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Highly ordered porous films of cellulose-based graft copolymers were prepared by the breath figure
method upon solvent evaporation. The morphology of the microporous films was investigated by
scanning electron microscopy (SEM) and atom force microscopy (AFM). The influences of the preparing
conditions, the length and the type of the side chains of copolymers on the morphology of the porous
films were investigated. It was found that the average pore size is decreased with increasing the
concentration of copolymer solutions and with increasing the side chain length. Moreover, it was
confirmed that both the present aggregation in solution and the timely precipitation of copolymer are
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Graft copolymer micropatterning of fluorescence materials and have the potential applications in many fields such as

templates, devices, nanocontainer, photonic and bandgap materials.
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1. Introduction

Microporous films with regular patterned structure have the
potential applications for filter membranes, optical materials,
catalysts, templates, cell culture substrates, transparent and super
hydrophobic polymer films, etc. [1-8] and have received increased
interest in recent years. The microporous films can be prepared by
various methods, such as lithography [9], colloidal crystal template
[10], emulsion droplets template [11], and bio-template [12].
However, these methods have the disadvantages of being compli-
cated, expensive, and are unable to control the pore size dynami-
cally [13,14]. Recently, simple methods based on the self-organized
or self-assembly process of polymers have been developed to
prepare patterned micropore and attracted increasing interests for
fabricating the film microstructure [15-18]. Among these methods,
the so called “breath figures” method first reported by Francois
et al. [18,19] is the most attractive one, due to its facility to fabricate
the ordered porous films.

The mechanism of the formation of the ordered structure by this
method and the preparation of ordered microporous films have
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been studied extensively [8,16,20-27]. It is believed that water
droplets condensed from water vapor acted as the templates for the
ordered arrays. During this procedure, the surface of the polymer
solution was cooled by the evaporation of the volatile solvents,
which leads to the condensation of the water vapor onto the
surfaces. The polymer was then precipitated and the highly ordered
structure was formed. The precipitation rate of the polymer relates
to the polymer concentration, the solvent and the polymer that
used and is a key factor to this procedure [19]. The published results
indicate that the ordered microporous films from different poly-
mers can be prepared by this method [28-37]. Based on the
growing published results on this method, the mechanism of this
method is still not fully understood due to the complexity of the
process [38].

More recently, the use of biocompatible and biodegradable
polymers for the fabrication of orderly structures has received
much attention because of their advantages for biomedical appli-
cations [39,40]. As a kind of naturally renewable, biodegradable and
biocompatible polymers, cellulose and its derivatives are attractive
in many fields, such as membrane, fiber and porous materials [41-
46]. In order to use cellulose and its derivatives more efficiently, the
grafting and chemical modification of cellulose and its derivatives
have been studied extensively, and cellulose graft copolymers with
well-defined architectures have been successfully synthesized by
using atom-transfer radical polymerization (ATRP) and reversible
addition fragmentation chain transfer polymerization (RAFT)
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Table 1
Details of the graft copolymers used for the preparation of microporous film.

Copolymers? Mpx 10>  My/M," [Monomer]/ Average repeat
(g/mol)° [glucose] units of side
molar ratio®  chains (DP)
ECo.5-8-PS2s6 1.49 1.32 128 256
ECo5-8-PS162 134 1.38 81 162
ECo5-g-PSsa 120 1.41 42 84
ECo.5-8-PS20 113 147 10 20
ECo_s-g-PtBA53 1.72 1.41 26.5 53
ECo02-g-P(PEGMA)s7 142 1.52 11 57

2 The subscript numbers of m and n in EC,,-g-PS,, form represent the number of
side chains per glucose unit and the average repeat units of the side chains,
respectively.

b Determined by GPC.

€ Molar ratio of average styrene or PEGMA unit and glucose unit was determined
by 'H NMR.

OC,Hs

CszO

SRR

[47-51]. The obtained cellulose graft copolymers have the potential
applications in biomaterials, biosensors, filters, etc.

In our previous work, the synthesis and potential application of
well-defined cellulosic graft copolymers have been investigated
[52-57]. In present work, we report the self-organized microporous
structures based on cellulosic graft copolymers. The ordered porous
films were prepared by the breath figures method. The dependence
of the pore size of the porous films prepared from the comb
hydroxypropylcellulose graft polystyrene (HPC-g-PS) synthesized
via RAFT has been reported [25]. It has been found that the pore
size increases with the decreasing concentration of the casting
solutions and the increasing of the arm length. Herein the comb
cellulosic copolymers with the hydrophobic ethyl cellulose back-
bone were used to prepare the honeycomb structured porous films.
The effects of the relative humidity, solution concentration, graft
length, solvent and type of the side chains of the cellulose graft

OC,H5

CszO

o Oa/OCH‘o,
kel kel O kel 45
O

EC-g-PS EC-g-PtBA
m = 0.50 m = 0.50
p = 20, 84, 162, 256 p=53

EC-g-P(PEGMA)

m = 0.02
p=57

Scheme 1. Molecular structures of the graft copolymers.
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Fig. 1. SEM images of the porous films prepared from 10 g/L copolymer ECq 5-g-PSg4/CS; solution at the RH of (a) 30%, (b) 62%, and (c) 72% RH. The hexagonally ordered arrangement
of the pores is illustrated by the red line. (For interpretation of the reference to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. SEM images of the porous films prepared from copolymer ECy 5-g-PSs4/CS, solutions with the copolymer concentration of (a) 1, (b) 2, (c) 5, (d) 10, (e) 15, and (f) 20 g/L at RH

of 72%.

copolymers on the microporous structures were investigated
systematically. Order patterned fluorescence films can be prepared
by the simply hybrid of the copolymer and organic dye. Our results
may be helpful for the understanding of the mechanism of the
formation of the ordered porous structure of the breath figure
method. The films are promising for various applications in
template, biomaterial, nanocontainer, optical materials, photonic
band gaps, and so on.

2. Experimental section
2.1. Materials

Ethyl cellulose graft polystyrene (EC-g-PS), ethyl cellulose graft
poly(tert-butyl acrylate) (EC-g-PtBA) and ethyl cellulose graft poly-
(poly(ethylene glycol) methyl ether methacrylate) (EC-g-P(PEGMA))
were synthesized by atom-transfer radical polymerization (ATRP)
[54-56]. The molar mass and its distribution of the graft copoly-
mers were determined by gel permeation chromatography (GPC)
(Waters 515 with a 2410 differential refractometer detector) with

tetrahydrofuran (THF) as the eluting solvent (1 mL/min) and the
monodisperse polystyrene was used as the standard. The compo-
sition of the copolymer was estimated by 'H NMR spectra
measured by a Bruker DMX 400 NMR spectrometer. The details of
the EC-g-PS copolymers, the EC-g-PtBA cpolymer and the EC-g-
P(PEGMA) copolymer are listed in Table 1 and Scheme 1. Fluores-
cence dye, oil red O was purchased from Amresco and was used as
purchased. Other solvents (analytical reagent) were commercially
available and used as received.

2.2. Film preparation and characterization

The cellulose graft copolymers were first dissolved in the solvents
at certain concentration, and then the solutions were dropped onto
the clean glass slide in a humidity chamber, in which a moister (Yadu,
China) was used to control the relative humidity and a hygrometer
(Beijing Yaguang Intruments Co., Ltd, China) was used to measure the
relative humidity. The obtained films were left to dry before obser-
vation. The film for fluorescence imaging was prepared from
copolymer solution containing 0.1 wt% fluorescence dye oil red O.
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Fig. 3. The average pore size as a function of copolymer concentration of the porous
films prepared from ECq5-g-PSg4/CS, solutions at RH of 72%.

Scanning electron microscopic observations were carried out on
ascanning electron microscope (JEOL 6700F, Japan) operated at 5 kV
and 10 pA. Atom force microscopic (AFM) images were recorded by
a Digital Instrument Nanoscope Il Multimode system in tapping
mode. A silicon cantilever with a bending spring constant of 20—
60 N/m and a resonance frequency of about 250-350 kHz was used
for imaging at a scan rate of 0.5 Hz. For fluorescence imaging, a Carl
Zeiss LSM 510 confocal laser scanning microscope was used and the
excitation wavelength of 488 nm was chosen.

Dynamic light scattering (DLS) experiments were performed on
a commercial spectrometer (ALV/SP-150) equipped with an ALV-
5000 multi-t digital time correlator and a solid-state laser light
source (ADLAS DPY 425 II, output powder was 400 mW at

A=632.8 nm). DLS experiments were performed at 25 °C at the
scattering angle of 90°. The apparent hydrodynamic radius (Ry) was
obtained by the CONTIN program.

3. Results and discussion

In the “breath figure” method, the evaporation of the organic
solvent leads to the cooling of the surface of the solution and then
the water vapor is condensed into droplet on the solution surface.
The water droplets act as the template for the formation of ordered
microporous films. Therefore, the relative humidity (RH) of the
atmosphere is very important in the procedure and had been
investigated extensively [58,59]. Generally, a high RH value is
needed for the ordered arrays due to that water droplets act as the
templates for the formation of the ordered microporous structure
besides the solvent-induced mechanism [17] and the self-assembly
in selective solvent [15,60]. Fig. 1 shows the typical SEM images of
the films prepared from copolymer ECy5-g-PSg4 (DPs; = 84) solu-
tion in CS; at different RH values. The results show that when the
solution was cast at the RH of 62% and 72%, the emulsification
process occurred and a white film was obtained on the glass
substrate, which indicated that the water vapor was condensed on
the solution surface. By comparison, no emulsification occurred at
the RH of 30% and a transparent film was obtained. Only few porous
structures can be observed by SEM from the transparent film
(Fig. 1a). Whereas, hexagonally ordered porous structure can be
observed by SEM from the white film (Fig. 1(b) and (c)). The results
suggest that the distribution of water droplets acted as the
templates for the formation of the ordered honeycomb structure in
this work. Under low RH atmosphere, no sufficient water droplets
were condensed onto the solution surface and the water droplets is
too sparse to arrange orderly. Higher relative humidity was
required to obtain highly ordered porous thin films. Moreover, it

Fig. 4. AFM images of microporous structures of the films prepared from copolymer ECy 5-g-PSg4/CS; solutions with the copolymer concentration of (a) 5, (b) 10, (c) 15, and (d) 20 g/

L at RH=72% (X, Y: 2 um/div, Z: 2 pm/div).
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Fig. 5. Top view and cross-sectional analysis of the microporous structures of the films prepared from copolymer ECq 5-g-PSg4/CS solutions with the copolymer concentration of (a)

5, (b) 10, (c) 15, and (d) 20 g/L.

was clearly observed that the pore diameter increased from 620 nm
to 850 nm with increasing the RH from 62% to 72%, and this is due
to the formation of larger water droplets at higher RH as reported in
previous work [61-63]. This means that the pore size from the
copolymer could be tailored by altering the relative humidity.

Fig. 2 shows the morphology of the microporous films prepared
from copolymer ECq5-g-PSg4/CS; solutions with different polymer
concentration. The RH of the atmosphere was adjusted at 72%. The
results show that the average pore size of the obtained film
decreased from 4.0 pm to 100 nm when the polymer concentration

increased from 1 to 20 g/L (Fig. 3). The correlation between pore
size and solution concentration is in accordance with literature
[25,61-64]. The smallest pore size is similar to the smallest pores
reported in literature till to date for this method [65]. Moreover,
relatively ordered patterns were obtained in range of copolymer
concentration between 2 and 15 g/L, and the most ordered micro-
porous film was obtained at the copolymer of 10 g/L. The pores are
in a regular hexagonal arrangement. The pore structures were
further confirmed by AFM. The average pore diameters from AFM
were consistent with those from SEM as shown in Fig. 4. Using the
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Fig. 6. SEM images of the porous films prepared from copolymer (a) ECg 5-g-PS2s6, (b) ECo.5-g-PS162, (¢) ECo5-g-PSs4, and (d) ECp5-g-PS0 CS2 solutions at RH of 72%. The copolymer
concentration is kept at 10 g/L.

Fig. 7. AFM image (a) top view, (b) 3D view, and (c) cross-sectional analysis of the microporous film prepared from ECq 5-g-PS162/CS; solution with the copolymer concentration of
10 g/L at RH of 72%.
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nm

Fig. 8. AFM image (a) top view, (b) 3D view, and (c) cross-sectional analysis of the microporous film prepared from ECy5-g-PS20/CS; solution with the copolymer concentration of

10 g/L at RH of 72%.

AFM section analysis, it was found that the average pore depth
remained constant at about 800 nm at the polymer concentration
of 5,10, and 15 g/L (Fig. 5a—c), while that was only about 60 nm at
the polymer concentration of 20 g/L (Fig. 5d). The deep pore from
polymer solution with concentration of 5, 10, and 15 g/L indicated
the water droplets sank into the solution surface, while the shallow
pore from polymer solution with high concentration of 20 g/L
implied the droplets just stayed onto the solution surface.
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Fig. 9. The average pore size as a function of side PS chain length (DPs;) of the porous
films prepared from EC-g-PS/CS, solutions with the copolymer concentration of 10 g/L
at RH of 72%.

In the process of preparing ordered microporous film by the
breath figure method, the water droplets act as the template.
Therefore, the pore size is determined by the sizes of the condensed
water droplets. The formation process of water droplets in breath
figure method includes the nucleation and growth steps [16],
which relates to the vapor pressure and the depression of the
surface temperature due to the solvent evaporation. Generally,
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Fig. 10. Typical SEM image of the microporous film prepared from ECq 5-g-PSga/CH,Cl
solution with the copolymer concentration of 10 g/L at RH of 72%.
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Fig. 11. Hydrodynamic radius distribution of ECys-g-PSg4 in CS; and CH,Cl,. The
copolymer concentration is 10 g/L.

a high polymer concentration corresponds to a low vapor pressure
at the surface of the solution and a slow evaporation rate of the
solvent, which leads to a small depression of the surface temper-
ature AT (=T, — Ts, where T, and Ts are the temperatures of the
atmosphere and the solution surface, respectively). At the nucle-
ation stage of water droplets, a solution with high concentration
corresponds to a smaller AT. It has been reported that the growing
rate of the water droplets in figure breath method dR/dt relates to
AT as dR/dt ~ AT®®, where R is the radius of the droplets [66].
Therefore, the growing rate of the water droplets on the surface of
the solution with a higher polymer concentration is slower and the
obtained water droplets have a smaller size as a result, which leads
to a smaller pore size. On the other hand, as mentioned above, the
precipitation rate is the key factor for the formation of order
patterned film. Generally, the higher polymer concentration leads
to the faster precipitation of the polymer, by which the water
droplets could be encapsulated and solidified immediately. More-
over, higher polymer concentration corresponds to the higher
viscosity and leads to an increased efficiency of encapsulation of
condensed water droplets. Therefore, the droplets do not have
enough time to grow larger [29,59,67] and small pores are formed
as a result. However, at the excessively low polymer concentration,
e.g. 1g/L in this work (Fig. 2a), porous films with disordered
arrangement were obtained, which is due to that the viscosity of
the solution is too low to stabilize the water droplets or prevent
their coalescence. With the increase in polymer concentration, the

Fig. 13. SEM image of the surface and internal morphology of the film prepared from
the ECos-g-PSg4/CS; solution with a copolymer concentration of 15 g/L at RH of 72%.

water droplets can be stabilized by the solution, which is in favor of
arraying the droplets orderly and forming the ordered porous
structure (Fig. 2b-e). On the other hand, when the concentration is
too high, the resulting viscosity would be too high to prevent the
condensed water droplets from sinking into the solution surface,
and the droplets could be solidified immediately and have enough
time to array orderly, resulting in the disordered small pore size
with shallow depth (Fig. 2f and Fig. 5d).) These results suggest that
a suitable polymer concentration is needed for the formation of the
ordered porous structure. Therefore, in this work, the pore size of
the porous film can be adjusted by tuning the concentration of the
graft copolymers. The obtained films can be used as the templates
and scaffolds for the preparing of the ordered microstructure.
Moreover, the porous size of the obtained film is in the range of the
wavelength of visible light, which leads the potential applications
in field of optical and photonic materials.

With the successes in the controlled living polymerization such
as ATRP, cellulose copolymers with well-defined architecture have
been prepared in our group [52-55]. Fig. 6 shows the SEM images of
the microporous films prepared from the solutions of EC-g-PS
copolymers with different side chain length (DPs;). The copolymer
concentration in CSy solutions was set at 10 g/L and the RH was set
at 72%. The details of the EC-g-PS copolymers are listed in Table 1. In
the case of the copolymer with the longest side chain, ECy 5-g-PS256
(DPs¢ = 256), the disordered porous film can be obtained and the
pore size has a wide distribution. The relative ordered structure
could be obtained from the copolymer ECy5-g-PS1g2 with relative
shorter side chain (DPs; = 162) than that of copolymer ECy 5-g-PS356

Fig. 12. SEM images of the films prepared from (a) ECy 5-g-PtBAs3/CS; and (b) ECp 02-g-P(PEGMA)s7/CH,Cl; solutions at RH of 72%. The copolymer concentration is 10 g/L.
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Fig. 14. Fluorescence images of the hybrid microstructure films (a) and 3D intensity
distribution (b).

and the average diameter of pore is about 700 nm, which was also
confirmed by AFM (Fig. 7). Specifically, hexagonal pore morphology
was observed (Fig. 6d) in the film prepared from the copolymer
ECo5-g-PSy0 with the shortest side chain (DPst=20), which is
different from the circular pores in the films prepared from
copolymer ECg5-g-PSzse, ECos5-g-PS162, and ECys5-g-PSsgs. The
micropores are well arranged and the pores have an average size of
1.65 um. The AFM results further confirmed the hexagonal pore as
shown in Fig. 8. The dependence of the pore size on the side chain
length is depicted in Fig. 9. The results indicate that the average
pore size is decreased with increasing side chain length under the
similar preparation conditions. Our results are different from those
of linear, star, and comb PS copolymers with hydrophilic tail, core,
and backbone, respectively [25-27], in which the pore size is
increased with the increase in the molecular weight. The difference
may be due to that EC backbone is hydrophobic for our copolymers.

The influences of the molecular weight (M) on the pore size of
the film prepared by the breath figure method have been reported
in recent years [58]. Generally, the increase in M,y leads to a larger
pore size. It is believed that the higher M,, means lower mole
fraction and a faster solvent evaporation, which is beneficial for the
growth of the condensed water droplets [59]. In present work, the
increase in the side chain length corresponds to the increase in My,.
Similar to those used the higher M, polymers, EC-g-PS copolymer
with a long side chain corresponds to the higher viscosity of the
copolymer solution, which prevents the sinking of the water
droplets into the solution surface and is not beneficial for the
ordered arrangement of water droplets. Therefore, ordered films
cannot be prepared by using copolymer ECg5-g-PSas56 that has the

longest side chain. However, in present work, the pore size was
decreased with increasing the side chain length. This is due to that
the shorter the graft chain corresponds to the lower precipitation
rate, which leads to the delayed enveloping of the water droplets
and the lagged solidifying of the copolymer in the surrounding
solution. The continuous growth of water droplets resulted in the
formation of hexagonal pore. The results mentioned above suggest
that the honeycomb films with controllable pore size and pore
morphology can be prepared by tuning the graft side chain length.

Solvent is the other important factor for the formation of the
ordered microstructure. The effect of the solvent on the porous film
has been intensively discussed [33,58]. Different solvent is normally
needed when different polymers were used for the preparation of
the porous films by breath figure method. As discussed above, the
evaporation rate of the solvent is one of the key factors for the
formation of the porous structures. Fast evaporation solvent rate
corresponds to the rapid cooling rate of the surface of the polymer
solution and favors condensing of water vapor. In present work,
carbon disulfide (CS;), dichloromethane (CH)Cl;), and toluene,
which were different in vapor pressure and molecular weights, were
used to investigate the influence of solvent on the porous films.
Copolymer ECys5-g-PSg4 was used and the concentration of the
solution was kept at 10 g/L. All the experiments were carried out at
RH = 72%. In general, higher vapor pressure and lower molecular
weight lead to the faster evaporation of the solvent. Therefore, the
volatilization of toluene is much slower than both CS; and CHCl,,
while the later two solvents have almost the similar volatilization.
When toluene was used as the solvent, only transparent films can be
obtained, which indicated that the water vapor condensation and
emulsification did not occur during the evaporation of toluene. The
obtained transparent films have only a few porous structures, which
are similar to those films prepared from CS; solvent at RH of 30%. In
the case of CH,Cl, and CS, were used as the solvent, white films were
obtained. The typical SEM image shows that disordered arranged
microporous films can be obtained from CH,Cl, solution (Fig. 10),
which is different from those ordered microporous films prepared
from CS; solution under the same condition. The different structure
in films prepared from CS, and CH,Cl, is may be due to that CS; is
a non-solvent of the EC backbone of the copolymer and CH,Cl; is
a good solvent of the EC main chain. DLS experiments also indicate
that copolymer EC 5-g-PSg4 can self-assemble into aggregates with a
hydrodynamic radius (Ry) of around 200 nm, whereas the copoly-
mers are in their single molecular state in CH,Cl, with an Ry, of about
10 nm (Fig. 11). The above results indicate that a selective volatile
solvent is necessary for ordered arrangement in breath figure
method for our system. The self-assembly of the graft copolymer in
the selective solvent is beneficial for the formation of well-arranged
microporous films, as reported in previous work [18,68].

In order to further confirm the influence of precipitation rate on
the morphology of the microporous films by breath figure method,
the other ethyl cellulose graft copolymers, ECys-g-PtBAs3 and
ECo.02-g-P(PEGMA )57, were used. Because of the low temperature of
glass, PtBA should be correlated with a slow precipitation around
condensed water droplets. The hydrophilic P(PEGMA) side chains
should also correspond to a slower precipitation rate around
condensed water droplets because of their hydrophilicity. However,
no ordered microporous film can be obtained from the copolymer
ECo.5-g-PtBAs53/CS; solution and ECg gz-g-P(PEGMA )s57/CHCl, solu-
tion (Fig. 12), which confirms that the precipitation rate of the
copolymer is one of the key factors for the preparation of micro-
porous films by breath figure approach and timely precipitation is
required to obtain highly ordered porous films. The larger hole in
the film from the ECgo2-g-P(PEGMA)57 copolymer also indicated
that the ECg02-g-P(PEGMA )57 copolymer has the poorer ability to
envelope and freeze the condensed water droplets because of its
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Fig. 15. Scheme of the mechanism of the formation of the honeycomb EC-g-PS films on a substrate by breath figure approach.

strong hydrophilicity. The results suggested that the hydrophobic
side chain with fast precipitation rate is of importance in the
process of porous self-organization.

Fig. 13 shows the internal morphology of the obtained films
from copolymer ECq 5-g-PSgq at 15 g/L solution concentration and
72% RH, which indicate that the hole size on the surface is smaller
than that of the internal. The pore structure could be of interest in
nano- and microcontainer-type applications. The ordered
patterned films with good spatial array could be used to fabricate
the functional films by simple hybrid of copolymer and functional
materials. If the fluorescence dye is added, fluorescent films with
regular fluorescence emission intensity can be obtained as shown
in Fig. 14. It can be seen that morphology of the film is well
preserved and the dye dispersed according the morphology of the
film. Moreover, the fluorescence intensity profile of the micro-
porous films is in the regular pattern (Fig. 10a, inset). The fluo-
rescence intensity distributes according to the arrangement of
the pore on the film (Fig. 10b). Similar honeycomb patterned
photo-luminescent films have been successively prepared from
hyperbranched poly(amidoamine)s (HPAMAMs) [69]. The dye
hybrid films can be used as electronic devices and have other
potential applications in the fields of photonic and bandgap
materials [65,70,71].

The mechanism of the ordered microporous structures from the
cellulose-based graft copolymers by breath figure method can be
depicted schematically in Fig. 15. The rapid evaporation of CS; leads
to the rapid cooling of the solution surface and the condensation of
the water vapor in the moist atmosphere onto the surface of the
film, which results formation of the water microdroplets on the
surface by the nucleation and growth of the water vapor [16]. Both
the capillary attractive forces and the convection currents due to
evaporation drive the ordered hexagonal packing of the water
droplets with the simultaneously precipitation of the copolymer at

the water-solution intersurface [72,73]. The ordered microporous
films can be obtained after dried the film.

4. Conclusion

The ordered porous honeycomb films were successfully
prepared from cellulose-based graft copolymers by breath figure
method. The influences of the RH, copolymer concentration, graft
side chain length, the solvents, and the type of graft side chain on
the morphology obtained were investigated. It was found that
a suitable copolymer concentration, the length of the side chain,
and comparably high RH are needed for the ordered formation. The
range of pore size could be tailored from 100 nm to 2 pm by varying
the copolymer concentration or graft side chain length. The ordered
arrays are the result of self-organized water droplets, which act as
the templates in the formation process. Moreover, it was confirmed
that the aggregation of the graft copolymer was beneficial for the
ordered patterns. The precipitation of polymer is a key factor and
the precipitation rate play an important role in forming the ordered
porous structures, which was further confirmed by comparison of
type of graft side chain. Furthermore, the preliminary studies on
hybrid films with fluorescence dye demonstrated the good ability
of the honeycomb films as templating, which could be extended for
other functional materials. Anyway, the porous honeycomb films
are interesting as templates, nanocontainer and photonic band
gaps because of their order and their size comparable to the
wavelength of visible light.
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