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We propose a simple approach to probe the formation dynamics

of honeycomb structures induced by breath figures. A honey-

comb film with different domains was obtained by interrupting

the condensation of breath figures. The morphologies of different

domains indicate that the condensed water droplets grow during

their arrangement to ordered arrays.

Formation of ordered patterns through the condensation of water

vapor on cold surfaces is a well recognized phenomenon, which has

long been termed as ‘‘breath figures’’.1 Besides solid substrates,

breath figure patterns may also form on liquid surfaces,2 a special

case of which is on the surface of a volatile droplet. In 1994,

Widawski and co-workers first reported that breath figures could be

used as a dynamic template to induce the formation of ordered

honeycomb structures by casting a volatile droplet of polymer

solution in humid conditions.3 This simple but effective method for

honeycomb structures was broadly applied to a variety of materials,

including polymers,4 monolayer-stabilized nanoparticles,5 surfactant-

encapsulated clusters,6 polymer nanocomposites,7 organogelators,8

and organic/inorganic hybrids.9 The influence factors such as

molecular structure,10 molecular weight,11 concentration,12 solvent,13

relative humidity,14 and substrates15 were widely investigated to tune

the morphology of honeycomb structures. The ordered honeycomb-

like macroporous structures have shown promising properties with

potential applications as templating masks,16 superhydrophobic

coatings,17 tissue engineering scaffolds,18 photocatalytic materials,19

etc. However, the formation mechanism of honeycomb structures by

the breath figure method is still not well understood.

Several attempts have been made to investigate the dynamics of

breath figure formation on liquid surfaces.20,21 Unfortunately, it is

difficult to directly observe the formation process of breath figures on

a volatile droplet using an optical microscope,22 because the evapora-

tion process is very fast (within ten seconds) and the evaporation

induced surface currents render it impossible to observe the surface

at high magnification.23 The morphology of the honeycomb

structures formed at different stages of the evaporation process

may provide clues to the dynamics of breath figure formation, and

thus to elucidate the formation mechanism of honeycomb structures.

Recently, we have reported that highly ordered honeycomb-

structured polymer nanocomposite films could be prepared by the

breath figure method on both solid substrates24 and an air/water

interface.25 In this work, a polymer nanocomposite film with

different domains of a honeycomb structure was obtained by a very

simple approach, that is, by interrupting the condensation of water

droplets. The morphologies of different domains were examined to

probe the formation dynamics of honeycomb structures.

Polymer nanocomposites of polystyrene (PS) and gold nano-

particles (AuNPs) were used as building blocks to prepare the

honeycomb-patterned films by the breath figure method. After a

nanocomposite solution is dropped on the glass substrate, the rapid

evaporation of the solvent decreases the air/liquid interfacial

temperature below the dew point of moist air, resulting in the

condensation of micron-sized water droplets on the surface of

solution. The monodisperse water droplets self-assemble into ordered

hexagonal close-packed arrays and the interfacial adsorption of

AuNPs prevents the coalescence of the water droplets.24 When the

solvent and water droplets evaporate completely, highly ordered

honeycomb structures with hexagonal arrays of pores are formed

in the dried film (Fig. S1, ESI{). As the high relative humidity

condition—which is indispensable for breath figure formation—is

provided by a moist nitrogen gas flow, it is feasible to interrupt the

condensation of water droplets during the evaporation process by

removing the gas flow.

Again, because the evaporation process is very fast, it is not

possible to systematically investigate the different stages of the

evaporation process. However, an unfinished honeycomb structure

was obtained by removing the gas flow before the solvent evaporated

completely. From the optical microscope images (Fig. S2, ESI{), it

can be seen that a continuous region of the honeycomb structures is

formed along the margin of the film while isolated island-like regions

of the honeycomb structures are located inside the continuous

region. The small islands become larger and more continuous when

approaching the continuous region. Moreover, no porous structures

are observed at the central region of the film.

It has been shown that small islands of breath figures result from

aggregation of the water droplets and rearrangements of these

floating rafts gives rise to large areas of water droplet arrays.23

Maruyama and co-workers proposed that hexagonal water

droplet arrays formed at the solution front with the shrinking of
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water droplets is interrupted after the moist gas flow is removed. So

the pore size in different domains should indicate the size of the

water droplets in the evaporation process.

Thus, we can conclude that the water droplets grow during their

arrangement to ordered arrays even if they are stabilized by AuNPs.

The larger pore size of domain V compared to domain VI is

probably due to the time lag in the formation of the honeycomb

structures,27 that is, water droplets in domain V have more time to

grow. Ordered honeycomb structures with different pore sizes in

different domains indicate that monodisperse water droplets with

different sizes may form hexagonal arrays, which undoubtedly

enables us to obtain honeycomb structures with different morpho-

logies by controlling the evaporation conditions.

We have also reported that three-dimensional double-layered

honeycomb structures could be prepared using the breath figure

method.24 In contrast, double-layered honeycomb structures only

formed in the edge area, and mono-layered honeycomb structures

were formed in the inner regions of the prepared film (Fig. S6, ESI{).

The bottom layer of pores could also be observed from the surface of

the film in domain VI (as the arrow indicated in Fig. 1i). This

difference could be explained by the removal of gas flow in the

evaporation process. It is proposed that convection effects could drag

the water droplets into the solution to form ordered arrays at the

solution front.26 The presence of the gas flow can speed up the

evaporation of the solvent, and then a larger temperature gradient is

achieved between the solution surface and substrate, as a result of

which Marangoni convection is promoted.28 When the gas flow is

removed, the convection effect is suppressed and only a mono-

layered honeycomb structure is formed. The presence of gas flow

should facilitate the formation of three-dimensional honeycomb

structures.

In summary, we proposed a very simple approach to probe into

the formation dynamics of honeycomb structures induced by breath

figures. The condensed water droplets grow during their arrangement

to ordered arrays and hexagonal arrays may be formed with

monodisperse water droplets of different sizes. The presence of gas

flow above the surface of solution promotes the formation of large

areas of water droplet arrays and the formation of three-dimensional

honeycomb structures. Understanding the formation mechanisms of

honeycomb structures will boost the application of the breath figure

method in preparing promising functional materials.
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