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Honeycomb-Structured Porous Films
Controlled by the Temperature of Water Bath

By Bengiao HE,” Jianxin L1, Xuejing ZHANG, Zhenxing LI, Yajun HOU, and Changjiang SHI

The highly ordered porous films were fabricated from the solution of polystyrene with one carboxyl terminal group in carbon
disulfur in a chamber with a water bath. It is found that the pore size can be readily controlled by changing the temperature of
water bath. The pore size increases with an increase in the water-bath temperature in a given range. And the porous film from
the “dilute” solution can be readily formed even at a low relative humidity (RH), while the porous film from the
“concentrated” solution can be fabricated only at a rather high RH. The regularity of porous film becomes better at the higher
RH and higher concentration. It suggests that there exists a synergetic effect of solution concentration and RH on the
formation of porous film. These phenomena are explained by the slow evaporation rate of the solvent under the conditions.
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Porous films have attracted increasing attention as func-
tional materials in various fields such as biotechnology'™ and
photonics.>® A variety of templating methods have been
developed to create ordered pores with dimensions of tens to
thousands of nanometers, such as colloidal crystals,”® self-
assembly of emulsions or surfactants,”!® microphase-separa-
tion of block copolymers.!"'> The templates employed in the
methods are often sacrificial, though they are not readily
produced.'3-1¢ Recently, a breath figures (BF) method in which
water droplets act as easily available templating medium
draws increasing interests.!”"! In this method, the evaporation
of solvent in polymer solution leads to a decrease in the
temperature of solution surface, and water vapor starts to
condense onto the cold solution surface to form water droplets.
And then the water droplets are packed by the precipitated
polymers and self-assembled into a BF array. Upon further
evaporation of solvent and water, the ordered porous structure
is effectively locked in place.!” The morphology of pores
mocking the water droplets can be readily controlled by
varying the process conditions (such as relative humidity,
concentration and airflow rate across the polymeric solution
surface, etc.) and the types of materials used.!”"'°2? The basic
techniques related to BF method also markedly affected the
formation of pores. In the airflow technique, an airflow
parallelly across the solution surface results in cooling of
solution surface due to fast evaporation of the solvent, which
is beneficial to formation of highly ordered porous film
and widely used in BF method.'®?%? Recently, Li et al.**
developed a new method that the airflow blew across the
solution surface along the direction having a small angle with
respect to the normal of the solution surface. The shape of the
pores could be controlled, that is, elliptical pore morphology
with different aspect ratios was obtained. Stenzel et al?
switched the airflow from parallel to vertical stream, better
porous size control over the whole film surface was achieved,

but at the cost of regularity of the film. In the above techniques,
the airflow containing a certain amount of moisture, which is
often additionally fed, played a key role in inducing a decrease
in solution temperature and the formation of ordered porous
film. Bormashenko et al.?*?’ employed a fast dip-coating
technique to fabricate porous film on different solid substrates.
They found that the drying temperature markedly affected the
morphology of porous film and the air humidity was not the
crucial role in the formation of porous film. In a word, the
smart techniques used make it convenient and powerful in the
control of morphology and the processing of the porous
ﬁlm.28—30

In the present paper, we directly fabricated the porous film
in a chamber with a water bath without an additional fed
airflow. The control of morphology of porous films was
achieved by changing the temperature of water bath in the
chamber so as to adjust the relative humidity and air temper-
ature in the chamber. We showed how to facilely control the
relative humidity of the chamber to simultaneously control the
pore size. We also presented the synergetic effect of solution
concentration and relative humidity on the formation and
morphology of porous film.

EXPERIMENT

Linear polystyrene with one carboxyl terminal group (PSc)
was purchased from Scientific Polymer Products, INC
(www.scientificpolymer.com) and used as received. The
weight-average molecular weight is 50000. PSc/Carbon
disulfur (CS,) solutions with concentrations of 5, 10, 20, 40,
60 and 80mg/ml were prepared at room temperature. The
experiment setup was shown in Figure 1. The column chamber
with a diameter of 20 cm and a height of 20 cm had a movable
cover. A clean glass slide was placed on a plastic platform in a
chamber. The distance between the glass slide and water
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Figure 1. The schematic image of experiment setup.

Table I. The air RH and air temperature (Ts) near glass slide as a function of
water-bath temperature (Ty) in the chamber without a cover in moist air

Tw (°C) 20 42 60 84 )
RH/T, (°C)  60%/20  75%/26  84%/29  99%/35  99%/42

surface is about 5 cm. And the distance between glass slide and
the cover is about 10cm. A certain amount of solution was
dropped and spread on a glass slide through using a micro-
injector.

The relative humidity (RH) was adjusted by changing the
temperature of water bath or vent size of chamber. The RH
value in the chamber increased with an increase in temperature
of water bath and a decrease in the vent size of chamber (see
Table I). The relative humidity and the temperature near the
glass slide were supervised by using a Traceable Hygromater
(Control Company, USA). The surface morphology of the
porous films was investigated by optical microscope (OP)
(Olympus, BX51).
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RESULTS AND DISCUSSION

The Effects of Water-bath Temperature

Figure 2 shows the OP images of PSc porous film fabricated
from 20mg/mL PSc/CS, solution in the chamber with
different water-bath temperatures in moist air. The highly
ordered, honeycomb-structured porous films are observed. And
it is found that the pore size is increased with an increase in
water-bath temperature, that is, the pore diameter increases
from 1.4 to 3.3 um when the water-bath temperature rises from
20°C to 84 °C. Higher water-bath temperature, such as 90 °C,
leads to irregular structure with different sizes (not shown
here). The phenomena should be mainly related to the variation
of the water-bath temperature. The increase in water-bath
temperature leads to an increase in the RH and environmental
temperature near glass slide in the chamber (the results are
shown in Table I), which strongly affects the quality of porous
film and pore size. High environmental temperature improving
the evaporation rate of solvent leads to the cooler solution
surface, which helps to the nucleation of water droplets. And
high RH is beneficial to nucleation and growth of water
droplets.!”?! Tn our experiment, these factors are simultane-
ously controlled by the variation of water-bath temperature.
Therefore, an increase in pore size with increasing the water-
bath temperature is observed. However, when the water-bath
temperature is increased up to 90°C (the environmental
temperature is about 42°C near the boiling point of the
solution), a disordered porous film with different pore sizes is
obtained though the RH is the same as that at 84°C (see
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Figure 2. The reflective OP images of the porous films prepared at different water-bath temperatures (a) 20°C, (b) 42°C, (c) 60°C and (d) 84°C. The PSc/CS,
solution is 20 mg/mL, spreading volume is 25 ul. The scale bar is 10 um.
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Figure 3. The relationship between morphology of porous structure and the RH of 35%(A), 50%(B), 75%(C) and 99%(D). Other conditions are: concentration
20 mg/ml, spreading volume 25 pl, temperature of water bath 44 °C. The scale bar is 10 um.

Table I). It suggests that too high air temperature (near the
boiling point of the solution) is disadvantage of the formation
of ordered porous film.

The Effects of Relative Humidity

Figure 3 shows the morphology of film from 20mg/ml
PSc/CS; solution at different RHs that are obtained by varying
the vent size at the water-bath temperature of 44°C in dry
winter. The RH values from 35% to saturated humidity (99%
shown in hygroscope) can be achieved by changing the vent
size from full open state to 1/5 open state. At lower RH (35%),
that is, at full open state, only small disordered porous structure
in some areas is obtained (in Figure 3a). This is because the
RH is so low that it is difficult to reach the dew point of water
vapor and then to form water-droplet template. At the RH of
above 50%, the pore size increases.!”!>3! And the regularity
of porous film becomes better. At saturated humidity (99%),
the film with big pore size and well regularity is obtained,
which is different from others’ reports that no ordered porous
structure could be obtained at high RH.!® It is probably due
to slow evaporation of solvent (comparing with the addi-
tional airflow technique!®?%?%) leading to a slow increase in
viscosity of the solution. A longer time of convection and
a low flow resistance of water droplets in solution surface
occur, which help to formation of highly ordered porous
film.

35 5% 10% 20% 40% 60% 80%

52% B1% B65% 75% 90% 99%
RH

35% 40%

Figure 4. The pore size of films from solutions with different concentrations
at different relative humidity. Water-bath temperature is 44°C,
spreading volume is 25 pl. The insert stands for the concentrations
of the solutions.

We also investigate the porous film from PSc/CS, solutions
with different concentrations at different RHs. The results are
shown in Figure 4. The porous structure fabricated from 5 and
10mg/ml solutions can be formed even at a very low RH
(about 35%), though it is somewhat disordered. And for the 20
and 40 mg/ml solutions, the porous structure can be obtained at
a RH of above 52%, respectively. The porous structure from 60
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Figure 5. The variation of pore size as the volume of casting solution, A. 10ul, B. 25ul, C. 50 ul, D. 100 pl. Other conditions: 20 mg/ml PSc/CS,, 99% RH, water-

bath temperature 44 °C. The scale bar is 10 um.

and 80 mg/ml solutions can be formed at a rather high RH
(above 75%). Porous films from the solutions with a concen-
tration range of 5-80mg/ml are easily formed at high RH
(=75%). But it is difficult for the solution with higher
concentration to form ordered porous film at a low RH. This
phenomenon can be explained by the variation of vapor
pressure of the solution. According to the Henry law, the vapor
pressure of dilute solution is higher than that of concentrated
one. The high vapor pressure of dilute solution producing the
high evaporation rate of solvent results in the cooler solution
surface that easily reaches the dew point of water vapor even at
a lower RH. Therefore, water vapor can be condensed on the
surface of solution film to form porous structure. While for the
solution with a high concentration, the vapor pressure is low,
resulting in a low evaporation rate to yield a little temperature
drop. The temperature drop is too little to reach the dew point
of air with a low RH. Therefore, no condensed water droplets
can be formed in a low RH air, and nonporous film is obtained
in concentrated solution. Evidently, there exists a synergetic
effect of solution concentration and RH on the formation of
porous structure.

From Figure 4, The pore size decreases with increasing the
solution concentration except for 5mg/ml solution, which
accords with the general rule obtained by other authors.!”-1921:32
For the porous film from 5mg/ml solution, the pore size is
somewhat smaller than that from 10 mg/ml solution, which is
abnormal. Furthermore, the regularity of porous structure is

poorer than that from higher concentration of the solution.
These phenomena may be related to the low viscosity of the
dilute solution. The dilute solution with low initial viscosity
spreads faster than the concentrated ones on the substrate and
results in a large casting area. It would be expected to have a
shorter time of solvent evaporation, which is disadvantage of
the convection of water droplets and the growth of water
droplets. Therefore, smaller and disordered pores are obtained.

The Effects of Casting Volume

Figure 5 shows the relationship between the pore size and
the casting volume. The pore size changes from 2.5 to 6.5 um
when the casting volume ranges from 10 to 100pul, which
accords with other results.!”33 The pore size depends on the
amount of solution initially cast on the glass substrates, with
pore size being proportional to the amount of polymer solution
cast. The reason for the increase in pore size for larger casting
volumes is the longer evaporation time of solvent that results in
a longer growth time of water droplets, in which bigger pore
sizes are obtained. It is a good way to fabricate the film with
big pore size.>*

We also investigated the BF array of other polymers, such as
polyfluorenes, poly(methyl mathacrylate). Under our experi-
ment conditions, high-quality porous films from the polymers/
CS, solution were obtained. But when other vaporizable
solvents, such as toluene and dichloromethane, were used, only
transparent film was obtained and no porous structure was
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observed even at rather high RH (80%), which is different from
the results reported in literatures.?® It is possibly because the
slower evaporation rate of toluene or dichloromethane (with
respect to the conditions in the literature?®) yields too little
temperature drops of the solution surface to condense the water
vapor to form water droplets. At saturated RH, only disordered
porous film with different pore sizes were obtained, which need
further study in the future.

In conclusion, the highly ordered porous films were readily
fabricated in a chamber with a water bath. And the RH is easily
adjusted by changing the water-bath temperature or vent size,
which controls the pore size. The pore size increases with an
increase in the water-bath temperature and the volume of
casting solution, and a decrease in the vent size. The porous
film from the “dilute” solution can be readily formed even at a
low RH, while the porous film from the “concentrated”
solution can be fabricated only at a rather high RH. The
regularity of porous film becomes better at the higher RH and
the higher solution concentration, which may result from the
slow evaporation rate of solvent in our technique. It suggests
that there is a synergetic effect of concentration and RH on the
formation of ordered porous film. We believe that it is a more
convenient and more powerful technique to prepare honey-
comb-structured porous film.
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