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The Effects of Interfacial Tensions of Amphiphilic Copolymers

on Honeycomb-Patterned Films

By Miki KOJIMA,"* Yuji HIRAL' Hiroshi YABU,? and Masatsugu SHIMOMURA?>>*

A honeycomb-patterned film is formed by casting a polymer solution of polystyrene and amphiphilic copolymer under humid
condition. Amphiphilic copolymers stabilize condensed water droplets as temporal templates. Therefore, physical properties
of the amphiphilic copolymer are important factors for stability of condensed water droplets and the structure of the
honeycomb-patterned film. In order to verify the effect of the interfacial tension between water and chloroform solution of the
amphiphilic copolymer, which is one of the important physical properties, amphiphilic copolymers were synthesized from
hydrophobic monomer and hydrophilic monomer at various copolymerization ratios. The interfacial tension decreased with
increasing the copolymerization ratio of the hydrophilic comonomer. Uniformity of micropores of the honeycomb-patterned
film increased with decreasing the value of the interfacial tension. Moreover, polymer frame of honeycomb-patterned film
became thinner with decreasing the value of the interfacial tension. These results indicate that the structure of honeycomb-
patterned film can be controlled by the interfacial tension between water and polymer solution.
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Honeycomb-patterned polymer films with uniform-sized
pores ranging submicron to micron size can be obtained by
casting polymer solution under humid condition.'™* The pores
are formed by using a temporal template of water droplet array
condensed on the solution surface cooled by evaporation heat
of the solvent. The pore size can be controlled by changing the
preparation conditions (e.g., humidity of atmosphere, casting
volume, etc).’ It has been reported that honeycomb-patterned
films can be used as superhydrophobic materials,>® scaffolds
for cell <:u1turing,2’7’9 and so on. Furthermore, various micro
structures such as pincushion structures,'® microsphere arrays'!
and so on were fabricated based on secondary processing of the
honeycomb-patterned films.

Wide variety of materials, including block copolymers,
star polymers,'®!® dendrimers'® can be used to prepare the
honeycomb-patterned films. Amphiphilic copolymers (poly-
acrylamide,?’ polyion complex?!) are suitable polymers for
preparation of the honeycomb-patterned films. Highly-ordered
honeycomb-patterned films are also formed from conventional
polymers such as polystyrene by the addition of amphiphilic
copolymers to casting polymer solutions under humid con-
dition. In general, amphiphilic compounds have physical
properties of interfacial adsorption and stabilization. In the
formation process of honeycomb-patterned film, amphiphilic
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copolymer acts as a stabilizer of the W/O (water in oil)
emulsion and prevents fusion of water droplets.

It has been reported that amphiphilic copolymer is con-
densed on the edge of pores of the honeycomb-patterned film
prepared from mixture of poly(bisphenol A carbonate) and
amphiphilic copolymer.?? Moreover, fluorescence was ob-

served at edge of pores of honeycomb-patterned film prepared
from mixture of polystyrene and dye-containing amphiphilic
copolymer.?* From these results, amphiphilic copolymer local-
izes at the interface of water droplets, which are the temporal
template for honeycomb-patterned film formation.

Stability of water droplets depends on physical properties of
amphiphilic copolymers, and their physical properties depend
on their chemical structures, hydrophilic-hydrophobic balan-
ces, molecular weights, functional moieties, etc. Recently, we
have found that the interfacial tension of the amphiphilic
compounds is one of dominant physical properties of honey-
comb pattern formation.?* In this report, hydrophobic N-
dodecylacrylamide and hydrophilic 6-acrylamidohexanoic acid
were polymerized at various copolymerization ratios, and
amphiphilic copolymer, which are composed by same chemical
species and have different hydrophilic-hydrophobic balance,
were synthesized. Here, relationship among chemical structure
of amphiphilic copolymer, their interfacial tension, and
structure of honeycomb-patterned film is discussed.

EXPERIMENTAL

Copolymerization of Amphiphilic Copolymer

Monomers of the amphiphilic copolymer were synthesized
according to the literture.29 Benzene, N, N-dimethylsulfoxide
(DMSO), methanol, and 2,2'-azobisisobutyronitrile (AIBN)
were purchased from Wako Pure Chemical Industries Ltd.,
Japan. AIBN, which is an initiator, was recrystallized in
methanol. N-dodecylacrylamide (M1), 6-acrylamidohxanoic
acid (M2), and AIBN were dissolved in mixture of benzene
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Table I. Polymerization condition and characterization of amphiphilic polymers
M1 M2 AIBN Yield . Solubility in
Polymer [mmol] [mmol] [mmol] %] M M/ Mo M1:m2 chloroform
P1 29.2 2.90 0.66 88.5 2.5 x 10* 3.76 7.6:1.0 soluble
P2 29.6 7.30 0.74 87.0 3.7 x 10* 3.50 4.0:1.0 soluble
P3 20.9 10.5 0.63 20.0 4.4 x10* 2.97 1.9:1.0 soluble
P4 18.0 18.0 0.66 26.4 1.0 x 10° 2.44 0.9:1.0 insoluble
*Copolymerization ratio of M1:M2 is estimated from C/N from elemental analysis.
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Scheme 1.

(distilled, 70-80mL) and DMSO (distilled, 2-4 mL) at the
amount shown in Table I in a four neck flask, equipped with a
nitrogen inlet, a thermometer, a reflux condenser and a septum.
After three cycles of freeze-thaw-evacuate, free-radical poly-
merization was conducted at 60 °C for 6-10h in oil bath under
nitrogen atmosphere (Scheme 1).2° Reaction liquid was drop-
ped into poor solvent (P1, P2, P3 into acetonitrile and P4 into
ethyl acetate and then hexane), to purify the synthesized
polymers by reprecipitation. Polymers were collected by
centrifugation and dried in vacuo. Chemical structures and
copolymerization ratios of the polymers were determined by
'H NMR (LAMBDA 400, JEOL Ltd., Japan) and elemental
analysis.?>28 Molecular weights of polymers were measured by
size exclusion chromatography (SEC) using the Shodex K-804
(Showa Denko K.K., Japan) column at 50°C (polystyrene as
standard). Chloroform (P1 and P2) or tetrahydrofuran (P3 and
P4) were used as the carrier solvent, and its flow rate was
1.0 mL/min. Four types of amphiphilic polymers with different
monomer ratio were obtained. P1, P2 and P3 were soluble in
chloroform, however, P4 was not dissolved in chloroform.

Preparation and Observation of Polymer Film

Chloroform and polystyrene (average M, 280,000) were
purchased from Wako Pure Chemical Industries Ltd. (Japan)
and Sigma-Aldrich (USA), respectively. Nine different chloro-
form solutions were prepared with changing the concentration
and types of polymers. The polymer solution was cast on a
glass dish (¢9cm) in a box. Humidity and temperature were
controlled (r.t., r.h. 20%) and humid air (ca. 90%) was applied
on the solution surface at its flow rate of 4.0L/min. After
complete evaporation of solvent, a polymer film was obtained.
The polymer films were coated with osmium (HPC-1SW,
Vacuum Device Inc., Japan), their surface structures were
observed by scanning electron microscope (SEM, TM-1000,
Hitachi High-Technologies Corporation, Japan). Average pore
size (¢) and standard deviations (SDs) were measured from
binary-contrasted SEM images by using an imaging software
(ImageJ?®). The tiny pores generated in the polymer frames
were neglected. The smaller SD value means the higher
uniformity of pore sizes.

Measurements of Surface Temperature of Cast Polymer
Solution

Surface temperature of the cast solution was measured by
using a thermography (TVS-700, Nippon Avionics Co., Ltd.).
A chloroform solution of 5.0mg/mL of polystyrene and 0.5
mg/mL of P2 was prepared. The solution (5 mL) was cast on a
Petri dish (¢9 cm) in the environment of 23.4°C and r.h. 37%
and humid air was applied at its velocity of 4 L /min humid air.
At the same time, the weight change of the solution was
recorded by using an electronic balance.

Measurements of Interfacial Tensions

Interfacial tensions between water and chloroform solutions
of amphiphilic copolymers (P1, P2 and P3) were measured
by pendant drop method with an interfacial tension meter
equipped with temperature controlling jacket (DM-300, Kyowa
Interface Science Co., Ltd., Japan) at 5°C. Chloroform
solutions of amphiphilic copolymers were prepared at their
concentrations of 0.1, 0.5, 1.0mg/mL at room temperature.
Eight milliliter of the solution was poured in the quartz glass
cuvette, and then a water drop was injected into the solution.
The interfacial tensions were measured 500s after water
injection. The average interfacial tension values were calcu-
lated from ten measurement results.

RESULTS AND DISCUSSION

Figure 1 shows SEM images of the honeycomb-patterned
films prepared from the nine chloroform solutions containing
polystyrene and amphiphilic copolymers (P1, P2, and P3),
respectively. P4 containing much hydrophilic moieties was not
used in this experiment because it was not dissolved in
chloroform. Three concentration of the amphiphilic copolymer
was chosen (0.1, 0.5 and 1.0mg/mL). The film prepared from
the solution containing P1 polymer at the lowest concentration
(solution S1) show a disordered texture with various sized
pores. On the other hand, S2 and S3 gave microporous films
with uniform-sized pores. The SD values of S2 and S3 (16%
and 14%) were remarkably smaller than that of S1 (96%). This
means that the uniformity of the pore size is improved with
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Figure 1.
column: P3).

SEM images of polymer films prepared by casting solution of polystyrene and each amphiphilic copolymer (left column: P1, middle column: P2 and right

Model of formation process of honeycomb-patterned film
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Figure 2. Weight change (gray line) and temperature change (black line) of the sample after casting polymer solution. The image above shows schematic

illustration of formation process of honeycomb-patterned film.

increasing concentration of the amphiphilic copolymer. Similar
concentration effect was observed in the P2 polymer solutions,
S4, S5 and S6. In the case of P3 polymer solutions (S7, S8
and S9), uniform-sized pores were formed even at the lowest
amphiphilic copolymer concentration (S7). The SD values
clearly decreased with increasing the copolymerization ratios
of the hydrophilic comonomers (96, 72, and 12% for S1, S4
and S7, respectively).

Concentration and composition of amphiphilic copolymers
change interfacial tension between water and polymer solution.
Generally, an interfacial tension is decreased with addition of
surfactants. The interfacial tension is one of the representative
values of the characters of surfactants. It is well known that the

interfacial tensions also depend on the temperature. During the
honeycomb-patterned film formation, the solution surface is
cooled by evaporation heat. The change of surface temperature
of the cast solution was measured to reveal the temperature
during the formation process of honeycomb-patterned film.
Figure 2 shows the changes of temperature and weight of
casting solution and schematic illustration of solution surface.
Weight of the solution reduced due to solvent evaporation.
During the solvent evaporation, the surface temperature of the
solution reached ca. 5°C, and then elevated to room temper-
ature gradually after complete evaporation of the solvent. In
this environment, the dew point is ca. 10°C, therefore water
droplets condensed on the solution surface under 10°C.
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Figure 3.

(a) Average interfacial tension between water and chloroform solution of amphiphilic copolymer at the concentration of 0.1 (H), 0.5 (@), and 1.0 mg/mL

(®) at5°C. (b) SD of pore sizes of films prepared from chloroform solution of 1.5 mg/mL polystyrene and 0.1 ((J), 0.5 (O), 1.0 mg/mL (<>) amphiphilic

copolymers for containing ratio of hydrophilic moieties.

Honeycomb-patterned film is obtained through the process as
follows: (1) Solution surface is cooled by evaporation heat of
the solvent. (2) The temperature of the solution is cooled under
the dew point and water droplets are condensed on the solution
surface. (3) Water droplets grow during the solvent evapo-
ration. (4) Water droplets are packed by capillary force or
convection of the solution.® (5) Porous polymer film is
obtained after evaporation of water droplets. From the results,
5°C is the lowest temperature in the process of water droplets
condensation and growth. Thus, the interfacial tensions were
measured at 5 °C.

Average interfacial tensions between water and chloro-
form solutions of the amphiphilic polymers were shown in
Figure 3a. The interfacial tensions decreased with increasing
hydrophilic moieties in amphiphilic copolymers. The interfa-
cial tensions also decreased with increasing the concentration
of the amphiphilic copolymers. In Figure 3b, the SD values of
pore sizes were shown. In the case of P2 and P3, the SD values
were smaller than that of P1 at the each concentration. These
results indicate that the SD values decreased with increasing
hydrophilic moieties in amphiphilic copolymers.

Moreover, size of the polymer frame decreased with the
increasing hydrophilic moieties (Figure 4). Size of the polymer
frames was measured at thinnest part from the SEM images of
the films prepared from the solutions at their concentrations
of 1.0mg/mL of the amphiphilic polymers (S3, S6, S9)
(Figure 3).

The polymer frames became thinner with decreasing the
interfacial tensions. There are two reasons for thinning the
polymer frames; one is sinking of water droplets into the
solution, the other is deformation of water droplets due to
decreasing of the interfacial tension.

When the water droplets are considered as a Pickering
emulsion, the contact angle between contact line and the
solution surface are calculate as ca. 60° in the case of P1 to
balance the water droplet at the air-solution interface. On the
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Figure 4. Average interfacial tensions between water and chloroform solu-
tion of amphiphilic copolymer of 1.0 mg/mL (#) at 5°C and size of
the polymer frame ((J) measured from SEM images for containing
ratio of hydrophilic moieties.

other hand, the contact angle was ca. 63° in the case of P3. The
difference between the contact angles was only 3°. This
difference was too small to change the thickness of the polymer
frame. On the other hand, as shown in the literature’! (Govor
et al.), shape of template water droplets is affected by
interfacial tension at the three phase contact point. The
interfacial tension between water and the solution decreased
with increasing hydrophilic moieties of the amphiphilic
copolymer. The interfacial tension decrease makes the water
droplets from spherical to ellipsoidal to balance the Neuman
triangle. This deformation induced the thinning of the frame.
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These results clearly indicate that the interfacial tension of
amphiphilic copolymers is one of the important physical
properties for determining the thickness of polymer frames.

CONCLUSION

Relation between uniformity of the microporous films and
interfacial tensions between water and solutions of amphiphilic
copolymers was discussed. When interfacial tension between
water and chloroform solution was lower, the SD value of the
pore sizes of the microporous film was smaller and the uniform
microporous film was obtained. Moreover, polymer frame of
honeycomb-patterned film was thinner with decreasing inter-
facial tension. It is indicated that the structure of honeycomb-
patterned film can be controlled by the characters of amphi-
philic copolymers. From these results, various kinds of
amphiphilic materials can be used for honeycomb-patterned
film preparation when the interfacial tension between water and
the solution are controlled.
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