Moreover, the selective

swelling of PLA nanodomains by chloroform caused a relatively

lower height of PLA block than PS block on the surface. As

a result, the PS lamella was higher in the AFM height image and

brighter in the AFM phase image than the PLA lamella (Fig. 4).

PLA is a biodegradable polymer which can be degraded by

either an enzymatic approach or alkaline hydrolysis.42,43 We used

proteinase K to remove the PLA arms by immersing the sample

into the degradation solution (i.e., proteinase K Tris–HCl buffer

solution; see Experimental), thereby forming nanochannels in the

gradient microscopic stripes. Since the native oxide on the Si

substrate preferentially interacts with the PLA block and forms

a wetting layer of PLA, the stripes would be floated off the Si

substrate when performing the degradation experiment.33 In this

context, to create nanochannels, the Si substrate coated with

HMDS was used to form a wetting layer of PS on the HMDS

substrate as HMDS preferentially interacts with the PS block.33,36

After immersing the chloroform-vapor-annealed samples in the

degradation solution at 37 �C for various times (i.e., 30 min and

60 min), the PS part still remained while the PLA arms were

degraded. Fig. 5b–c show the surface morphologies of thin films

after the enzymatic degradation for 30 min and 60 min, respec-

tively. The roughness of the as-prepared sample was 1.75 nm,

measured by AFM (Fig. 5a). When degraded for 30 min and

60 min, the roughness changed to 4.33 nm and 4.78 nm,

respectively. The nanochannel depth increased after the degra-

dation as revealed by the section analysis of the AFM images

(Fig. S3†), indicating the successful removal of PLA arms.
Conclusions

In summary, we demonstrated a facile technique to create hier-

archically structured PS–PLA BBCP by combining CESA of the

PS–PLA toluene solution in the cylinder-on-flat geometry, which

yielded microscopic gradient stripes over large areas, with

spontaneous self-assembly of PS–PLA at the nanoscale, which

was facilitated by selective solvent vapor annealing. The enzy-

matic removal of PLA arms in PS–PLA rendered the formation

of nanochannels within the stripes. These nanochannels may

serve as a template to transfer the nanopatterns to the substrate

by reactive ion etching44 for fabricating nanodevices. The present

technique provides a promising approach to craft hierarchically

ordered structures for potential applications in optics, elec-

tronics, optoelectronics, magnetic materials and devices,

biotechnology, and nanotechnology.
14252 | J. Mater. Chem., 2011, 21, 14248–14253
Acknowledgements

We gratefully acknowledge the support from the National

Science Foundation (NSF CAREER Award, CBET-0844084).

References

1 T. P. Bigioni, X.-M. Lin, T. T. Nguyen, E. I. Corwin, T. A. Witten
and H. M. Jaeger, Nat. Mater., 2006, 5, 265.

2 C. P. Martin, M. O. Blunt, E. Pauliac-Vaujour, A. Stannard,
P. Moriarty, I. Vancea and U. Thiele, Phys. Rev. Lett., 2007, 99,
116103.

3 B. Khanal and E. Zubarev, Angew. Chem., Int. Ed., 2007, 48, 6888.
4 E. Rabani, D. R. Reichman, P. L. Geissler and L. E. Brus, Nature,
2003, 426, 271.

5 Z. Mitov and E. Kumacheva, Phys. Rev. Lett., 1998, 81, 3427.
6 H. Hu and R. G. Larson, Langmuir, 2005, 21, 3963.
7 B. G. Prevo and O. D. Velev, Langmuir, 2004, 20, 2099.
8 H. Hu and R. G. Larson, J. Phys. Chem. B, 2006, 110, 7090.
9 E. Pauliac-Vaujour, A. Stannard, C. P. Martin, M. O. Blunt,
I. Notingher, P. J. Moriarty, I. Vancea and U. Thiele, Phys. Rev.
Lett., 2008, 100, 176102.

10 J. Xu, J. Xia, S. W. Hong, Z. Q. Lin, F. Qiu and Y. L. Yang, Phys.
Rev. Lett., 2006, 96, 066104.

11 J. Xu, J. Xia and Z. Q. Lin, Angew. Chem., Int. Ed., 2007, 46, 1860.
12 S. W. Hong,M. Byun and Z. Q. Lin,Angew. Chem., Int. Ed., 2009, 48,

512.
13 S. W. Hong, S. Giri, V. S. Y. Lin and Z. Q. Lin, Chem. Mater., 2006,

18, 5164.
14 S. W. Hong, W. Jeong, H. Ko, M. R. Kessler, V. Tsukruk and

Z. Q. Lin, Adv. Funct. Mater., 2008, 18, 2114.
15 S. W. Hong, J. Wang and Z. Q. Lin, Angew. Chem., Int. Ed., 2009, 48,

8356.
16 S. W. Hong, J. Xia, M. Byun, Q. Zou and Z. Q. Lin,Macromolecules,

2007, 40, 2831.
17 S. W. Hong, J. Xia and Z. Q. Lin, Adv. Mater., 2007, 19, 1413.
18 S. W. Hong, J. Xu and Z. Q. Lin, Nano Lett., 2006, 6, 2949.
19 S. W. Hong, J. Xu, J. Xia, Z. Q. Lin, F. Qiu and Y. L. Yang, Chem.

Mater., 2005, 17, 6223.
20 M. Byun, N. B. Bowden and Z. Q. Lin, Nano Lett., 2010, 10, 3111.
21 M. Byun, W. Han, F. Qiu, N. B. Bowden and Z. Q. Lin, Small, 2010,

6, 2250.
22 M. Byun, S. W. Hong, F. Qiu, Q. Zou and Z. Lin, Macromolecules,

2008, 41, 9312.
23 M. Byun, S. W. Hong, L. Zhu and Z. Q. Lin, Langmuir, 2008, 24,

3525.
24 M. Byun, R. L. Laskowski, M. He, F. Qiu, M. Jeffries-EL and

Z. Q. Lin, Soft Matter, 2009, 5, 1583.
25 M. Byun, J. Wang and Z. Lin, J. Phys.: Condens. Matter, 2009, 21,

264014.
26 M. Byun, J. Wang and Z. Lin, Acta Physicochimica Sinica, 2009, 25,

1249.
27 J. Wang, J. Xia, S. W. Hong, F. Qiu, Y. Yang and Z. Q. Lin,

Langmuir, 2007, 23, 7411.
28 Y. Lin, A. Boker, J. He, K. Sill, H. Xiang, C. Abetz, X. Li, J. Wang,

T. Emrick, S. Long, Q. Wang, A. Balazs and T. P. Russell, Nature,
2005, 434, 55.

29 M. Maldovan and E. L. Thomas, Nat. Mater., 2004, 3, 593–600.
30 A. S. Zalusky, R. Olayo-Valles, C. J. Taylor and M. A. Hillmyer,

J. Am. Chem. Soc., 2001, 123, 1519.
31 A. S. Zalusky, R. Olayo-Valles, J. H. Wolf and M. A. Hillmyer,

J. Am. Chem. Soc., 2002, 124, 12761.
32 J. Rzayev, Macromolecules, 2009, 42, 2135.
33 L. Zhao, M. Byun, J. Rzayev and Z. Lin, Macromolecules, 2009, 42,

9027.
34 A. Ivanisevic and C. A. Mirkin, J. Am. Chem. Soc., 2001, 123, 7887.
35 R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel and

T. A. Witten, Nature, 1997, 389, 827.
36 J. Peng, D. H. Kim, W. Knoll, Y. Xuan, B. Li and Y. Han, J. Chem.

Phys., 2006, 125, 064702.
37 Y. Xuan, J. Peng, L. Cui, H. Wang, B. Li and Y. Han,

Macromolecules, 2004, 37, 7301.
38 R. Olayo-Valles, S. W. Guo, M. S. Lund, C. Leighton and

M. A. Hillmyer, Macromolecules, 2005, 38, 10101.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm10978b


D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
on

 0
4 

O
ct

ob
er

 2
01

1
Pu

bl
is

he
d 

on
 1

4 
M

ay
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1J

M
10

97
8B

View Online
39 R. Olayo-Valles, M. S. Lund, C. Leighton and M. A. Hillmyer, J.
Mater. Chem., 2004, 14, 2729.

40 K. A. Cavicchi, K. J. Berthiaume and T. P. Russell,Polymer, 2005, 46,
11635.

41 J.-S. Yoon, S.-H. Oh,M.-N. Kim, I.-J. Chin andY.-H. Kim, Polymer,
1999, 40, 2303.
This journal is ª The Royal Society of Chemistry 2011
42 M. Vayer, M. A. Hillmyer, M. Dirany, G. Thevenin, R. Erre and
C. Sinturel, Thin Solid Films, 2010, 518, 3710.

43 K.H.Lo,M.C.Chen,R.M.HoandH.W.Sung,ACSNano, 2009,3, 2660.
44 R. G. H. Lammertink, M. A. Hempenius, J. E. van den Enk,

V. Z. H. Chan, E. L. Thomas and G. J. Vancso, Adv. Mater., 2000,
12, 98.
J. Mater. Chem., 2011, 21, 14248–14253 | 14253

http://dx.doi.org/10.1039/c1jm10978b

	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b

	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b
	Controlled evaporative self-assembly of hierarchically structured bottlebrush block copolymer with nanochannelsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1jm10978b


