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Abstract: Honeycomb films with various building units, showing potential applications in
biological, medical, physicochemical, photoelectric, and many other areas, could be
prepared by the breath figure method. The ordered hexagonal structures formed by the
breath figure process are related to the building units, solvents, substrates, temperature,
humidity, air flow, and other factors. Therefore, by adjusting these factors, the honeycomb
structures could be tuned properly. In this review, we summarized the development of the
breath figure method of fabricating honeycomb films and the factors of adjusting
honeycomb structures. The organic-inorganic hybrid was taken as the example building unit to
discuss the preparation, mechanism, properties, and applications of the honeycomb films.
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1. Introduction

Membranes play an important role in science and technology, such as the applications of ion
exchange membranes in separation [1-3], wastewater treatment [2—4], food, and bio-technology [3.4];
nanoporous membranes in blood purification [5], separation and gas removal [6,7], virus filtration [8]
and DNA/gene detection [9,10]; liquid crystal polymer membranes in optics, electronics, display
devices, and bio-technology [11-14]; honeycomb films in anti-bacterial activity [15,16], cell/bacteria
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culture [17,18], protein adsorption [19], tissue engineering [20], lab-on-fiber technology [21],
electrowetting display [22], and water/oil separation [23].

To prepare these functional membranes, self-assembly has been widely employed, such as in the
examples of the solution casting technology for the preparation of the ion exchange membrane [24]
and the breath figure process for honeycomb film formation [16]. Self-assembly is a “bottom-up”
method [25], which can spontaneously induce the formation of diverse ordered structures, such as
vesicles, nanoporous membranes, nanotubes, and nanofibers, etc. The driving forces are mainly the
weak interactions such as electrostatic interaction, hydrogen-bond interaction, van der Waals force,
capillarity, steric effect, dipolar force, and hydrophobic interaction. Generally, several weak interactions
work together to complete one self-assembly process, although one plays the key role. For example, in
an ionic self-assembly process, the electrostatic interaction plays the main role; however, the steric
effect becomes significant when the molecule is large, and the hydrogen-bond interaction has to be
considered for an active hydrogen system. Various materials could be applied for this process, such as
surfactants [26], polymers [27,28], nanoparticles, and the organic-inorganic hybrid materials [29-33].

Breath figure patterning [34-37] is an example of a self-assembly process which forms
honeycomb-structured films with micro-pores arranged in honeycomb morphology. The process
typically includes several sections: one drop of polymer solution is casted on a substrate surface with
humid air flowing up the polymer solution drop; the air/solution interface temperature reduces below
the dew point as the solvent evaporates; water droplets condense on solution stabilized by the solutes
without coalescence; water droplets align into ordered arrays due to the capillary and Marangoni
forces; solutes precipitate around water droplets as solvent continues evaporating; and ordered polymer
pore film is formed after the solvent and water droplets evaporate completely [34,35]. There are
several key components during the breath figure process: the solute, i.e., the building unit, the solvent,
and the humid air. Among them, the building units play an important role which brings the main
functions for the honeycomb films. The commonly used building units include amphiphilic
copolymers, star polymers, block copolymers, polymeric polyion materials, and organic-inorganic
hybrids [34,35]. These materials can dissolve in organic solvents such as carbon disulfide, chloroform,
and toluene. The organic-inorganic hybrid is a representative building unit which combines characteristics
of both organic and inorganic materials, and therefore obtains multi-functional properties [34—38].

In this review, we focus on the fabrication of honeycomb films using the breath figure method.
The mechanisms and developing history of the breath figure method are introduced in the first section,
in which the driving forces are also discussed. The second section focuses on the materials and
affecting factors for honeycomb film formation using the breath figure method. The materials,
formation mechanism, and applications of the organic-inorganic hybrid honeycomb films are discussed
in the last section.

2. Mechanism of Honeycomb Film Formation: Breath Figure Method
2.1. Development of the Breath Figure Method to Form Honeycomb Films

In 1893 and 1911, the breath figure process was proposed as a water droplet condensation
procedure on a solid surface by Aitken [39] and Rayleigh [40,41], respectively. Then, in 1994,
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Francgois [42] first reported the honeycomb film formed by the breath figure method using star
polystyrene (PS) polymer or PS/polyparaphenylene (PPP) block copolymer as building units (Figure 1). In
this process, organic carbon disulphide (CS2) was used as the polymer solvent. Frangois proposed three
significant factors for honeycomb film formation: (1) material structure, (2) solvent, and (3) moist
atmosphere. Since then, more and more materials and solvents have been found to be able to form
honeycomb films. The mechanism was described as the sequence of a gelation process:

(a) Phase separation with rapid solvent evaporation;
(b) Polymer concentration increasing;

(c) Solution surface cooling;

(d) Water condensation.
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Figure 1. (A) Schematic drawing of the honeycomb film formation of star PS polymer or
PS-PPP block copolymer; (B) SEM photograph of the PS-PPP honeycomb films, with
copyright permission from [42].

Later, Francois [43,44] did more work on the mechanism exploration. Light-scattering experiments
were carried out to observe the water droplets forming and growing on the surface of the polymer
solution [43]. Additionally, no coalescence was observed during this process. They proposed that
polymer precipitation at the solution/water interface was the decisive process. The polymer
precipitated at the interface and then created a solid polymer envelope around the water droplets to
avoid the water droplet coalescence [45]. Generally, the specific material (such as star PS), the organic
solvent, and the flow of moist air were the key parameters for the breath figure process. To describe
the mechanism more clearly, Srinivasarao [46] proposed the honeycomb film formation process as the
following (Figure 2):

(a) Liquid surface becomes cold with the solvent evaporation;

(b) Water condenses on the cold surface to become water droplets, which is the nucleation process;

(c) Water droplets form a close packed hexagonal array because of the convective currents of the
evaporation and moist air flow;

(d) Water droplet array cools and sinks into the polymer solution;

(e) New nucleation and growth of the moist air induce the formation of another water droplet layer;

(f) New layers of close packed hexagonal water droplet arrays are generated;
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(g) The solution surface cools back to room temperature after the solvent is totally evaporated,

along with the honeycomb film formation after water evaporation;

(h) Repeating the process from (d) to (f), another water droplet array layer forms.

Figure 2. Illustration of the ordered honeycomb structure formation mechanism proposed
by Srinivasarao. (A) solvent evaporation leads to the cold polymer solution surface; (B)
water condenses on cold surface to become water droplets, which is the nucleation process;
(C) water droplets from close packed array because of the convective currents of the
evaporation and moist air flow; (D) water droplet array cools and sinks into solution; (E)
new generation of water droplets; (F) new close packed array template by underlying layer;
(G) 3-D array remains after solvent and water evaporation, which means the ordered
honeycomb pores formation. The copyright permission was from reference [46].
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Srinivasarao figured out that the water droplets could sink into the polymer solution, forming
multilayer honeycomb films when the density of the solution was smaller than water. Otherwise,

monolayer honeycomb films could be obtained if the water droplets could not sink into the solution.

To explain the mechanism of monolayer or multilayer formation, researchers have also proposed

other mechanisms. Bolognesi and co-workers [47] explained that the interfacial energy between the

water droplets and the organic solvent was the main factor determining the number of layers, as shown

in Figure 3. The interfacial energy balance zo is defined as:

z0=2z/R= ('Yw - 'Yw/s)/ys

(1)
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where z is the distance between the droplet center and the air/solution interface; R is the droplet radius;
ywis 1s the interfacial tension between water and solution; yw and ys are the surface tension of the water
and the solution, respectively. When —1 < zo < 1, one layer of droplets stayed between the air and
solution interface, forming monolayer ordered structures. When zo > 1, the droplets immerged into the
solution, forming multilayer films. When zo <—1, water droplets could not remain at the interface or in
the solution, so no ordered structure could be obtained. Bolognesi [47] provided three examples as
shown in Table 1. When CS2 was used as solvent, zo < 1, a monolayer honeycomb film was formed,
while the solvent of toluene and benzene induced the formation of multilayer films with zo > 1.

47 ‘%“‘ n  Air

' A Solution
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Figure 3. Schematic view of a spherical water droplet at the air/solution interface, with
copyright permission from [47]. ys and yw, the surface tension of solution and water,
respectively; yws, the interfacial tension between water and the solution; z, the distance
between the water droplet center and surface; R, the radius of the spherical water droplet.

Table 1. The honeycomb film structures predicted from zo values, with copyright permission from [47].

Solvent y (mN/m) 7=20°C ymossevent (MN/m) T=20°C zo Type of Structure

CS, 323 47.3 0.84 monolayer
toluene 27.9 36.1 1.30 multilayer
benzene 28.2 35 1.33 multilayer

During the formation mechanism study, driving forces attracted a lot of attention due to their
important role in the film formation process [35,48-50]. Bormashenko et al. [48] added specific
additives into polymer solution to promote the large-scale patterned films, resulting from the
temperature gradient-induced Marangoni instability, where the Marangoni number was explained by
an equation. Chin et al. [49] formed non-close-packed patterns by adding a heat source to provide the
moderate temperature to generate the Marangoni force. Infrared (IR) thermographs showed that the
droplet center was cooler than the droplet circumference after casting the polymer solution onto a glass
substrate. According to the Marangoni effect [50], the colder center possessed higher surface tension,
leading the fluid to move radially inward to the droplet center, which was in agreement with the
observation that honeycomb patterns concentrated at the center of the circular films. Meanwhile,
Maruyama [51] proposed a mechanism as shown in Figure 4. They believed that the Marangoni
convection and capillary forces were the main driving forces [34-36,52—-55]. The polyion complex was
used as the building unit with chloroform as the solvent. Water droplets could align rather than
coalesce because the polyion complex was surface-active. This was a crucial theory to instruct the
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process selection of building units to form honeycomb films. The convection force was the driving
force for the water droplets sinking, and the capillary force was the driving force for the droplets
arranging into an ordered array. This mechanism was different from the explanation of Srinivasarao,
which has later been widely used by other researchers in their work.
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Figure 4. Top view of the honeycomb structure formation mechanism of polyion
complexes, with copyright permission from [51].

Hao et al. also explored the mechanism of the honeycomb film formed by the breath figure method.
For example, the amphiphilic ferrocenyl-based oligomer with cholesterol as side chains was used as the
building unit to form honeycomb film on the solid silicon substrate and the air/water interface [56,57].
They agreed with Francois for the basic mechanism of the breath figure method and Maruyama for the
explanation of driving forces for droplet formation and orderly packing. More importantly, they found
that the formation of the monolayer or multilayer of honeycomb films depended not only on the
organic solvent properties but also on the deposition space of the water droplets. From the solution
edge to the center, honeycomb films with monolayer, bilayer, and trilayer pores were formed and
observed by SEM and AFM (Figure 5SA-F) [56] in turn. A direct view model of the monolayer,
bilayer, and trilayer honeycomb film formation and its mechanism is shown in Figure 5G. The
Marangoni convection and thermos-capillary effects were the basic driving forces, while the resistance
forces were the viscous force and the buoyancy force. When the total driving force was larger than the
resistance force, the water droplets could be dragged into the polymer solution. However, the
formation of monolayer or multilayer films was also related to the polymer solution thickness. This
meant that at the edge of the polymer solution, only monolayer films could be formed since there was
not enough deposition space for more layers of water droplets. For this process, the solvent
evaporation speed should be slow to ensure enough deposition space (wet thickness) and enough time
for water condensing, sinking, and aligning.

Furthermore, based on honeycomb films, pincushion films were obtained by peeling off the top
layer of honeycomb films with simple adhesive tape [58—63]. Yabu ef al. found that pincushion
structures showed greater hydrophobic property than normal honeycomb films [58,59]. Hydrophobic
honeycomb films and superhydrophobic pincushion films were obtained with fluorinated polymer
solution. Additionally, the maximum contact angle of pincushion films was even 170° [58]. The
Wenzel model [64] and Cassie model [65] were used to explain this phenomenon, which meant that
the wettability was related to the surface roughness and the surface components, respectively.
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Figure 5. SEM (A—C) cross-section images and AFM (D-F) 3D observations of the
monolayer (A,D), bilayer (B,E), and trilayer (C,F) honeycomb films from 0.6 mg/mL
oligomer 1/CS2 mixed solution on silicon substrates. (G) The schematic drawing of the
formation mechanism of honeycomb structures from single-layer to multilayer arrays of
the pores on a silicon substrate with ferrocenyl-cholesterol as the building unit, with

copyright permission from [56].

2.2. Influence Factors of the Honeycomb Film Formation by the Breath Figure Method

The factors affecting the honeycomb film formation include the building units, solvents, substrates,
temperature, humidity, air flow velocity, and so on. To know how these factors affect the process
could help us to deeply understand the breath figure mechanism of the honeycomb film formation.

2.2.1. Building Units

Since Frangois found that star polymer and block copolymer could form honeycomb films in 1994,
more and more materials have been explored in this area, including the hyper-branched
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polymers [52,54,66], the terminated linear polymers [35,47,52], and the normal linear polymers
without a special terminal group [67,68], the amphiphilic polyion complexes [51], the organic-inorganic
hybrids [64-81], and so on. Recently, many functional structures have been explored to construct
honeycomb films with specific functions like bio-activity and fluorescent properties which could be
applied in functional devices. For instance, the fluorescent property has been observed in the
DNA/surfactant hybrid (Figure 6) honeycomb films with loaded RhB dye molecules. The surfactant
used here is ditetradecyldimethylammonium (DTDA) [69].
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Figure 6. The chemical structure (A) and the schematic view (B) of the DNA-DTDA
hybrid, with copyright permission from [69].

As polymer was initially used to form honeycomb films, researchers have done a lot of work on the
polymer honeycomb film formation process. The polymer structure, weight, and concentration all
affect the honeycomb structures and properties. Polymer structures with special groups would endow
the honeycomb films' functions [57,70—77]. For instance, the superhydrophobic honeycomb films were
obtained with a fluorinated polymer [57,70], the thermo-responsive honeycomb films were due to the
thermo-responsive amphiphilic copolymers [71], the photo-patterning honeycomb films were from
polymers with groups sensitive to light (mainly UV light) [72-76], the electro-responsive films were
achieved with liquid crystal polymers as building units [77].

According to Xu’s work, the honeycomb pore size decreased with polymer concentration
increasing [78]. They used Henry's law to explain this phenomenon:

P=Po(1 — Xz) (2)

where P and Po refer to the vapor pressure of solvent in solution and the pure solvent, respectively;
Xs 1s the mole fraction of the solute. Henry's law shows that the solvent of a solution with higher
concentration owns lower vapor pressure, i.e., a lower P value. Additionally, low vapor pressure slows
the solvent evaporation, resulting in the higher surface temperature, which means a smaller
temperature difference between the surface and atmosphere. Then the smaller temperature difference
leads to slower droplet size increasing speed during the nucleation process. As the nucleation process
is the key factor of determining the pore size, the higher solution concentration then means a smaller
pore size.

Meanwhile, the polymer molecular weight remarkably affects the honeycomb pore size and depth,
the distance between adjacent pores, and the specific porosity (defined as total pores area per unit
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area) [78-80]. For pore size, molecular weight is a positive effect. Xu et al. still explained it using
Perry's law. The polymer mole fraction reduced with a higher molecular weight, leading to a higher P
value and larger pore size. For pore depth, Matsuyama obtained a negative relationship, which meant
that the pore depth decreased with the molecular weight increasing [79]. However, Gendelman et al.
got the opposite relationship [80]. Gendelman deduced that this discrepancy was related to the peculiarities
of the honeycomb pattern formation process in Gendelman’s and Matsuyama’s experiments.

Organic-inorganic hybrids have been regarded as promising honeycomb film-building units, in
which the inorganic property and size and the organic chain length and surfactant type play important
roles in the honeycomb film formation. The details will be discussed in next sessions.

2.2.2. Solvents

In the honeycomb film formation process, the solvent evaporation speed needs to be high regardless
of its relative density or miscibility to water. Many organic solvents have been found to be able to form
honeycomb films with building units, such as carbon disulfide (CSz), chloroform (CHCls), benzene,
toluene, tetrahydrofuran (THF), and mixtures like CHCIl3/CH3OH and CS2/toluene [57].

In 2004, Kim et al. found that multilayer honeycomb films were formed using water-immiscible
solvents, such as CHCIs, while monolayer films formed using water-miscible solvents, such as THF
with cellulose acetate butyrate (CAB) as the building unit [81]. However, in 2006, Kim et al. obtained
the transition from monolayer to bilayer honeycomb films still using the CAB/THF solution but with
decreasing polymer concentration, which was explained by the solvent evaporation speed and the
interfacial energy between water droplets and the solvent [82]. Ferrari ef al. [83] used liner PS to form
honeycomb films by choosing proper solvents and substrates. The properties of solvents such as the
thermodynamic affinity between the polymer and solvent, water miscibility, boiling point, and boiling
enthalpy have also been found to be important for the honeycomb structure formation.

2.2.3. Substrates

Honeycomb films were formed on the surfaces of solid substrates at the beginning, and then the
air/water interface from which the honeycomb film could be easily lifted off and transferred was also
explored. The typical surface substrates for honeycomb film formation include mica [84],
silicon [84,85], silicon oil surface [86,87], and ice [88]. Cong ef al. [88] have compared the two
substrates of glass and ice for the formation of the honeycomb film of cellulose triacetate (CTA) (Figure 7).
It showed that the ice surface, on which ordered porous structures have been obtained, had a lower
temperature and a lower water evaporation speed.

Ferrari et al. [83] tested honeycomb film formation on various inorganic and organic substrates,
such as glass, silicon, silanized glass, fluorinated glass, polyethylene (PE), polyvinylchloride (PVC),
polyethylene terephthalate (PET), efc. The orthogonal experimental data showed that there was an
interaction between the substrate material and the solvent material, such as the wetting ability of the
solvent on the substrate surface. As a result, for the CSz solvent, the inorganic glass substrate and the
organic PVC substrate were proper for honeycomb structure formation; for the dichloromethane
solvent, glass, silanized glass (inorganic substrates) or PET, PVCs (organic substrates) were more
suitable for honeycomb film formation.
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Honeycomb structure formation is sensitive to temperature [47,89]. Many experiments have

confirmed that honeycomb structures can be obtained in a certain temperature range, and the

temperature affects the pore size, pore size distribution, and pore shapes. Bolognesi et al. [47] prepared
ordered honeycomb films with hydrophilic terminated linear polymer PS100K-2COOH dissolved in
CS2 with the concentrations of 1.6% and 4% at temperatures of 20 °C, 30 °C, and 40 °C. As shown in
Figure 8, when the temperature increased from 20 to 40 °C, for the 1.6% concentration sample, the

pore size increased from 5 to 8 um and the pore size distribution became narrower, while for the 4%

concentration sample, the pore size was not directly related to the temperature changing, though the

pore size distribution became narrow and the film changed from monolayer to multilayer.
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Figure 8. The pore size distribution of the PS100K-2COOH honeycomb films from CS:
solutions at different temperatures for samples with the polymer concentration of 1.6%

(A) and 4% (B), with copyright permission from [47].
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Cong et al. [88] compared the difference between normal glass substrate and ice substrate, which
was actually related to the substrate temperature. For the influence of substrate temperature [90-92],
Chin et al. [90] observed non-close-packed (NCP) honeycomb arrays at higher substrate temperatures
caused by the patterned metal stage beneath, and close-packed (CP) honeycomb pores of
PS/(CHCl3/C2HsOH) organic solution. Meanwhile, Perry et al. [92] compared the temperature drop of
the wafer edge and center with various solvents on glass or silicon substrates. The temperature drop
was caused by solvent evaporation, and the temperature drop difference was due to the metal
replenishing process of the wafer center. This temperature drop difference resulted in the evaporation
difference and surface tension gradient, which caused the Marangoni effect and affected the film
thickness in the end.

2.2.5. Humidity

The process humidity also plays a significant role in the honeycomb structure formation. On solid
substrates, the honeycomb film formation process description typically needs to figure out the relative
humidity data, while at the air/water interface, the humidity is normally enough [52]. Peng ef al. [52]
used PS (Mw = 223.2 k, 1 wt%) toluene solution to form honeycomb films, and found that the pore size
of prepared PS honeycomb films increased with the relative humidity, as shown in Figure 9. During
this process, the relative humidity was adjusted by the nitrogen flow speed, i.e., the relative humidity
increased from 40% to 95% with the nitrogen speed varying from 0 to 1 L/min. At low humidity of
<46% or high humidity of >90%, no ordered structure formed because of the lack of water or too many
droplets condensing onto the solution surface coalesced with adjacent water droplets.
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Figure 9. Curve of the pore size of PS honeycomb films versus the relative humidity, with
copyright permission from [52].

2.2.6. Other Factors

Air flow velocity has been found to affect the honeycomb film pore shape and size [93,94].
Normally, with higher air flow speed, smaller pores were formed. Li ef al. [93] found that honeycomb
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structures with different aspect ratios of the elliptic pores were formed with a 15° direction of moist air flow
at a different air flow velocity, while circular pores were formed with perpendicular air flow (Figure 10).
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Figure 10. Models of water droplets as templates to form circular pores (A) or elliptic
pores (B), with copyright permission from [93].
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The applied voltage has also been found to affect the formation of honeycomb films.
Zhal et al. [95,96] applied voltage during the honeycomb film formation process by linking two
electrodes to the two copper plates on glass surface, as shown in Figure 11A. This process was called
the electric breath figure (EBF) process. The mechanism is explained in Figure 11B. The voltage
created the electrostatic interaction between two adjacent water droplets. The water surface tension
was found to decrease with increasing the applied voltage, leading to the decrease of the contact angle
between the water droplets and the PS chloroform solution. When SiO2 nanoparticles were added to
the PS solution to assist this process, the PS/SiO2 chloroform solution was casted on the glass surface
between the two copper plates [96]. The PS/SiO: hybrid honeycomb pore size decreased with
increasing the applied voltage (Figure 11C). Furthermore, the honeycomb film became more
hydrophobic with the increasing voltage. As a consequence, superhydrophobic film with a contact
angle of 150.1° was obtained when the applied voltage was increased to 3000 V.
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Figure 11. (A) Illustration of the electric breath figure device; (B) Schematic view of the
electrostatic distribution of water droplets in the electric breath figure process, with
copyright permission from [95]; (C) Curve of the pore diameter versus the applied voltage
of PS/Si02 chloroform solution, with copyright permission from [96].

Chin’s group [49] prepared non-close-packed (NCP) honeycomb pore arrays of PS/CHCIs solution
using electrostatic interaction by applied voltage, which was different from Zhal’s work. PS was
acidified with hydrogen bromide (HBr). Water droplets received H' ions from HBr in polymer solution
to obtain positively charged water droplets, resulting in the inter-droplet electrostatic repulsion, which
was the main driving force for the droplets aligning into ordered arrays.

3. Organic-Inorganic Hybrids as Building Units to Form Honeycomb Films

The organic-inorganic hybrid is a type of building unit used to form honeycomb films. The
combination of the organic groups and inorganic groups builds the basic structure of honeycomb films,
which also brings special properties, such as the surface-enhanced Raman effect, the surface
hydrophobicity, and the fluorescent, magnetic, and photoelectric properties, efc. The organic part could
be functional organic groups, such as surfactants or some bio-active organic groups. The inorganic part
could be metal nanoparticles, POMs, QDs, and carbon nanotubes [97]. Water droplets are normally
stabilized by these inorganic nanostructures modified by organic groups. A typical example is shown
in Figure 12 [98]. The dodecanethiol-stabilized gold nanoparticles sit at the interface of a water droplet
and the CHCIl3 solution with a contact angle of 6, which is larger than 90° here, meaning that this
nanoparticle has better wettability to CHCI3 solution than to water.

3.1. Surfactant Modified Nanoparticles

Nanoparticles own great optical, electrical, and magnetic properties according to the size effect.
To prepare honeycomb films with these properties, nanoparticles modified by organic groups were
used, such as Au [98,99], Ag [73,100,101], Al2O3 [102,103], SiO2, TiO2, and ZnO nanoparticles [103].
Hao et al. have investigated the honeycomb film formation and mechanism using surfactant-modified
Au nanoparticles. For example, dodecanethiol-capped gold nanoparticles were used to fabricate 1.7-3.5 ym
pore size honeycomb film at the air/water interface with the assistance of another surfactant,
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dioctadecyldimethylammonium chloride (DODMAC), as illustrated in Figure 13C [99]. Differentiated
from the solid substrate using moist air flow to provide high humidity, the air/water surface provides
enough humidity by itself. The authors have also found that different pore structures could be formed
at different Au nanoparticle concentrations. The two-dimensional perforated monolayer dominated when
the Au nanoparticle concentration was 0.6 g/L (Figure 13A), while three-dimensional alveoli-like porous
films were mainly formed at 0.8 g/L concentration (Figure 13B). At the same time, these honeycomb films
formed by modified Au nanoparticles possessed the property of surface-enhanced Raman spectroscopy
(SERS) according to the nanoparticle size effect.

- Water - Chloroform

Gold Nanoparticle

Figure 12. Schematic diagram of a water droplet stabilized by the dodecanethiol-stabilized
gold nanoparticles at the water/chloroform interface, with copyright permission from [98].
Here, 6 is the contact angle of a particle at the water/chloroform interface.
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Figure 13. SEM images of the honeycomb structures formed at the gold nanoparticle
concentration of 0.8 g/L (A) and 0.6 g/L (B); (C) Schematic diagram of the honeycomb
film formation mechanism at air/water interface. The copyright permission was from [99].
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Ag nanoparticles have also been found to be potential building units for constructing honeycomb
films [100,101] because the aggregation of Ag nanoparticles can induce the breath figure process.
Jiang et al. [100] found that the presence of Ag nanoparticles in polymer solution assisted the water
droplets to spread on the air/polymer solution interface, as shown in Figure 14. Water droplets spread
over a larger area on the interface with more surfaces into the air and less into the polymer solution.

A

Oysus

® nanoparticle

csusi-
water droplet

water droplet at the interface palymersolution

B..

PLLA in CHCI,, 90% humidity, without and with nanoparticles

Figure 14. Schematic diagram of a water droplet at the air/solution interface with or
without Ag nanoparticle stabilization during breath figure process. PU and PLLA are
polyurethane and poly(L-lactic acid), respectively. (A) Wetting behavior of the water
droplet at the solution-air interface. (B) PU in THF with 30% humidity, the water droplets
sink into solution without the stabilization of Ag nanoparticles (left), while the water
droplets spread stable at the solution-air interface with the stabilization of Ag nanoparticles
(right). (C) PLLA in CHCI3 with 90% humidity, the water droplet grows fast to a large
volume and immerses deeply into the polymer solution (left), resulting in the irregular pore
pattern. And with the addition of Ag nanoparticles, the water droplet spreads at the
solution-air interface stably with more surface exposed to air (right). The copyright
permission was from [100].
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3.2. Surfactant Modified POMs

Polyoxometalates (POMs) own great physical, chemical, and biological properties, showing
potential applications in catalysis, energy storage, biomedicine, and other areas [104—106]. To expand their
special properties in more fields, scientists created various honeycomb films using surfactant-modified
POMs [105-113]. For example, Wu et al. prepared a series of supramolecular complexes, i.e., different
types of SECs (surfactant-encapsulated polyoxometalate complexes) with dimethyl dialkylammonium
surfactants (DODA, DTDA, DDDA, DHDA), as shown in Figure 15 [107]. Then various honeycomb
films were prepared using these supramolecular complexes. By comparing the alkyl length
(hydrophobic property) and SECs size, Wu et al. [38] concluded that both the wettability and the size
of the SECs played a significant role in honeycomb structure formation. The proper hydrophobicity
(>90° contact angle) and proper large size (11.86 nm® volume size succeeded, while 8.70 nm? or 6.82 nm?
volume size failed) were preferred for ordered structure formation. Meanwhile, (DODA )sH-
[Eu(H20)2S1W11039] (SEC-1) was taken as an example to explore the honeycomb-ordered structure
formation process.

‘ -g N B
= .‘I " .' 4 3
1050), 1% [EuW, O, J"
v Y3
P>~ ISCF /
XM, 0, X= [XM, 0], X=

P,Si,B;n=3,4,5 P,Si,B;n=7,8,9

[Eu(SiW,

Figure 15. Schematic drawings of the structures of SECs series (A) and the SEC-1
structure (B), with copyright permission from [107].

Hao et al. found that other kinds of POMs modified by surfactants could also form ordered
honeycomb films, such as {Mo7nFe3}—-DODMA complexes [109], (DODMA)io{Mn2Bi2W20},
(DDDMA)10{Mn2B12W20}, (CTA)10{Mn2Bi2W20} [110], DODMA-{Mn2Bi2W20}, {Mois4}, {Moi32},
{Moses}, and {PWi2}, etc. [111]. These films possessed special properties; for instance, the ordered
honeycomb film of DODMA"-encapsulated {Mn2Bi2W20} owned ferromagnetism, while the ordered
honeycomb film of DODMA "-encapsulated {Moses} had great electrochemical properties [111].

3.3. Modified QDs

Chen et al. [114] exposed the PMMA/Cd(AA)2 ionomer of chloroform solution to an HaS
atmosphere, obtaining ordered hexagonal-patterned PMMA/CAS films (Figure 16), which were
polymer-QD hybrid honeycomb films, presenting an excellent fluorescence property.

Based on the breath figure method, polymer-QD hybrid (PS-CdTe) honeycomb films were obtained
by dipping PS honeycomb film into aqueous CdTe nanocrystals. Galeotti [115] prepared the hybrid
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honeycomb films by combining the ordered hexagonal morphology feature and the CdTe QDs
semiconducting photoluminescence feature, presenting potential applications in light-emitting devices
and hybrid organic/inorganic solar cells. Boker [116] created the polymer-QD hybrid honeycomb films
by the breath figure process of polymer solutions, along with the CdSe nanoparticle self-assembly
process at the polymer solution and water interface. As a consequence, the ordered honeycomb pores
were formed, and then the CdSe nanoparticle film was obtained along the polymer/air interface,
forming tri-N-octylphosphine oxide (TOPO)-stabilized CdSe nanoparticle honeycomb films.

O
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Methyl methacrylate
y 4 Breath Figure
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Figure 16. Illustration of the CdS QDs honeycomb film formation process. The initial
process is the synthesis of poly(methyl methacrylate)/cadmium acrylate (PMMA/Cd(AA)2)
ionomer, and the breath figure process of this ionomer is shown as (A); Then PMMA/CdS
QDs was formed by exposing the ionomer to an H2S atmosphere, and the QD-polymer
honeycomb film formation is shown as (B). The SEM images formed by these breath
figure process are shown in (a) for pure PMMA film, (b) for PMMA/Cd(AA)2 ionomer
film and (c¢) for PMMA/CdS QD-polymer film. Here, the solvent is CHCIs, polymer
concentration = 6.7 wt%, Cd**/S* = 1:0.33 mol mol"!, humidity = 85%. The copyright
permission was from reference [114].

3.4. Applications of Organic-Inorganic Hybrid Honeycomb Films

The honeycomb films formed by organic-inorganic hybrids possess the properties of both organic
and inorganic parts, showing potential applications in many fields: electrochemistry [117],
antibacterial treatment [118], photoelectric devices [119,120], separation [121], sensors [122],
functional membranes (fluorescent, super-hydrophobic, SERS) [98-100,114,123], catalysis [99,100]
and so on, as summarized in Figure 17. The honeycomb films formed by surfactant-modified Au or Ag
nanoparticles could be used as the substrate of surface-enhanced Raman spectroscopy (SERS) [73,99,123].
POM-surfactant hybrid honeycomb films not only played an important role in biology, sensor, catalyst, and
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separation areas, but also showed the applicability for electro-deposition [106—113,117]. Hao et al. [117]
developed film applications as electrode surfaces by transferring the film onto a solid surface after film
formation. Then, Au nanoparticles were electrodeposited into the honeycomb macropores, obtaining a
hierarchical structure.

Biology for
Cell culture
Anti-bacteria[118]

I

Honeycomb  Flat ITO Reference
Film Film

N

cell separation

\

Photoelectric
device[119-120]

Figure 17. Summary of the applications of the organic-inorganic hybrid honeycomb films.
4. Conclusions

Since Francois initially created ordered hexagonal honeycomb films by the breath figure method
with star PS and block PS-PPP polymers in 1994, these films have attracted more and more attention.
Currently, the research of breath figure honeycomb films has mainly been focused on exploring the
mechanism, building unit expansion, factor adjustments, and application trials. In this review, we
described the forming mechanism of the breath figure process. During the breath figure process, water
droplets condensing into ordered arrays was the core part, and then the building units aggregated along
the water droplets with further solvent and water evaporation to form ordered honeycomb films. As a
consequence, the factors affecting the film formation were discussed, including the building units, solvents,
substrates, temperature, humidity, air flow velocity, and the applied voltage. The organic-inorganic hybrid
building units have been taken as an example to demonstrate the formation of honeycomb films with
three types of materials: surfactant-modified nanoparticles, surfactant-modified POMs, and polymer-QDs.
The organic-inorganic hybrid honeycomb films possess the properties of both organic and inorganic
parts, showing potential applications in many areas.

Acknowledgments

We appreciate the financial support from National Nature Science Foundation of China (NSFC
No. 21303060). This work was also supported by Guangdong Natural Science Foundation



Membranes 2015, 5 417

(S2013010014418), Program for Changjiang Scholars and Innovative Research Team in University
(IRT13064) and Guangdong Talent Program (2011D039).

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

Varcoe, J.R.; Atanassov, P.; Dekel, D.R.; Herring, A.M.; Hickner, M.A.; Kohl, P.A.; Kucernak, A.R.;
Mustain, W.E.; Nijmeijer, K.; Scott, K.; et al. Anion-exchange membranes in electrochemical
energy systems. Energy Environ. Sci. 2014, 7, 3135-3191.

Li, J.; He, Z. Optimizing the performance of a membrane bio-electrochemical reactor using an
anion exchange membrane for wastewater treatment. Environ. Sci. Water Res. Technol. 20185, 1,
355-362.

Nagarale, R.K.; Gohil, G.S.; Shahi, V.K. Recent developments on ion-exchange membranes and
electro-membrane processes. Adv. Colloid Interface Sci. 2006, 119, 97-130.

Xu, T. Ion exchange membranes: State of their development and perspective. J. Membr. Sci.

2005, 263, 1-29.

Elgort, M.G.; Hermann, M.G.; Erali, M.; Durtschi, J.D.; Voelkerding, K.V.; Smith, R.E.

Extraction and amplification of genomic DNA for human blood on nanoporous aluminum oxide
membranes. Clin. Chem. 2004, 50, 1817-1819.

Sircar, S.; Rao, M.B. Nanoporous carbon membranes for separation of gas mixtures by selective
surface flow. J. Membr. Sci. 1993, 85, 253-264.

Sircar, S.; Rao, M.B. Performance and pore characterization of nanoporous carbon membranes
for gas separation. J. Membr. Sci. 1996, 110, 109—-118.

Yang, S.Y.; Ryu, I.; Kim, H.Y.; Jang, S.K.; Russell, T.P. Nanoporous membranes with ultrahigh
selectivity and flux for the filtration of viruses. Adv. Mater. 2006, 18, 709-712.

Harrell, C.C.; Choi, Y.; Horne, L.P.; Baker, L.A.; Siwy, Z.S.; Martin, C.R. Resistive-pulse DNA
detection with a conical nanopore sensor. Langmuir 2006, 22, 10837-10843.

Fologea, D.; Gershow, M.; Ledden, B.; McNabb, D.S.; Golovchenko, J.A.; Li, J. Detecting single
stranded DNA with a solid state nanoproe. Nano Lett. 2005, 5, 1905-1909.

Martinez-Felipe, A. Liquid crystal polymers and ionomers for membrane applications. Lig. Cryst.

2011, 38, 1607-1626.

Wang, X.; Engel, J.; Liu, C. Liquid crystal polymer (LCP) for MEMS: Processes and
applications. J. Micromech. Microeng. 2003, 13, 628—633.

Broer, D.J.; Bastiaansen, C.M.W.; Debije, M.G.; Schenning, A.P.H.J. Functional organic

materials based on polymerized liquid-crystal monomers: Supramolecular hydrogen-bonded
systems. Angew. Chem. Int. Ed. 2012, 51, 7102—7109.

Schenning, A.P.H.J.; Gonzalez-Lemus, Y.C.; Shishmanova, 1.K.; Broer, D.J. Nanoporous

membranes based on liquid crystalline polymers. Lig. Cryst. 2011, 38, 1627-1639.



Membranes 2015, 5 418

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Park, J.J.; Lee, J.G.; Kim, D.Y.; Hong, J.H.; Kim, J.J.; Hong, S.; Yoon, S.S. Antibacterial and
water purification activities of self-assembled honeycomb structure of aerosol deposited titania
film. Environ. Sci. Technol. 2012, 46, 12510-12518.

Zang, K.; Shang, F.; Zhang, X.; Guo, S.; Tan, Y. The biocompatible and anti-bacterial effect of
the poly(L-lactic acid) film with regularly impregnated Ag nanoparticles. Adv. Sci. Lett. 2012, 17,
228-232.

Beattie, D.; Wong, K.H.; Williams, C.; Poole-Warren, L.A.; Davis, T.P.; Barner-Kowollik, C.;
Stenzel, M.H. Honeycomb-structured porous films from polypyrrole-containing block
copolymers prepared via RAFT polymerization as a scaffold for cell growth. Biomacromolecules
2006, 7, 1072-1082.

Chaudhuri, J.B.; Davidson, M.G.; Ellis, M.J.; Jones, M.D.; Wu, X. Fabrication of
honeycomb-structured poly(DL-lactide) and poly [(DL-lactide)-co-glycolide] films and their use
as scaffolds for osteoblast-like cell culture. Macromol. Symp. 2008, 272, 52-57.

Sunami, H.; Ito, E.; Tanaka, M.; Yamamoto, S.; Shimomura, M. Effect of honeycomb film on
protein adsorption, cell adhesion and proliferation. Colloids Surf. A Physicochem. Eng. Asp. 2000,
284-285, 548-551.

Itoh, H.; Aso, Y.; Furuse, M.; Noishiki, Y.; Miyata, T. A honeycomb collagen carrier for cell
culture as a tissue engineering scaffold. Artif. Organs 2001, 25, 213-217.

Pisco, M.; Quero, G.; ladicicco, A.; Giordano, M.; Galeotti, F.; Cusano, A. Lab on fiber by using
the breath figure technique. In Lab-on-Fiber Technology; Cusano, A., Consales, M., Crescitelli, A.,
Ricciardi, A., Eds.; Springer Series in Surface Sciences: Basel, Switzerland, 2015; Volume 56,
pp. 233-250.

Bormashenko, E.; Pogreb, R.; Bormashenko, Y.; Aharoni, H.; Shulzinger, E.; Grinev, R.;
Rozenman, D.; Rozenman, Z. Progress in low voltage reversible electrowetting with lubricated
polymer honeycomb substrates. RSC Adv. 2015, 5, 32491-32496.

Bormashenko, E.; Balter, S.; Bormashenko, Y.; Aurbach, D. Honeycomb structures obtained
with breath figures self-assembly allow water/oil separation. Colloids Surf- A Physicochem. Eng.
Asp. 2012, 415, 394-398.

Choi, J.; Lee, K.M.; Wycisk, R.; Pintauro, P.N.; Mather, P.T. Nanofiber network ion-exchange
membranes. Macromolecules 2008, 41, 4569-4572.

Zhang, S. Building from the bottom up. Materialstoday 2003, 6, 20-27.

Choi, K.S.; Lichtenegger, H.C.; Stucky, G.D.; McFarland, E.W. Electrochemical synthesis of
nanostructured ZnO films utilizing self-assembly of surfactant molecules at solid-liquid
interfaces. J. Am. Chem. Soc. 2002, 124, 12402—-12403.

Capito, R.M.; Azevedo, H.S.; Velichko, Y.S.; Mata, A.; Stupp, S. Self-assembly of large and
small molecules into hierarchically ordered sacs and membranes. Science 2008, 379, 1812—-1816.

Liang, C.; Hong, K.; Guiochon, G.A.; Mays, J.W.; Dai, S. Synthesis of a large-scale highly
ordered porous carbon film by self-assembly of block copolymers. Angew. Chem. Int. Ed. 2004,
43, 5785-5789.

Liu, Y.; Wang, A.; Claus, R. Molecular self-assembly of TiO2/polymer nanocomposite films.
J. Phys. Chem. 1997, 101, 1385—-1388.



Membranes 2015, 5 419

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Zhang, J.; Song, Y.F.; Cronin, L.; Liu, T. Self-assembly of organic-inorganic hybrid amphiphilic
surfactants with large polyoxometalates as polar head groups. J. Am. Chem. Soc. 2008, 130,
14408-14409.

Govor, L.V.; Parisi, J. Honeycomb carbon networks: Preparation, structure, and transport.
In Self-organized Morphology in Nanostructured Materials, 6th ed.; Al-Shamery, K., Parisi, J., Eds.;
Springer: Verlag Berlin, Germany; GmbH & Co. K: Heidelberg, Germany, 2008; Volume 99,
pp. 115-153.

Couck, S.; Denayer, J.F.M.; Baron, G.V.; Remy, T.; Gascon, J.; Kapteijn, F.
An amine-functionalized MIL-53 metal-organic framework with large separation power for CO2
and CHa. J. Am. Chem. Soc. 2009, 131, 6326—6327.

Kim, H.; Lim, C.; Hong, S. Gas permeation properties of organic-inorganic hybrid membranes
prepared from hydroxyl-terminated polyether and 3-isocyanatopropyltriethoxysilane. J. Sol. Gel.
Sci. Technol. 2005, 36, 213-221.

Ma, H.; Hao, J. Ordered patterns and structures via interfacial self-assembly: Superlattices,
honeycomb structures and coffee rings. Chem. Soc. Rev. 2011, 40, 5457-5471.

Bunz, U.H.F. Breath figures as a dynamic templating method for polymers and nanomaterials.
Adv. Mater. 2006, 18, 973-989.

Stenzel, M.H.; Barner-Kowollik, C.; Davis, T.P.; Formation of honeycomb-structured, porous
films via breath figures with different polymer architectures. J. Polym. Sci. A Polym. Chem. 2006,
44,2363-2375.

Hoa, M.L.K.; Lu, M.; Zhang, Y. Preparation of porous materials with ordered hole structure.
Adv. Colloid Interface Sci. 2006, 121, 9-23.

Bu, W.; Li, H.; Sun, H.; Yin, S.; Wu, L. Polyoxometalate-based vesicle and its honeycomb
architectures on solid surfaces. J. Am. Chem. Soc. 2005, 127, 8016-8017.

Aitkek, J. Breath figures. Nature 1911, 86, 516-517.

Rayleigh, L. Breath figures. Nature 1911, 86, 416—417.

Rayleigh, L. Breath figures. Nature 1912, 90, 436-438.

Widawski, G.; Rawiso, M.; Frangois, B. Self-organized honeycomb morphology of star-polymer
polystyrene films. Nature 1994, 369, 387-389.

Pitois, O.; Frangois, B. Crystallization of condensation droplets on a liquid surface. Colloid
Polym. Sci. 1999, 277, 574-578.

Pitois, O.; Frangois, B. Formation of ordered micro-porous membranes. Eur. Phys. J. B 1999, 8,
225-231.

Stenzel, M.H. Formation of regular honeycomb-patterned porous film by self-organization.
Aust. J. Chem. 2002, 55, 239-243.

Srinivasarao, M.; Collings, D.; Philips, A.; Patel, S. Three-dimensionally ordered array of air
bubbles in apolymer film. Science 2001, 292, 79-83.

Bolognesi, A.; Mercogliano, C.; Yunus, S.; Civardi, M.; Comoretto, D.; Turturro, A.
Self-organization of polystyrenes into ordered microstructured films and their replication by soft
lithography. Langmuir 2005, 21, 3480-3485.

Bormashenko, E.; Malkin, A.; Musin, A.; Bormashenko, Y.; Whyman, G.; Litvak, N.; Barkay, Z.;
Machavariani, V. Mesoscopic patterning in evaporated polymer solutions: Poly(ethylene glycol)



Membranes 2015, 5 420

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.
66.

67.

and room-temperature-vulcanized polyorganosilanes/-siloxanes promote formation of
honeycomb structures. Macromol. Chem. Phys. 2008, 209, 567-576.

Aw, J.E.; Goh, G.T.W.; Huang, S.; Reithofer, M.R.; Thong, A.Z.; Chin, J.M. Non-close-packed
breath figures via ion-partitioning-mediated self- assembly. Langmuir 2015, 31, 6688—6694.
Scriven, L.E.; Sternling, C.V. The Marangoni effects. Nature 1960, 187, 186—188.

Maruyama, N.; Koito, T.; Nishida, J.; Sawadaishi, T.; Cieren, X.; Ijiro, K.; Karthaus, O.;
Shimomura, M. Mesoscopic patterns of molecular aggregates on solid substrates. Thin Solid
Films 1998, 327—-329, 854-856.

Peng, J.; Han, Y.; Yang, Y.; Li, B. The influencing factors on the macroporous formation in
polymer films by water droplet templating. Polymer 2004, 45, 447-452.

Zhang, K.; Zhang, L.; Chen, Y. Robust organic/inorganic hybrid porous thin films via breath-figure
method and gelation process. Macromol. Rapid Commun. 2007, 28, 2024—2028.

Dong, W.; Zhou, Y.; Yan, D.; Mai, Y.; He, L.; Jin, C. Honeycomb-structured microporous films
made from hyperbranched polymers by the breath figure method. Langmuir 2009, 25, 173—-178.
Li, Z.; Ma, X.; Zang, D.; Shang, B.; Qiang, X.; Hong, Q.; Guan, X. Morphology and wettability
control of honeycomb porous films of amphiphilic fluorinated pentablock copolymers via breath
figure method. RSC Adv. 2014, 4, 49655-49662.

Dong, R.; Yan, J.; Ma, H.; Fang, Y.; Hao, J. Dimensional architecture of ferrocenyl-based oligomer
honeycomb-patterned films: From monolayer to multilayer. Langmuir 2011, 27, 9052—-9056.

Dong, R.; Ma, H.; Yan, J.; Fang, Y.; Hao, J. Tunable morphology of 2D honeycomb-patterned
films and the hydrophobicity of a ferrocenyl-based oligomer. Chem. Eur. J. 2011, 17, 7674—7684.
Yabu, H.; Takebayashi, M.; Tanaka, M.; Shimomura, M. Superhydrophobic and lipophobic
properties of self-organized honeycomb and pincushion structures. Langmuir 2005, 21, 3235-3237.
Kamei, J.; Saito, Y.; Yabu, H. Biomimetic ultra-bubble-repellent surfaces based on a self-organized
honeycomb film. Langmuir 2014, 30, 14118-14122.

Yabu, H.; Shimomura, M. Mesoscale pincushions, microrings, and microdots prepared by
heating and peeling of self-organized honeycomb-patterned films deposited on a solid substrate.
Langmuir 2006, 22, 4992—-4997.

Yabu, H.; Hirai, Y.; Shimomura, M. Electroless plating of honeycomb and pincushion polymer
films prepared by self-organization. Langmuir 2006, 22, 9760-9764.

Hirai, Y.; Yabu, H.; Matsuo, Y.; [jiro, K.; Shimomura, M. Arrays of triangular shaped
pincushions for SERS substrates prepared by using self-organization and vapor deposition. Chem.
Commun. 2010, 46, 2298-2300.

Saito, Y.; Kawano, T.; Shimomura, M.; Yabu, H. Fabrication of mussel-inspired highly adhesive
honeycomb films containing catechol groups and their applications for substrate-independent
porous templates. Macromol. Rapid Commun. 2013, 34, 630—634.

Wenzel, R.N. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936, 28, 988-994.
Cassie, A.B.D; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546-551.
Liu, C.; Gao, C.; Yan, D. Honeycomb-patterned photoluminescent films fabricated by self-Assembly
of hyperbranched polymers. Angew. Chem. Int. Ed. 2007, 46, 4128-4131.

Escal¢, P.; Rubatat, L.; Billon, L.; Save, M. Recent advances in honeycomb-structured porous
polymer films prepared via breath figures. Eur. Polym. J. 2012, 48, 1001-1025.



Membranes 2015, 5 421

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Nystrom, D.; Malmstrom, E.; Hult, A.; Blakey, I.; Boyer, C.; Davis, T.P.; Whittaker, M.R.
Biomimetic surface modification of honeycomb films via a “Grafting From” approach. Langmuir
2010, 26, 12748—-12754.

Sun, H.; Li, W.; Wu, L. Honeycomb-patterned films fabricated by self-organization of
DNA-surfactant complexes. Langmuir 2009, 25, 10466—-10472.

Yabu, H.; Shimomura, M. Single-step fabrication of transparent superhydrophobic porous
polymer films. Chem. Mater. 2005, 17, 5231-5234.

Yabu, H.; Hirai, Y.; Kojima, M.; Shimomura, M. Structured films containing thermoresponsive
polymers and their surface wettability. Chem. Mater. 2009, 21, 1787-1789.

Kojima, M.; Nakanishi, T.; Hirai, Y.; Yabu, H.; Shimomura, M. Photo-patterning of honeycomb
films prepared from amphiphilic copolymer containing photochromic spiropyran. Chem.
Commun. 2010, 46, 3970-3972.

Nakanishi, T.; Hirai, Y.; Kojima, M.; Yabu, H.; Shimomura, M. Patterned metallic honeycomb
films prepared by photo-patterning and electroless plating. J. Mater. Chem. 2010, 20, 6741-6745.
Nakamichi, Y.; Hirai, Y.; Yabu, H.; Shimomura, M. Fabrication of patterned and anisotropic
porous films based on photo-cross-linking of poly(1,2-butadiene) honeycomb films. J. Mater.
Chem. 2011, 21, 3884-3889.

Kawano, T.; Nakamichi, Y.; Fujinami, S.; Nakajima, N.; Yabu, H.; Shimomura, M.
Mechanical regulation of cellular adhesion onto honeycomb-patterned porous scaffolds by
altering the elasticity of material surfaces. Biomacromolecules 2013, 14, 1208—1213.

Yabu, H.; Nakamichi, Y.; Hirai, Y.; Shimomura, M. Robust anisotropic polymer meshes
prepared by stretching and photo-crosslinking of poly(1,2-butadiene) honeycomb films. Phys.
Chem. Chem. Phys. 2011, 13, 4877-4880.

Yabu, H.; Akagi, K.; Shimomura, M. Micropatterning of liquid crystalline polyacetylene
derivative by using self-organization processes. Synth. Met. 2009, 159, 762—764.

Xu, Y.; Zhu, B.; Xu, Y. A study on formation of regular honeycomb pattern in polysulfone film.
Polymer 2005, 46, 713-717.

Matsuyama, H.; Ohga, K.; Maki, T.; Teramoto, M. The effect of polymer molecular weight on
the structure of a honeycomb patterned thin film prepared by solvent evaporation. J. Chem. Eng.
Jpn. 2004, 37, 588-591.

Bormashenko, E.; Pogreb, R.; Stanevsky, O.; Bormashenko, Y.; Gendelman, O. Formation of
honeycomb patterns in evaporated polymer solutions: Influence of the molecular weight.
Mater. Lett. 2005, 59, 3553-3557.

Park, M.S.; Kim, J.K. Breath figure patterns prepared by spin coating in a dry environment.
Langmuir 2004, 20, 5347-5352.

Park, M.S.; Joo, W.; Kim, J.K. Porous structures of polymer films prepared by spin coating with
mixed solvents under humid condition. Langmuir 2006, 22, 4594-4598.

Ferrari, E.; Fabbri, P.; Pilati, F. Solvent and substrate contributions to the formation of breath
figure patterns in polystyrene films. Langmuir 2011, 27, 1874—1881.

Cheng, C.X.; Tian, Y.; Shi, Y.Q.; Tang, R.P.; Xi, F. Porous polymer films and honeycomb
structures based on amphiphilic dendronized block copolymers. Langmuir 2005, 21, 6576—6581.



Membranes 2015, 5 422

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Zhu, Y.; Sheng, R.; Luo, T.; Li, H.; Sun, J.; Chen, S.; Sun, W.; Cao, A. Honeycomb-structured
films by multifunctional amphiphilic biodegradable copolymers: Surface morphology control and
biomedical application as scaffolds for cell growth. ACS Appl. Mater. Interfaces 2011, 3, 2487-2495.
Bormashenko, E.; Pogreb, R.; Stanevsky, O.; Bormashenko, Y.; Stein, T.; Gengelman, O.
Mesoscopic patterning in evaporated polymer solutions: New experimental data and physical
mechanisms. Langmuir 2005, 21, 9604—9609.

Li, Z.; Ma, X.; Zang, D.; Hong, Q.; Guan, X. Honeycomb porous films of pentablock copolymer
on liquid substrates via breath figure method and their hydrophobic properties with static and
dynamic behavior. RSC Adv. 2015, 5, 21084-21089.

Yu, B.; Cong, H.; Li, Z.; Yuan, H.; Peng, Q.; Chi, M.; Yang, S.; Yang, R.; Wickramasinghe, S.R.;
Tang, J. Fabrication of highly ordered porous membranes of cellulose triacetate on ice substrates
using breath figure method. J. Polym. Sci. B Polym. Phys. 2015, 53, 552—-558.

Nishikawa, T.; Ookura, R.; Nishida, J.; Arai, K.; Hayashi, J.; Kurono, N.; Sawadaishi, T.;
Hara, M.; Shimomura, M. Fabrication of honeycomb film of an amphiphilic copolymer at the
air-water interface. Langmuir 2002, 18, 5734-5740.

Thong, A.Z.; Lim, D.S.W.; Ahsan, A.; Goh, G.T.W.; Xu, J.; Chin, J.M. Non-close-packed pore
arrays through one-step breath figure self-assembly and reversal. Chem. Sci. 2014, 5, 1375-1382.
Mullan, M.J.; Campbell, P.A. Breath-figure polymer films with local microporosity controlled
via spatio-thermal templating. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2008, 2008, 2514-2517.
Birnie, D.P., III; Zeilinski, B.J.; Perry, D.L. Infrared observation of evaporative cooling during
spin-coating processes. Opt. Eng. 1995, 34, 1782—1788.

Li, J.; Peng, J.; Huang, W.; Wu, Y.; Fu, J.; Cong, Y.; Xue, L.; Han, Y. Ordered honeycomb-structured
gold nanoparticle films with changeable pore morphology: From circle to ellipse. Langmuir 2005, 21,
2017-2021.

Wu, X.; Wang, S. Integration of photo-crosslinking and breath figures to fabricate biodegradable
polymer substrates with tunable pores that regulate cellular behavior. Polymer 2014, 55, 1756-1762.
Zhai, S.; Ye, J.; Wang, N.; Jiang, L.; Shen, Q. Fabrication of porous film with controlled pore
size and wettability by electric breath figure method. J. Mater. Chem. C 2014, 2, 7168-7172.
Zhai, S.; Hu, E.; Zhi, Y.; Shen, Q. Fabrication of highly ordered porous superhydrophobic
polystyrene films by electric breath figure and surface chemical modification. Colloids Surf. A
Physicochem. Eng. Asp. 2015, 469, 294-299.

Huang, C.M.; Zhang, M.; Wang, D.H.; Bai, W.B.; Hu, B.H.; Xu, Y.L.; Lin, J.H. Preparation of
urushiol-titanium chelate polymer/multiwall carbon nanotubes composite honeycomb films with
chemical resistance by breath figures. Polym. Compos. 2014, doi:10.1002/pc.23096.

Ma, H.; Cui, J.; Chen, J.; Hao, J. Self-organized polymer nanocomposite inverse opal films with
combined optical properties. Chem. Eur. J. 2011, 17, 655-660.

Ma, H.; Hao, J. Evaporation-induced ordered honeycomb structures of gold nanoparticles at the
air/water interface. Chem. Eur. J. 2010, 16, 655-660.

Jiang, X.; Zhou, X.; Zhang, Y.; Zhang, T.; Guo, Z.; Gu, N. Interfacial effects of in situ-synthesized
Ag nanoparticles on breath figures. Langmuir 2010, 26, 2477-2483.



Membranes 2015, 5 423

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Pasricha, R.; Swami, A.; Sastry, M. Transmetalation reaction between hydrophobic silver
nanoparticles and aqueous chloroaurate ions at the air-water interface. J. Phys. Chem. B 2005,
109, 19620-19626.

Saito, Y.; Shimomura, M.; Yabu, H. Dispersion of Al2O3 nanoparticles stabilized with
mussel-inspired amphiphilic copolymers in organic solvents and formation of hierarchical porous
films by the breath figure technique. Chem. Commun. 2013, 49, 6081-6083.

Saito, Y.; Shimomura, M.; Yabu, H. Breath figures of nanoscale bricks: A universal method for
creating hierarchic porous materials from inorganic nanoparticles stabilized with mussel-inspired
copolymers. Macromol. Rapid Commun. 2014, 35, 1763-17609.

Qi, W.; Wu, L. Polyoxometalate/polymer hybridmaterials: Fabrication and properties. Polym. Int.
2009, 58, 1217-1225.

Proust, A.; Thouvenot, R.; Gouzerh, P. Functionalization of polyoxometalates: Towards
advanced applications in catalysis and materials science. Chem. Commun. 2008, 1837—1852.

Dai, L.; You, W.; Li, Y.; Wang, E.; Huang, C. A new polyoxometalate-templated
Mo/V-oxide-based organic—inorganic hybrid framework with a honeycomb-like structure.
Chem. Commun .2009, 2721-2723.

Sun, H.; Li, H.; Bu, W.; Xu, M.; Wu, L. Self-organized microporous structures based on
surfactant-encapsulated polyoxometalate complexes. J. Phys. Chem. B 2006, 110, 24847-24854.
Sun, H.; Li, W.; Wollenberg, L.; Li, B.; Wu, L.; Li, F. Xu, L. Self-organized honeycomb
structures of Mni2 single-molecule magnets. J. Phys. Chem. B 2009, 113, 14674—14680.

Fan, D.; Jia, X.; Tang, P.; Hao, J.; Liu, T. Self-patterning of hydrophobic materials into highly
ordered honeycomb nanostructures at the air/water interface. Angew. Chem. Int. Ed. 2007, 46,
3342-3345.

Tang, P.; Hao, J. Formation mechanism and morphology modulation of honeycomb hybrid films
made of polyoxometalates/surfactants at the air/water interface. J. Colloid Interface Sci. 2009,
333, 1-5.

Tang, P.; Hao, J. Macroporous honeycomb films of surfactant-encapsulated polyoxometalates at
air/water interface and their electrochemical properties. Adv. Colloid Interface Sci. 2010, 161,
163-170.

Tang, P.; Hao, J. Photoluminescent honeycomb films templated by microwater droplets.
Langmuir 2010, 26, 3843-3847.

Tang, P.; Jia, X.; Fan, D.; Wang, L.; Hao, J. Surface charges of hedgehog-shaped
polyoxomolybdate modified by a cationic surfactant and the inorganic/organic complex.
Colloids Surf. A Physicochem. Eng. Asp. 2008, 312, 18-23.

Wang, J.; Wang, C.; Shen, H.; Chen, S. Quantum-dot-embedded ionomer-derived films with
ordered honeycomb structures via breath figures. Chem. Commun. 2010, 46, 7376-7378.
Galeotti, F.; Mréz, W.; Bolognesi, A. CdTe nanocrystal assemblies guided by breath figure
templates. Soft Matter 2011, 7, 3832-3836.

Boker, A; Lin, Y.; Chiapperini, K.; Horowitz, R.; Thompson, M.; Carreon, V.; Xu, T.; Abetz, C.;
Skaff, H.; Dinsmore, A.D.; et al. Hierarchical nanoparticle assemblies formed by decorating
breath figures. Nat. Mater. 2004, 3, 302-306.



Membranes 2015, 5 424

117.

118.

119.

120.

121.

122.

123.

Tang, P.; Hao, J. Directionally electrodeposited gold nanoparticles into honeycomb macropores
and their Surface-Enhanced Raman scattering. New J. Chem. 2010, 34, 1059—1062.

Wang, Y.; Liu, Y.; Li, G.; Hao, J. Porphyrin-based honeycomb films and their antibacterial
activity. Langmuir 2014, 30, 6419-6426.

Zhao, Y.; Shang, Q.; Yu, J.; Zhang, Y.; Liu, S. Nanostructured 2D diporphyrin honeycomb film:
Photoelectrochemistry, photodegradation, and antibacterial activity. ACS Appl. Mater. Interfaces
2015, 7, 11783-11791.

Yin, S.; Men, X.; Sun, H.; She, P.; Zhang, W.; Wu, C.; Qin, W.; Chen, X. Enhanced photocurrent
generation of bio-inspired graphene/ZnO composite films. J. Mater. Chem. A 2015, 3, 12016—12022.

Ou, Y.; Lv, C.; Yu, W.; Mao, Z.; Wan, L.; Xu, Z. Fabrication of perforated isoporous membranes
via a transfer-free strategy: Enabling high-resolution separation of cells. ACS Appl. Mater.
Interfaces 2014, 6, 22400-22407.

Dai, Z.; Lee, C.; Kim, B.; Kwak, C.; Yoon, J.; Jeong, H.; Lee, J. Honeycomb-like periodic
porous LaFeOs thin film chemiresistors with enhanced gas-sensing performances. ACS Appl.
Mater. Interfaces 2014, 6, 16217-16226.

Ou, Y.; Wang, L.; Zhu, L.; Wan, L.; Xu, Z. In-situ immobilization of silver nanoparticles on
self-assembled honeycomb-patterned films enables Surface-Enhanced Raman scattering (SERS)
substrates. J. Phys. Chem. C 2014, 118, 11478—-11484.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



