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Abstract 

We report a one-step method of forming non-close-packed (NCP) pore arrays of micron- and 

submicron-pores using chloroform-based solutions of polystyrene acidified with hydrogen 

bromide for breath figure (BF) patterning. As breath figure patterning takes place, water 

vapor condenses onto the polystyrene solution, forming water droplets on the solution surface. 

Concurrently, preferential ion partitioning of hydrogen bromide leads to positively charged 

water droplets which experience inter-droplet electrostatic repulsion. Self-organization of 

charged water droplets under surface flow, and subsequent evaporation of the droplet 

templates result in ordered BF arrays with pore separation-to-diameter (L/D) ratios of up to 

16.5. Evidence from surface potential scans show proof for preferential ion partitioning of 
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HBr. Radial distribution functions and Voronoi polygon analysis of pore arrays show that 

they possess a high degree of conformational order. Past fabrication methods of NCP 

structures typically require multi-step processes. In contrast, we have established a new route 

for facile self-assembly of previously inaccessible patterns, which comprises of only a single 

operational step.  

1 Introduction 

Breath figure (BF) patterning is a self-assembly technique to fabricate macro-porous polymer 

films. Aitken 1  and Rayleigh 2  first studied this phenomenon as investigations of water 

condensate patterns. Ensuing investigations by other groups focused on the growth of breath 

figures on solid substrates, 3 - 9  and subsequently, on liquid substrates such as oils. 10 , 11 

Nevertheless, interest in BF patterning only expanded after François et al. discovered that 

casting carbon disulphide solutions of star-polystyrene produced highly ordered hexagonal 

pore arrays.12  

BF patterning appeals as a straightforward route to porous polymer films,13-17 whereby 

polymer solutions are dried in humid air. Upon drying, films with ordered hexagonal arrays 

of pores are formed. BF patterning is useful for fabricating separation membranes, 18 

catalysis,19 microarrays,20 and even anti-reflective coatings.21 Microstructures across the film 

can also be manipulated, or used as a template in soft lithography to form a wide range of 

products such as microdots and OLED patterns. 2223,24 Despite the apparent simplicity of BF 

patterning, the actual processes underpinning this method are complex, involving solvent 

evaporation and water condensation, which induce and are affected by convective currents 

arising from concentration, temperature and surface tension gradients. In addition, the 

patterns formed are sensitive to casting conditions such as relative humidity, 25  polymer 

architecture, 26  solvent and substrate 27  etc., leading to disparate observations by different 

research groups. As such, there has been much debate regarding the exact mechanisms and 
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factors involved in achieving ordered BF patterns.28-33 Nonetheless, the general mechanism is 

understood as follows: upon casting a polymer solution prepared with a volatile solvent, 

solvent evaporation cools the solution surface. When the solution surface temperature falls 

below dew point, water vapour from ambient air condenses onto the solution surface and the 

resulting water droplets grow in size through condensation and coalescence.10 Subsequently, 

fluid transport mechanisms such as the Marangoni currents and thermocapillary effects then 

help to pack the water droplets into close-packed (CP) arrays. 28-30,34,35 Each droplet acts as a 

structural template while the polymer solution solidifies around it. No additional step is 

required to remove these structural templates, as they conveniently evaporate away, leaving 

behind imprints of CP pore arrays with pore diameters in the range of 0.2 to 20 μm.36 

One limiting aspect of BF patterning is that the arrays tend to be close-packed, with 

whereas non-close-packed (NCP) configurations being difficult to access. It would be 

desirable to controllably obtain NCP BF arrays , since NCP configurations could be useful for  

preventing cross-contamination in microwell assays,37  or for 2D pore arrays to serve as 

moulds for imprinting NCP nanodot arrays via soft lithography.38 NCP configurations may 

also improve the optical properties of 3D inverse opal photonic crystals.39 Studies of NCP 

structure fabrication have been largely outside the field of BF templating. Current routes 

typically require multiple fabrication steps,40- 44 which can be costly and time-consuming. As 

such, we propose the use of BF patterning, an economical one-step technique to produce NCP 

porous microstructures via self-assembly. 

Previously, our group reported the fabrication of NCP pore arrays via in situ thermal 

reversal of BFs, whereby the shrinkage of pores along with the water droplet templates led to 

NCP pore arrays (Figure S1).45 However, the conformational order of NCP domains was 

limited by asymmetric pore shrinkage and non-uniform lateral movement of the water 

droplets across the solution surface.  
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Herein, we report a one-step method to fabricate NCP BF patterns with high 

conformational order and domain sizes up to several hundred microns wide. This is achieved 

by introducing electrostatic repulsion between templating water droplets. The drive to 

minimize overall electric potential energy arranges the droplets into NCP patterns with long-

range order on the polymer solution surface.46-49 After drying, these water droplet arrays 

afford NCP pore arrays in the resulting polymer film. 

In order to induce inter-droplet electrostatic repulsion, we utilized preferential ion 

partitioning to afford electrostatic charges in water droplets during BF patterning. Hydration 

energy variations across different ionic species can result in preferential partitioning of one 

ionic species over another from the organic phase into the water phase. For example, when H+ 

and Br ions are present in an oil/water two-phase system, it is more energetically favourable 

for H+ ions (hydration free energy of -1099 kJ mol-1) to migrate into the water phase over Br 

ions (hydration free energy of -326.6 kJ mol-1).46-48 We theorized that BF patterning of 

polymer solutions containing ions with different hydration energies (e.g. H+ and Br ) would 

result in the water droplets gaining a net positive charge, as illustrated in Figure 1a and 1b. 

This therefore incurs electrostatic repulsion between neighbouring water droplets and 

provides a means of fabricating NCP BF arrays. 

 

2 Experimental 

In this study, polystyrene (PS) dissolved in chloroform/toluene was acidified by adding 

glacial acetic acid (AcOH) containing 33 wt% hydrogen bromide (HBr) to obtain solution 

YHBr/AcOH. Polymer films with BF patterns were cast from YHBr/AcOH. Films were also cast 

from a similar solution acidified with glacial AcOH (YAcOH) and a non-acidified PS solution 

(Y). 30.0 µl of each polymer solution was drop cast on a glass coverslip floating on a water 

bath and left to dry. The scheme of the procedure is shown in Figure 1c. Solution 
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compositions can be found in Table S1. Detailed experimental procedures can be found in the 

supporting information. 

 

Figure 1. Schematics of preferential ion partitioning due to HBr present in polymer solution. 

(a) Before ion partitioning, HBr is dispersed in polymer solution. (b) After ion partitioning, 

nucleated water droplets preferentially receive H+ ions, hence each gaining a net positive 

charge. Electrostatic repulsive forces act between neighbouring water droplets. (c) Scheme of 

drop-casting procedure.  

3 Results and Discussion 

To verify that preferential ion partitioning had occurred during BF patterning, surface 

potential (SP) imaging was performed in LiftMode on the BF patterns to map the electrostatic 

charge distribution. Prior to imaging, the samples were peeled off their supporting glass cover 

slips and placed on conductive copper adhesive tape, which served as the bottom electrode 

during the SP imaging. A potential difference between the tip (maintained at 10.0 nm height 

above the surface during the scanning) and the surface would result in an electric force on the 

cantilever. The tip potential is automatically adjusted to nullify the electric force. At each 

point, the identified tip potential is equal to the electrostatic potential at the specimen surface.  

Drop-casting of YHBr/AcOH led to polymer films with highly ordered, 2-dimensional NCP 

pore arrays as shown in Figure 2a. SP imaging of these patterns (Figure 3a) showed positive 

potentials at the pores, indicating the presence of positively charged residue there. When 

compared on a 100 µm scale, BF patterns formed from YAcOH were consistently less ordered 
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than those cast with YHBr/AcOH despite varying the amount of AcOH added. The BF patterns 

formed consisted of small domains of locally ordered NCP pores within a matrix of 

disordered pores, as seen by optical microscopy (Figure 2b and 2c). SP scanning on these BFs 

showed positive potential at the pores (Figure 3bi and 3bii), however the absence of a strong 

acid like HBr may decrease the extent of electrostatic repulsion, lowering the degree of order 

obtained in the BF patterns. On the other hand, polymer films cast from non-acidified 

solution Y bore only CP pore arrays and SP imaging on these arrays did not reflect an 

electrostatic potential signal (Figure 3c). Remaining regions of the polymer film reflect zero 

tip potential, pointing towards a neutral background. Overall, SP imaging of the BF patterns 

supports our hypothesis of preferential ion partitioning and net accumulation of H+ ions in the 

water phase during BF patterning with acidified PS solutions.  

 

Figure 2. (a) SEM image of NCP pore arrays obtained from casting YHBr/AcOH. (b) 

Micrographs showing pores cast from YAcOH.  Locally ordered NCP pore arrays were found in 

disordered NCP matrixes. (c) A boundary (indicated by a black line) between ordered and 

disordered pore regions. Region A (left side) has pores with geometric mean of 0.4826 and 
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geometric standard deviation of 1.1354. Region B (right side) has geometric mean of 0.5261 

and geometric standard deviation of 1.3360. 

 

 

Figure 3. Pores were scanned using an atomic force microscope to obtain the topology 

(height scans) and corresponding SP images. Pores were formed by casting (a) YHBr/AcOH (8.3 

µm× 8.3 µm), (bi, bii) YAcOH (11.1 µm × 11.1 µm, 12.3 µm × 12.3 µm), and (c) Y (23.7 µm × 

23.7 µm). The scales for height scans in (a), (bi) and (bii) are shared while the scales for all 

SP scans are shared. 

We also observed that the electrostatic charges in BF patterns decay over several hours 

after polymer casting. This is unsurprising, as charges on insulator surfaces may dissipate 

through several mechanisms such as surface conductance, or the adsorption/desorption of 

ionic water clusters from ambient humid air.50-52 

Positive electrostatic charges may also be detected outside the pores (Figure 3bii). This 

presumably occurs when water droplets undergo thermal reversal and shrink, leaving behind 

charged residue (H+ ions) in the vicinity of the final shrunken pore. The direction of healing 

by such pores may therefore be visualized, particularly when the charges reside 

predominantly towards one side of the pore. 

We found that the use of a water bath was essential in reproducing NCP patterns. The 

water bath, with its high heat capacity relative to the glass slip, could moderate temperature 

fluctuations by serving as a heat source. To investigate this, Solution YHBr/AcOH was cast on 
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glass substrates of two different thicknesses (1 mm and 0.1 mm) as illustrated in Figure 4a. 

The thermal profiles of the droplets were recorded at intervals of 3 seconds and displayed in 

Figure 4b. IR thermographs of drop cast polymer solutions consistently showed radial 

temperature profiles that are cooler towards the droplet center and warmer at the droplet 

circumference (Figure 4b). As the temperature of surface fluid has an inverse relation with the 

surface tension, therefore a colder region on the solution surface will experience higher 

surface tension than a warmer region. This results in surface fluid moving from warmer to 

cooler regions, carrying condensed water droplets (if present) with it; this is widely known as 

the Marangoni effect.53 Therefore, we expect surface fluid to flow radially inwards to the 

cooler solution center, in a converging manner as illustrated in Figure 4c. This is in line with 

our observation that BF patterns were typically concentrated at the center of the circular films. 

Comparing the thermal profiles of solutions cast on the glass substrates of different thickness 

(Figure 4d), we see that solution cast on the thicker glass substrate (glass thickness, tglass = 1 

mm) took a significantly longer time to warm up to room temperature than that cast on a 

thinner glass substrate (tglass = 0.1 mm). Since the thicker glass thermally insulates the 

polymer solution from the water bath more efficiently than the thinner glass substrate, 

differences in the thermal profiles of the evaporating polymer solutions serve to illustrate the 

heat exchange effects of the water bath. Comparison between both thermal profiles at 21 

seconds (Figure 4e) shows that polymer solution on the thinner glass (minimum temperature, 

Tmin = 22.2 ºC) experienced milder temperature variations than polymer solution on the 

thicker glass (minimum temperature, Tmin = 21.7 ºC), suggesting that the water bath 

moderates spatial temperature differences in the polymer solution, thereby mitigating 

temperature-induced Marangoni currents. Conversely, similar experiments performed in the 

absence of a water bath led to CP BF patterns, as strong Marangoni convection forces 
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overcame the electrostatic repulsive forces between water droplets, compacting the droplets 

into CP configurations.  

 

 

 

Figure 4. (a) Illustration depicts the heat transfer across floating glass substrates cast with 

polymer solution. Red arrows represent direction of heat transfer. (i)At tglass = 0.1 mm, the 

water bath act as heat source and thermal energy is conducted across the thin glass substrate. 

(ii)At tglass = 1 mm, the thick glass insulates the cool polymer solution from the water bath. (b) 

YHBr/AcOH was cast at the same time on two glass substrates (tglass= 0.1 mm and 1 mm). 3D 

thermal profiles of both polymer solutions at (i) 3 seconds, (ii) 12 seconds, (iii) 21 seconds, 

(iv) 30 seconds, and (v) 39 seconds. (c) Drawing of polymer solution droplet, cross-sectional 

side view. The colour profile is included to illustrate the approximate temperature profile. The 

colder center has greater surface tension than areas around the circumference, thus leading to 

fluid moving (Marangoni surface currents) radially inwards. 3D view is shown on the top 

right. (d) Lowest temperatures on polymer solution (marked by crosses in (bi-bv)) plotted 

against time. (e) Cross-sectional thermal profiles of polymer solutions at 21 seconds (marked 

by black lines in (biii)). 

 

To further examine the mechanism which determines whether CP or NCP pores are formed, 

Y and YHBr/AcOH were cast and observed under an optical microscope. Unfortunately, we 

could not capture a video or a series of still images of the rapid process, especially at high 

magnification, due to motion blur. Nevertheless, we observed in the casting of Y (Figure 5a), 

that water droplets randomly nucleate all over the solution surface and subsequently converge, 

becoming compacted wall-to-wall by Marangoni currents. This observation is in line with the 
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findings of others, who identifed Marangoni effects as the dominant fluid mechanism in their 

BF experiments.28,35 In the casting of YHBr/AcOH (Figure 5b), NCP pores similarly begin with 

(I) random nucleation of water droplets. Surface currents push the water droplets together (II). 

However, instead of aggregating, the droplets settle at positions with some distance away 

from each other. Despite Marangoni currents, the droplets appear to retain their positions 

relative to each other until the film solidifies. These findings suggest that convergent fluid 

forces are counteracted by electrostatic repulsive forces between charged droplets. 

Interestingly, the inter-droplet distances are highly uniform across large areas, which we 

believe is worthy of future investigation. 

 

Figure 5. Illustrations of BF formation. (a) Upon casting Y, (I) water droplets randomly 

nucleate on solution surface. (II) Marangoni currents converge water droplets towards the 

film center and pack uncharged droplets wall-to-wall. (b) Similarly, when casting YHBr/AcOH , 

(I) water droplets randomly nucleate as well. However, (II) fluid forces are counteract by 

electrical repulsive forces between charged droplets. Water droplets settle in equilibrium 

positions with equal inter-distances. 

 

In order to form NCP pores, high ion mobility is necessary for H+ ions to migrate into the 

water phase. We assisted the migration of ions by dissolving PS in a solvent mixture of 

chloroform and toluene, rather than only chloroform. When the acidified polystyrene solution 
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only contained chloroform as the solvent, relatively CP arrays with L/D ratios of less than 3 

were formed (Figure S2). Addition of toluene, which is less volatile than chloroform, would 

slow the drying of the polymer solution and delay its concomitant increase in viscosity,35,  54 

therefore allowing sufficient time for ion partitioning as well as rearrangement of the water 

droplets. 55  The optimized ratio of PS to chloroform and toluene can be found in the 

supporting information. 

To further characterize the polymer films, optical microscopy, scanning electron 

microscopy (SEM) and TappingMode atomic force microscopy were performed. Several 

parameters were defined to facilitate analysis of the obtained BF patterns: (I) L — the 

separation distance between pores, measured as the pore centre-to-centre distance; (II) D — 

the pore diameters; and (III) L/D ratio. Conventional BF patterning forms CP pore arrays 

with L/D ratios close to 1, as illustrated in Figure 6a. It should be noted that unlike the close-

packing of spherical particles, close-packing of pores must give an L/D ratio > 1, because the 

pore walls constitute a finite distance between pores. In contrast, an illustration of a NCP 

array is given in Figure 6b.  

 

Figure 6. Illustration of (a) close-packed arrays (L/D≈1) vs (b) non-close-packed arrays (L/D 

= 3).  

 

A measure of the orderedness of a BF array is its conformational entropy, S, which varies 

inversely with array orderedness. S may be obtained through Voronoi analysis of the BF 

arrays and calculated as −∑𝑷𝒏 𝐥𝐧𝑷𝒏, where 𝑷𝒏 is the probability of having a pore with n 
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number of immediate pore neighbours.27 ,Error! Bookmark not defined., 56-59 For a completely random 

pattern, S = 1.71, while for perfectly ordered features, S = 0.  

Solution YHBr/AcOH castings form NCP pore arrays existing in highly ordered domains 

spanning distances of several hundred microns  (Figure 2a). Lattice orientation and separation 

distances of the pores maintained uniformly across each domain. Apart from the typical 

hexagonal pore patterns, rhombohedral patterns may also be observed (Figure 7).  

 

  

Figure 7. Pore arrays were observed to form two types of configurations with high order: (a) 

hexagonal and (b) rhombohedral patterns. 

 

The NCP pore arrays possessed S values as low as 0.1278 (Figure 8a and 8b), indicating 

higher conformational order than CP BF pore arrays reported by other groups. 27,Error! Bookmark 

not defined.,57,58 This result is especially remarkable since the NCP pore arrays display high L/D 

ratios of up to 16.5 — the highest L/D ratio achieved via BF patterning to date. Furthermore, 

distribution of neighbouring pores is preserved to at least second order for the array, as seen 

from the periodic peaks in the radial distribution function (RDF) plot in Figure 8c. 
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Figure 8. (a) SEM micrograph of a NCP pore array. (b) Voronoi diagram of pores in (a). 

Polygons labeled in colors green, blue, and pink represent 5, 6, and 7-sided polygons 

respectively. Polygons along the edge of the micrograph are excluded from the calculation of 

conformational entropy. (c) Measured feature sizes and RDF plot from (a). (d) Micrograph of 

ordered pore arrays cast from YHBr/AcOH. Point defects with larger pore sizes exhibit larger 

separation distances to their neighboring pores. 

  

We found that when casting non-acidified solution Y, ordered CP domains obtained 

typically extend less than 100 µm. The orderly CP packing is disrupted by boundary defects 

arising from the collision and imperfect alignment of droplet aggregates.36 In contrast, films 

cast from YHBr/AcOH displayed NCP pore domains that extended up to several hundred 

microns. Charged water droplets tend to minimize electrical potential energy by arranging 

themselves into ordered arrays,47,48 which provides an impetus for misalignment correction 

during droplet packing, thus enlarging the domain sizes of ordered arrays. 

The NCP pores are much smaller than CP pores as seen from Figure 8a and 9. (D = 0.6 µm 

and 3.1 μm ). Electrical repulsion prevents charged droplets from coming into contact and 

coalesce. Thus, growth of NCP water droplets is largely due to condensation and not 

coalescence, which serves to decrease the overall sizes of the water droplets and therefore the 

resulting pore sizes in the BF patterns. By limiting coalescence, we observed that across 

entire films, pore sizes in the NCP arrays were more uniform compared to the CP arrays.This 
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is in agreement with the findings of several groups that coalescence decreases pore size 

uniformity.30,34,35,Error! Bookmark not defined.,  

 
Figure 9. SEM micrograph of a CP pore array. Feature sizes measured from the micrograph 

afford the following values: L = 6.2 ± 0.5 μm; D = 3.1 ± 0.2 μm; L/D = 2.0   

 

Furthermore, it was observed that water droplet polydispersity disrupts the ordered packing 

of pore arrays. This holds true not just for CP arrays (whereby the order-disrupting effects of 

polydispersity are self-evident),35 but also for our NCP patterns. For example, Figure 3b 

shows that the pores were more monodisperse in the ordered regions (geometric standard 

deviation, σg, of pore sizes = 1.1354) compared to pores in the disordered regions (σg of pore 

sizes = 1.3360). (See Figure 10 for pore size distribution curves) In addition, defective pores 

– pores with larger diameters than general pores – appear to have larger separation distances 

from its neighbouring pores (Figure 8d). The observation suggests that larger water droplets 

accumulate greater charges, resulting in greater inter-droplet electrostatic repulsion and larger 

separation distances.   
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Figure 10. Probability distribution curves describing the pore size distributions of Region A 

and Region B from Figure 3b. A log normal distribution was used. Region A evidently shows 

higher uniformity in pore sizes as compared to Region B. 

 

4 Conclusions 

In summary, we demonstrated a one-step bottom-up approach of breath figure patterning 

whereby preferential ion partitioning mediates the one-step self-assembly of NCP pore arrays 

with high L/D ratios of up to 16.5. Besides achieving high L/D ratios, the BF arrays possess 

high conformational order with S (conformational entropy) values as low as 0.1278. SP 

results qualitatively show that these NCP pore arrays possess positively charged residue, 

indicating the preferential migration of H+ ions into the water phase. The consequent 

electrostatic repulsive forces between water droplets cause them to align into 2D NCP 

ordered arrays, and to template the resulting BF patterns possessing long range order.  

We have formed 2D arrays of acid-laced pores which may be exploited as economical wet 

etching masks for NCP patterns. In addition, for pore arrays used as microwells, aside from 

minimizing cross-contamination during bioassays, H+ remnants can provide an acidic 

environment for specific processes, or actively hold oppositely charged particles or molecules 

deposited in each pore. Furthermore, this method may be further explored and extended for 

the fabrication of 3D NCP inverse opals, and is of general interest as a direct way of forming 

non-close-packed structures. 
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