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Formation of deformed honeycomb-patterned films
from fluorinated polyimide
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Abstract

Fabrication of honeycomb-patterned films from one of the soluble fluoro-polyimides in a humid atmosphere was reported in this paper. This
polyimide was synthesized from 2,20-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 4,40-methylene dianiline (MDA) by
two-step method. The obtained polyimide kept excellent rigidity and thermal stability, and especially, exhibited good solubility both in strong
bipolar solvents and in common organic solvents. By blowing airflow across the surface of the deposited solution horizontally, the pores locating
at the windward side of the film could change their morphologies from circle to ellipse, while the pores at the leeward side were almost kept their
shapes. A detailed research about the pore deformation on various regions in a same film was carried out. At last, the differences in pattern
formation between dynamic and static environment were tested, and the results showed that pores fabricated under flowing atmosphere were
smaller and more regular than those formed under static condition.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Microporous films with honeycomb structures have at-
tracted great interest due to their potential applications in
chemical sensors [1], optical apparatus [2], biology [3], tissue
engineering [4], and micrographics [5], etc. Recently, François
et al. reported a new method of using water microspheres as
templates to fabricate ordered porous structures [6e9]. They
cast the solution of polystyreneepolyparaphenylene block
copolymer in carbon disulfide onto a substrate in a high humid
atmosphere. After the solvent and water droplets evaporated
completely, a film with regular honeycomb pores was formed.
For the convenience of manipulation, this method aroused
much attention. Many polymer materials have been used to
prepare honeycomb-like films, which includes rodecoil block
copolymers [10,11], star polymers [12], dendritic copolymers
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[13,14], amphiphilic copolymers [15e17], hydrophobic poly-
mers [18,19], etc.

Aromatic polyimide (PI) materials have been widely re-
searched for the past decade due to their excellent dielectric,
thermal, adhesive and dimension stability, etc. [20e23]. How-
ever, most commercial polyimides are usually insoluble in
common organic solvents which limits their extensive applica-
tion. For this reason, it is difficult for them to fabricate honey-
comb patterns using water droplets as templates. Yabu et al.
[24] solved this problem by using poly(amic acid)s/polyion
complex to prepare honeycomb films in highly humid atmo-
sphere and then by imidization of poly(amic acid)s to obtain
polyimide films. However, imidization is a chemical treat-
ment, which destroys the previous structures of the films. If
one kind of soluble polyimides is used to directly fabricate
regular porous films in humid atmosphere, the imidization
process can be avoided. Semifluorinated polyimides are the
suitable PIs due to their good solubility in organic solvents
without forfeiture of thermal stability, etc. [25e30]. The in-
dustrialization of 6FDA greatly promotes the development of
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semifluorinated polyimide. Utilizing 6FDA as the monomer to
polymerize polyimides is popular in recent years.

In the present study, we synthesized one of the soluble
semifluorinated polyimides from 6FDA and MDA. The struc-
ture of the fluorinated polyimide was characterized by FT-IR,
1H NMR and 19F NMR. Then, 6FDAeMDA/CHCl3 solutions
were cast on glass substrates to form honeycomb films. By
blowing airflow across the surface of the deposited solution
horizontally, the pore structures can be deformed from circle
to ellipse. Moreover, the differences in pattern formation
between dynamic and static environment were also tested.

2. Experimental

2.1. Materials

2,20-Bis(3,4-dicarboxyphenyl)hexafluoropropane dianhy-
dride (6FDA) (99%, Fluoro Chemical Co.) was recrystallized
from acetic anhydride before use. 4,40-Methylene dianiline
(MDA) (98%, Beijing Chemical Reagent Co.) was recrystal-
lized from ethanol. Commercially available solvents, N,N-di-
methylformamide (DMF), N-methyl-2-pyrrolidinone (NMP),
N,N0-dimethylacetamide (DMAc), dimethyl sulphoxide
(DMSO), tetrahydrofuran (THF), chloroform (CHCl3), ace-
tone and methanol (MeOH) were purchased from Beijing
Chemical Reagent Corporation, and were of analytical grade.
DMF was purified on distillation under reduced pressure over
CaH2 and stored over molecular sieves (4 Å). Water was
purified by a Millipore system (Milli-Q, Millipore). Acetic
anhydride and triethylamine (TEA) were used as received
(analytical grade, Beijing Chemical Reagent Co.).

2.2. The synthesis of 6FDAeMDA

6FDAeMDA was synthesized from the two-step route. To
a completely dried three-necked flask, equipped with a stirrer
and a N2 inlet, was added a solution of MDA in DMF and then
6FDA was added all at once. The mole ratio and solid content
of 6FDA/MDA mixture were 1:1 and 10 wt%, respectively.
The mixture reacted for 8 h at room temperature in N2 atmo-
sphere, yielding a viscous poly(amic acid) solution. The chem-
ical imidization was carried out with acetic anhydride (the
dehydration reagent) and TEA (the catalyzer) at room temper-
ature for 10 h. The reaction mixture was then added to ethanol
solution. The precipitate was collected by filtration, washed
with water, and dried in vacuum at 160 �C to obtain the solid
of the fluorinated polyimide.

2.3. Film preparation

6FDAeMDA was dissolved in CHCl3 at first, and then, the
polymer solution was put into two different types of humid en-
vironment: the static and the dynamic environments. In static
environment, the polymer solution was directly cast on glass
substrates at room temperature in a chamber whose relative
humidity could be controlled. In dynamic environment, moist
airflow through a tube with a diameter of 4.0 mm blew across
(the velocity of the moist airflow was w20 to 60 m/min) the
surface of the polymer solution under ambient conditions
(70e95% relative humidity). After the solvent evaporated
completely, the films were obtained.

2.4. Measurements

GPC analysis of the polymer was performed using THF as
the eluant. Fourier transform infrared spectroscopic (FT-IR)
analysis was performed on Nicolet IR560 spectrometer.
1H NMR and 19F NMR spectra were performed using a Varic
ECA-600 spectrometer using DMSO-d6 as the solvent.
Thermogravimetric analyses (TGA) were performed on a
TGA-2050 thermal analyzer using a heating rate of 20 mL/
min in N2. The glass transition temperature was determined
by differential scanning calorimetry (Seiko DSC200) from
100 to 400 �C at the heating rate of 10 K/min. Mechanical
properties of the film were measured on a TS-2000 at room
temperature with film specimens at the rate of 5 mm/min.
The solubility was determined by dissolving 1 g of 6FDAe
MDA in 9 g of solvent (10 wt%) at room temperature, with
mechanically stirring in nitrogen for 24 h.

The surface morphologies of the microstructured films
were characterized by scanning electron microscopy (SEM,
JEOL SEM4500, Tokyo, Japan) carried out at a 30-kV
accelerating voltage.

3. Results and discussion

3.1. Polymer characterization

6FDAeMDA was successfully polymerized by the conven-
tional two-step polymerization method, involving ring-opening
polyaddition forming poly(amic acid) and subsequently chem-
ical cyclodehydration using acetic anhydride as dehydration
reagent and TEA as the catalyzer. The chemical structure
and schematic synthetic route of this polymer are shown in
Scheme 1.
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Scheme 1. Synthetic route for 6FDAeMDA.
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Fig. 1 shows the FT-IR measurement for the 6FDAeMDA.
It can be seen that the absorptions at about 1780 and
1720 cm�1 assigned to the asymmetric and symmetric C]O
stretching vibrations in imide groups, and the absorption at
about 1370 cm�1 attributed to CeN stretching vibration,
were the characteristic absorption bands of a polyimide,
whereas no characteristic absorptions of a poly(amic acid)
at around 3363 cm�1 (NeH stretching vibration) and
1650 cm�1 (amide C]O stretching vibration) were found.
These results indicate that polyimide is well imidized.

1H NMR measurement (Fig. 2) showed that the aromatic
protons were detected at around 7.3e8.1 ppm, depending on
the position in the aromatic ring. The eCH2 group was in
the 4.2 ppm and the aromatic carboxylic acid proton and aro-
matic amide proton peak (10.5 ppm) completely disappeared,
which meant that the poly(amic acid) was completely con-
verted into polyimide. In 19F NMR analysis (Fig. 3), a sharp
single peak was observed at �63.11 ppm, also providing
evidence for the successful synthesis of 6FDAeMDA.

The GPC analysis based on linear polystyrene (PSt)
standards gave a weight-average molecular weight (Mw)
of 165 200 and a relatively narrow polydispersity (Mw/Mn)
of 1.79 for 6FDAeMDA (Table 1). The thermal properties of
6FDAeMDA were characterized using differential scanning
calorimetry (DSC) for testing the glass transition temperature
(Tg) and TGA for the decomposition temperature (Td). Ther-
mal behaviour data of 6FDAeMDA are summarized in Table
1. The glass transition temperature (Tg) was 283 �C, demon-
strating the excellent rigidity of 6FDAeMDA. The TGA anal-
yses showed 10 wt% loss of 6FDAeMDA at 523 �C,
exhibiting its good thermal stability. Mechanical properties
of the film are also showed in Table 1. The 6FDAeMDA
flat film was obtained by casting polymer solutions on glass
surface followed by thermal baking to remove the solvents.
The results showed that the 6FDAeMDA film had the tensile
strength (Ts) of 105.6 MPa, and the elongations (Eb) at break-
age of 7.5%. The tensile modulus (TM) was measured as
1.22 GPa, indicating that the polymer films were tough and
strong materials.

3000 2500 2000 1500 1000

Wavenumber (cm-1)

17
85

13
75

72
3

17
24

Fig. 1. FT-IR spectrum of 6FDAeMDA.
The solubility was determined by dissolving 1 g of 6FDAe
MDA in 9 g of solvent (10 wt%) at room temperature. Table 2
summarizes its solubility. It can be seen that the 6FDAeMDA
exhibited good solubility in common organic solvents such as
NMP, DMAC, DMF and DMSO, THF, CHCl3 and acetone.
The good solubility of the polymers could be interpreted by
the introduction of trifluoromethylphenyl group and the bulk
pendant phenyl group in the polymer backbone, which

Fig. 2. 1H NMR spectrum of 6FDAeMDA.

Fig. 3. 19F NMR spectrum of 6FDAeMDA.
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induced the decrease of the interaction of polymer chain. We
have reported before that the good compatibility between the
polymers and their solvents was beneficial to the formation
of regular structures [31,32]. This good solubility of 6FDAe
MDA in organic solvent provided the precondition for the
formation of the regular patterns.

3.2. Deformation of the honeycomb structures under
dynamic environment

In previous studies, most results have showed circular or
hexagonal pores, restricted by the shape of water droplets.
However, Nishikawa et al. [33] changed the pore shapes
from hexagon to rectangle, square, or triangle based on
stretching of a viscoelastic polymer film after the honeycomb
mesh had been formed. They thought these kinds of pores
could satisfy the different requirements, such as cell culture,
tissue engineering or many other areas. Li et al. [34] set the
airflow with a certain angle with the normal of the solution
surface, and blew to the solution surface, changing pore
morphology from circle to ellipse. In our study, humid airflow
horizontally crossed the solution surface with the controlled
velocity. Different parts of the film were characterized by
SEM to investigate the influence of airflow for the whole
film. 6FDAeMDA was dissolved in CHCl3, and then cast on
a glass slide. Moist airflow, namely nitrogen gas bubbled
through distilled water, blew across the solution surface
horizontally through a tube with a diameter of 4.0 mm. Imme-
diately, the CHCl3 began to evaporate and some phenomena
were observed. It could be easy to see the transparent polymer
solution becoming turbid due to emulsification. When the
solvent evaporated completely, an opaque film left.

Fig. 4 shows optical photo of the film and SEM images of
the pore structures under airflow velocity of 20 m/min. The
figure also shows the schematic illustration of the deformation
process of the dropped solution. The left side of the showed
film is the windward side, and the right side is the leeward
side. The pore structures characterized by SEM are all located

Table 1

Thermal and mechanical properties of 6FDAeMDA

Polymer Mw Mw/Mn Tg

(�C)

Td

(�C)

Ts

(MPa)

TM

(GPa)

Eb

(%)

6FDAeMDA 165 200 1.79 283 523 105.6 1.22 7.5

Table 2

Solubility of the 6FDAeMDA in different solvents

Solvents 6FDAeMDA

NMP þ
DMAc þ
DMF þ
DMSO þ
THF þ
Acetone þ
CHCl3 þ
MeOH �
þ soluble; � insoluble.
at the windward side. As can be seen from Fig. 4 all the pores
are deformed their shapes from circle to ellipse (the aspect
ratios of the elliptic pores are about 1.20). However, their
deformed direction is not uniform, which parallels the brim
of the film. The change of the pore shapes was due to the
blowing of the airflow. Airflow gave the dropped solution
a horizontal shear, which caused the solution to tend to
move along with airflow. However, when the flowing rate
was 20 m/min, this force was too weak to overcome the ad-
hered resistance between the solution and the substrate. Only
small windward part of the solution could move sideward
where they had less resistance. Therefore, the morphology of
the dropped solution varied slightly from circle to ellipse.
The water droplets condensed on windward part of the solu-
tion surface accordingly received a stretched force derived
from the deformation of the dropped solution, and changed
their shapes following this force. The deformed direction of
the pores, consequently, was not uniform.

The pores in the leeward side (right side) of the film are
hardly influenced by the airflow because of the adhered resis-
tance force, and their morphology nearly has no change (see
Fig. 5B).

In order to further study the influence of airflow velocity,
the velocity was increased to 60 m/min. Fig. 5 shows optical
photo of the film and the SEM images of the pore structures.
It can be found from the optical photo that the deformation
degree of the film is larger than that prepared at 20 m/min,
owing to the large shear force. Moreover, the SEM images
clearly describe the deformation tendency of the pores. The
pores in the windward side (left side) of the film changed
from circle to ellipse with the aspect ratio of 1.70, while the
leeward side (right side) pores hardly deform their shapes
(the aspect ratio is 1.06). The reason was that the condensed
water droplets in left side received a strong shear that forced
them to be deformed from circle to ellipse following the air-
flow direction. However, the strength of this shear was rapidly
decreased when it reached to the right side of the solution due
to the resistance mentioned above. Therefore, this part of the
solution receives little outside force, and the pore shapes
hardly change.

In addition, it also can be seen in Fig. 5 that, a two-
dimension structure is formed in the left side of the film
(Fig. 5A), and a multilayer structure is obtained in the right
side (Fig. 5B). This phenomenon should be caused by
the different thickness of these two parts. In present study, the
strong shear force caused the solution to concentrate to the
leeward side, which led to the thickness of the windward
side of the solution becoming much thinner than that of the
leeward side. Previous researches had showed some factors
on forming a 2D or 3D pore structures. Srinivasarao et al.
[35] pointed out that when a solvent less dense than water is
used, such as benzene or toluene, 3D array could be produced.
Otherwise, only a single layer of pores could be formed.
Bolognesi et al. [36] thought whether the structure was a single
layer or a multilayer was depended on the surface tension of
solvent (gs) and water (gw), as well as the interface tension be-
tween the solvent and water (gw/s). The depth of water droplets
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Fig. 4. SEM images of the deformed honeycomb structures at the blowing velocity of 20 m/min. Conditions: temperature, 25 �C; concentration, 2 g/L; spreading

volume, 100 mL. The aspect ratio of the elliptic pores is A 1.20, B 1.20, C 1.21, D 1.15. The scale bar is 1 mm.
immerging into solution (z) could be estimated by the follow-
ing equation, z¼ [R(gw� gw/s)]/gs, where R was the radius of
the water droplet. In our opinion, the dimensionality of the
pore structures also could be influenced by the thickness of
the liquid film. If the thickness was too thin, no space would
be left for water droplets to immerge. However, if the thick-
ness was thick enough, even though the solvent is more dense
than water, the water droplets on the surface still had space to
penetrate into the inside of the liquid film, driven by the press
of the subsequent condensed ones and formed 3D structures.
As a result, after the dropped solution solidified completely,
the left side remained as a single layer structure, while the
right side obtained a 3D pattern. We also noticed that the
inside layers of the 3D pattern were not regular (Fig. 5B).
This was because when water droplets were forced to be
pushed into the inside of the liquid film, the growth and the
array of the droplets ceased due to strong resistance inside,
leading to an irregular pattern.
3.3. Differences in pattern formation between dynamic
and static environment

6FDAeMDA/CHCl3 solutions were put in two different
types of humid atmospheres to form regular porous films:
the static environment and the dynamic environment with
the blowing rate of 20 m/min. It needs only 70e80 s for the
solvent to evaporate in dynamic environment, whereas it
cost about 150 s to completely volatize in static environment.
It meant that the solution evaporated quickly in dynamic envi-
ronment. Fig. 6 shows the SEM images of porous structures
prepared in these two types of environments. As can be found
that regular pore structure was formed when the relative
humidity is 60% under dynamic environment, and the pore
size enlarges from 1.1 to 1.8 mm with the increasing humidity.
However, no regular pattern forms at 60% under static envi-
ronment. The pore size varies from 1.8 to 2.5 mm, which is
larger than that of the pores fabricated in flowing atmosphere.
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Fig. 5. SEM images of the deformed honeycomb structures at the blowing velocity of 60 m/min. Conditions: temperature, 25 �C; concentration, 2 g/L; spreading

volume, 100 mL. The aspect ratio of the elliptic pores is A 1.70, B 1.06. The scale bar is 1 mm.
Simultaneously, pores fabricated under static conditions are
less regular than those formed in flowing atmosphere.

It was reported that the capillary attractive forces were
important factors during the formation of the honeycomb
structure [37]. It was also indicated that the capillary force
only acted locally [8,19]. Peng et al. [18] deduced that
at the first stage of the solvent evaporation, water droplets
condensed on the surface of the solution and formed many iso-
lated ‘islands’ with ordered structures. These ‘islands’ were
then compactly arranged due to the Marangoni convection
Fig. 6. SEM images of porous structures formed under different environment with various humidity. AeC: under dynamic environment (20 m/min). DeF: under

static environment. The relative humidity: A and D: 60%; B and E: 75%; C and F: 85%. Other conditions: concentration, 2 g/L; temperature, 25 �C; spreading

volume, 100 mL. The scale bar is 1 mm.
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[38e40]. We believed that the neighbor-isolated water drop-
lets were arranged and collided along with Marangoni convec-
tion simultaneously. In dynamic environment, the flowing
humid air could accelerate the evaporation rate of the solvent.
This led to a temperature gradient high enough to cause the
condensation of water vapor. Vapor condensed on the surface
of the solution and formed many isolated droplets. These
many water droplets could occupy most part of the solution
surface and close pacing along with the strong Marangoni con-
vection, which was benefited to reduce the collision of the
neighboring water droplets and obtain regular patterns
(Fig. 6AeC). However, the temperature gradient was small
under static humid conditions, leading to a few water droplets
and weak Marangoni convection. Water droplets could not
closely arrange and form confused patterns (Fig. 6D and E).
Therefore, under static conditions, only with higher humid
atmosphere could honeycomb structures be fabricated
(Fig. 6F). Moreover, under dynamic environment, because air-
flow accelerated the evaporation rate of the solution, leaving
less time for water droplets growing, it could form smaller
pore size than those prepared under static environment.

4. Conclusion

A fluorinated polyimide based on a dianhydride monomer
6FDA and a dianiline monomer MDA was synthesized and
characterized. The introduction of 6FDA could provide fluo-
rine groups, leading to the increasing solubility of this poly-
imide. The obtained polyimide kept excellent rigidity and
thermal stability, and especially, exhibited good solubility.
By dissolving 6FDAeMDA in CHCl3, regular porous struc-
tures could be formed in high humid atmosphere. When the
airflow blew across the solution surface horizontally, the pores
changed their shapes from circle to ellipse. The degree of this
change was consistent with the airflow velocity. High velocity
led to clear change of the pore morphology. Moreover, be-
cause different parts of the film received a shear with different
strengths, the deformation of their pores was not uniform.
Pores fabricated under flowing atmosphere were smaller and
more regular than those formed under static conditions, caused
by different evaporation rates of the solution. The dynamic
environment could accelerate the evaporating speed of the
solvent and made it possible to form regular pore structures
in lower humid atmosphere than that of the static environment.
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