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 The Breath Figure (BF) technique is a well established, robust 
and highly effi cient approach for the preparation of highly 
ordered porous fi lms. [  1  ]  It was fi rst introduced by François 
and co-workers, whereby water droplets were utilised as tem-
plates for the self-assembly of polymers to form highly ordered 
honeycomb (HC) fi lms. [  2  ]  HC structured fi lms have also been 
prepared using lithographic and other non-lithographic pat-
terning methods, although these methods are expensive and/
or complex. [  3  ,  4  ]  Numerous polymer architectures have been 
employed with the BF technique to prepare ordered macro-
porous and microporous HC structures on fl at surfaces. [  5–11  ]  
Highly ordered HC patterned fi lms are of great interest due to 
their wide range of potential specialised and high value appli-
cations including biosensors, [  12  ]  membranes, [  13  ]  scaffolds for 
tissue engineering, [  10  ,  14  ]  microreactors, [  15  ]  photonic band gap 
devices, [  16  ]  and optoelectronic devices. [  17  ]  Recently, Fujifi lm has 
developed a technique to produce large areas of HC fi lms with 
minimal defects on fl at substrates. [  18  ]  However, the applicability 
of this technique to non-planar surfaces is unknown. Cracking 
or fracture of the fi lm remains a major issue during the forma-
tion of non-planar HC fi lms, resulting in poor reproducibility. 
Methodologies that enable HC fi lms to be reproducibly pre-
pared over large imperfect surfaces (e.g., non-planar surfaces) 
will facilitate commercial uptake of this micro-fabrication tech-
nique to a wide variety of surfaces. Therefore, the development 
of strategies for the fabrication of regularly patterned fi lms 
on rough surfaces and the ability to select precursors from a 
wide range of polymers with varied composition will signifi -
cantly expand the scope of applications where HC fi lms can be 
applied. In 2006 we reported the fi rst example of HC formation 
on non-planar surfaces using star polymers with low glass tran-
sition temperatures ( T  g ’s). [  7  ,  8  ,  19  ]  Highly conformal non-planar 
HC fi lms were successfully prepared without cracking on the 
surface of transmission electronic microscopy (TEM) grids as 
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well as other non-planar surfaces. [  8  ]  During an investigation 
of a series of star polymers made from poly(dimethylsiloxane) 
(polyDMS), poly(methyl acrylate) (polyMA), poly( tert -butyl acr-
ylate) (poly t BA) and poly(methyl methacrylate) (polyMMA), it 
was observed that the  T  g  of these polymers played an impor-
tant role in the process of non-planar porous fi lm formation. It 
was found that all these polymers could form regular HC struc-
tures on planar surfaces without the occurrence of cracking. 
However, the polymers with a  T  g   >  48  ° C formed HC fi lms on 
non-planar surfaces with cracks while polymers with a  T  g  ≤ 
48  ° C formed HC fi lms that contoured to the TEM grid surface 
without cracking. Similar phenomena were also later reported 
by Tian and co-workers. [  20  ]  Until now it has remained unclear 
if  T  g  is the only parameter that determines the repetitive forma-
tion of conformal HC patterned fi lms on non-planar surfaces 
for star polymer systems. 

 In this communication, we report that there are parameters 
other than  T  g  that have a signifi cant infl uence on the forma-
tion of non-cracking HC fi lms when a broad range of polymers 
are used. More specifi cally, a polymer’s elasticity, represented 
as the Young’s modulus, can be used to better predict if a well-
defi ned, conformal and non-cracking HC fi lm will be formed 
on non-planar surfaces. In this study the Young’s modulus ( E ) 
is used to defi ne the tensile elasticity of the polymeric fi lms and 
we demonstrate that tuning the  E  of polymers can regulate the 
formation of non-cracking HC fi lms on non-planar surfaces; 
this observation applies to seven of the polymers investigated 
in this study, including polymers with various  T  g ’s. With appro-
priate design, a polymer with a high  T  g  and suitable  E  could 
potentially be employed to form non-cracking HC fi lms on 
non-planar substrates, which may ultimately lead to more and 
new industrial applications of this technology. 

 Star polymers were chosen as candidates for the HC 
fi lm formation based upon previous studies. [  7  ,  9  ]  A series of 
 β -cyclodextrin ( β -CD)-based star polymers with varying  T  g  and 
 E  were designed and synthesised via atom transfer radical poly-
merisation (ATRP) and the ‘core-fi rst’ approach ( Scheme    1  ). [  21  ]  
Subsequently, the formation of HC fi lms on planar and non-
planar surfaces was investigated using these star polymers and 
an improved static casting method employing a warm (30  ° C) 
humid environment. [  11  ]   

 Initially, a bromoester functionalised  β -CD derivative with 
21 initiating sites was prepared from the reaction of  β -CD with 
2-bromopropanoyl bromide (Scheme  1  and Figure S1). [  22  ]  Using 
this initiator, one-pot ATRP reactions were performed with 
a range of monomers or combinations of monomers to form 
star polymers with varying  T  g  and  E . These monomers include 
methyl methacrylate (MMA), methyl acrylate (MA),  tert -butyl 
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    Scheme  1 .     Synthesis of star polymers via ATRP and the core-fi rst approach 
using an initiator functionalised  β -cyclodextrin derivative.  
acrylate ( t BA), styrene (St) and  1H,1H -pentafl uoropropyl acr-
ylate (PFPA) to afford polyMMA, polyMA, poly t BA, polySt, 
poly(MMA- co -MA), and poly(PFPA- co -MMA) star polymers, 
328 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

   Table  1 .    Characterisation of star polymers .

Series Star polymer arm composition a)  Polymer code b)   M  w  c)  
[kDa]

1 Poly(PFPA 1 - co -MMA 27 )  C1a 66.5

Poly(PFPA 3 - co -MMA 100 )  C1b 225.0

Poly(PFPA 17 - co -MMA 35 )  C1c 153.9

Poly(PFPA 8 - co -MMA 6 )  C1d 51.1

2 Poly(MMA 30 - co -MA 3 )  C2a 72.3

Poly(MMA 16 - co -MA 2 )  C2b 42.4

Poly(MMA 26 - co -MA 4 )  C2c 65.6

Poly(MMA 22 - co -MA 4 )  C2d 58.1

Poly(MMA 20 - co -MA 5 )  C2e 54.8

Poly(MMA 28 - co -MA 8 )  C2f 77.6

3 PolyMMA 46  H1 100.0

PolySt 27  H2 53.1

Poly t BA 13  H3 39.1

PolyMA 21  H4 50.2

    a) Composition of copolymers determined via  1 H NMR spectroscopic analysis;  b) C an
weight of star polymers determined by GPC-MALLS and based upon the assumption o
modulus determined by AFM.   
respectively. These star polymers can be divided into three 
series: (1) copolymers of MMA and PFPA ( C1a-d ); (2) copoly-
mers of MMA and MA ( C2a-f ); and (3) various homopolymers 
( H1-4 ) ( Table    1  ). Given the known reactivity ratios of MMA 
relative to PFPA or MA, the copolymer arms of the star poly-
mers prepared from MMA and PFPA or MMA and MA are 
likely to have gradient structures (ESI). The weight-average 
molecular weight ( M  w ) and polydispersity index (PDI) values 
(Table  1 ) of the star polymers were determined by gel permea-
tion chromatography (GPC) equipped with a multiangle laser 
light scattering detector (MALLS). In all cases the star poly-
mers displayed narrow PDI values (≤1.22), which is indicative 
of good control over the polymerisation process. The  T  g  values 
of the polymers were measured using differential scanning 
calorimetry (DSC) and ranged from 2 to 100  ° C. It has previ-
ously been reported that atomic force microscopy (AFM) can be 
used to determine Young’s modulus ( E ) of both thin fi lms and 
bulk materials. [  23  ]  Accordingly, the  E  values of thin non-porous 
polymer fi lms (ca. 1  μ m) prepared from the star polymers on 
glass cover slips were measured via AFM (Table  1 ) and found 
to range from 0.018 to 5.92 GPa. By careful design, it was pos-
sible to prepare polymers with similar  T  g  values but different 
 E  values. For example, copolymers  C1b  and  C2b  both have  T  g  
values of  ca.  75  ° C, however, their  E  values are 4.63 and 
5.24 GPa, respectively. Interestingly, the  E  was found to decrease 
as the  T  g  decreased regardless of the type of star polymers inves-
tigated (Table  1 ). Furthermore, for copolymer series 1 and 2 an 
increase in the PFPA ( C1a  to  C1-d ) or MA ( C2a  to  C2f ) compo-
nent resulted in decreases in both the  T  g  and  E , demonstrating 
that the fl uorine or MA content can be used to tailor specifi c  T  g  
and  E  values.  

 Planar HC fi lms were prepared via a static casting process, 
whereby solutions of star polymers in chloroform (5 mg mL  − 1 ) 
were cast onto fl at glass cover slips under a humid environ-
ment ( ca.  70% relative humidity (RH)) without air fl ow. This 
mbH & Co. KGaA, Weinheim

PDI c)   T  g  d)  
[ ° C]

 E  e)  
[GPa]

Non-planar HC fi lm

1.07 94.5 5.07 Non-cracking

1.15 74.1 4.63 Non-cracking

1.22 53.5 4.25 Non-cracking

1.11 21.8 3.50 Non-cracking

1.09 83.5 5.25 Cracking

1.07 75.9 5.24 Cracking

1.07 71.1 5.23 Cracking

1.08 61.5 5.20 Cracking

1.07 57.5 5.15 Cracking

1.05 53.9 5.10 Non-cracking

1.10 100.0 5.25 Cracking

1.09 95.0 5.96 Cracking

1.10 48.0 0.066 Non-cracking

1.08 2.0 0.018 Non-cracking

d H refer to copolymer and homopolymer, respectively;  c) Weight-average molecular 
f 100% mass recovery;  d) Glass transition temperature determined by DSC;  e) Young’s 

Adv. Mater. 2012, 24, 4327–4330



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

    Figure  1 .     SEM images of polymer fi lms with HC morphology prepared 
from star polymers  H1 ,  C2d ,  H4 , and  C1a  on (a–d) planar and (e–h and 
e′–h′) non-planar substrates. Scale bars: (a–d) 10  μ m, (e–h) 100  μ m, 
(e′–h’) 50  μ m.  

    Figure  2 .     Glass transition ( T  g ) versus Young’s modulus ( E ) for the star 
polymers.  
approach potentially allows large areas to be uniformly coated 
since it eliminates complications associated with maintaining 
an even and constant air fl ow across the surface. The resulting 
fi lms were analyzed by scanning electron microscopy (SEM). As 
expected, all the star polymers formed HC patterned fi lms on 
fl at glass surfaces and the thickness of the fi lms was  ca.  2  μ m 
as determined by AFM scratch analysis; four SEM images are 
shown as representative examples ( Figure    1  a–d). Non-planar 
HC fi lms were prepared by casting onto TEM grids placed on 
glass cover slips using the same method and casting conditions 
as used for planar HC fi lms. SEM imaging of the fi lms cast from 
solutions of star polymers  H1 ,  C2d ,  H4  and  C1a  ( Figure 1 e–h 
and e’-h’) on hexagonal TEM grids (300 mesh) revealed that all 
of the star polymers formed HC patterned fi lms.  

 Previously, it was proposed that there was an upper  T  g  limit 
of 48  ° C for the formation of non-cracking HC fi lms on non-
planar surfaces. [  5  ,  8  ,  19  ]  However, interestingly, star polymer 
 C1a  (Figure  1 h) with a  T  g  of 94.5  ° C, much higher than the 
proposed upper  T  g  limit (48  ° C), successfully formed a well-
conformed fi lm on the non-planar surface, which contoured well 
with the surface of the TEM grid and, importantly, displayed no 
cracking. In comparison, the non-planar fi lms prepared from 
star polymers  H1  and  C2d  (Figure  1 e and f, respectively) dis-
played signifi cant cracking. Although  C1a ,  H1  and  C2d  all pos-
sess  T  g ’s above 48  ° C, only  C1a  with a relatively low  E  showed 
non-cracking. Not surprisingly star polymer  H4,  which has an 
even lower  E  of 0.018 GPa readily forms HC structures without 
cracking (Figure  1 g). Moreover, other star polymers with rela-
tively low  E  including  C1b ,  C1c  and  C2f  all formed non-cracking 
HC fi lms on TEM grids even though their  T  g  values are above 
48  ° C (Table  1  and Figure S2). These results strongly suggest 
that the  T  g  alone is not an adequate factor for determining the 
formation of non-cracking fi lms on non-planar surfaces. Rather, 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4327–4330
the elasticity of the polymers may be considered a more pri-
mary parameter in the formation of non-cracking HC fi lms. 

 To eliminate casting solvent as a factor, non-planar HC for-
mation was carried out using a range of solvents, including 
dichloromethane, carbon disulfi de, benzene and toluene. SEM 
imaging of the resulting fi lms (Figure S3) revealed that dif-
ferent solvents had little or no effect on the resulting HC fi lms. 
Since the fi lm thickness may have an infl uence on the cracking 
behaviour of the fi lms, all the HC fi lms in this study were pre-
pared from solutions with identical polymer concentrations 
and were cast over the same area. Consequently, the fi lms have 
similar thicknesses of ca. 2  μ m as determined by AFM scratch 
analysis. Therefore, the comparison of fi lm cracking behaviour 
is based on fi lms with very similar thicknesses. 

 Based upon SEM images (Figure  1  and S2) of the HC fi lms 
on non-planar substrates, all of the star polymers were simply 
labelled as cracking or non-cracking (Table  1 ), whereby any fi lm 
with an observable crack anywhere in the image was deemed 
as cracking. In addition, a plot of  T  g  versus  E  for all polymers 
( Figure    2  ) indicates the presence of two regions corresponding 
to those polymers that formed cracking or non-cracking HC 
fi lms on non-planar surfaces. In this case, a transition between 
cracking and non-cracking  E  of ca. 5 GPa was observed. How-
ever, it should be noted that  E  values measured by AFM are 
strongly infl uenced by the type of AFM tips used and the fi lm 
thickness. For example, it has been shown that the measure-
ment of the  E  of polySt fi lms varies depending on the AFM tip 
geometry and fi lm thickness, with very thin fi lms displaying 
signifi cantly higher than average  E  values. [  23  ]  Therefore, the  E  
values presented in this paper may not be absolute values, but 
rather describe a relative trend of polymeric elasticity proper-
ties. Polymers with relatively low  E  are more likely to form non-
cracking fi lms on TEM grids. This demonstrates that the  E  of a 
polymer plays a more important role in non-planar fi lm casting 
than the polymers  T  g . Thus, as described earlier, polymers with 
a relatively high  T  g  (up to 94.5  ° C) can still form highly con-
formal, non-cracking HC fi lms on non-planar surfaces if they 
have a relatively low  E . Star polymer synthesis involving the 
copolymerisation of PFPA or MA with a higher  T  g  monomer 
(e.g., MMA) in a one-pot reaction affords star polymers pos-
sessing a high  T  g  yet relatively low  E  and can readily be 
employed to prepare non-planar HC fi lms without cracking.  
4329wileyonlinelibrary.combH & Co. KGaA, Weinheim
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  In conclusion, we have successfully prepared a series of star 

polymers with different  T  g  and  E  values. The star polymer solu-
tions were employed to prepare honeycomb (HC) patterned 
fi lms on both planar and non-planar surfaces using a static 
casting method. For the fi rst time, polymers with  T  g  values as 
high as 94.5  ° C were observed to form non-cracking HC struc-
tures on non-planar surfaces, which appear to result from the 
appropriate elasticity of the polymers, as dictated by their com-
position. This study demonstrates that the  E  of a polymer is 
a more important factor, compared to  T  g , in determining the 
occurrence of cracking during HC fi lm formation on non-
planar surfaces. This fi nding will have important implications 
for improving the repeatability of HC structure formation and 
enhance the suitability of HC fi lms to more practical applica-
tions. Furthermore, this fi nding also provides access to the for-
mation of HC fi lms from a variety of different polymers not 
used before. It is envisaged that other material properties such 
as fracture toughness, a parameter relating to Young’s mod-
ulus, may provide further understanding of the formation of 
non-cracking HC fi lm formation in the future.  

 Experimental Section 
  General Procedure for Synthesis of Star Polymers:  The  β -CD-based 

initiator (1 equiv.), PMDETA (1 equiv.) and monomer(s) (varied number 
of equiv.) (refer to ESI) were dissolved in toluene in a Schlenk tube. 
The mixture was subjected to three freeze-pump-thaw cycles and then 
backfi lled with argon. The mixture was frozen in liquid N 2  and then CuBr 
(1 equiv.) was added under an argon fl ow. After a further three freeze-
pump-thaw cycles and backfi lling with argon the tube was sealed and the 
mixture was stirred at room temperature for 10 min followed by heating 
at 60  ° C for 10 h. Detailed synthesis and characterisation of all polymers 
are provided in the ESI. 

  Planar and non-planar HC Casting : HC fi lms were prepared by fi rst 
stabilising the conditions of the casting environment to ca. 30  ° C and 
70  ±  5% RH. The star polymer was dissolved in chloroform (5 mg mL  − 1 ) 
and 20  μ L of the solution was then dropped carefully onto a circular 
glass cover slip (planar surface) or a TEM grid placed on a glass cover 
slip (non-planar surface) and the solvent and water left to evaporate.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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