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ABSTRACT 

 
A new method has been developed for creating self-assembling or self-

organizing materials.  The method combines on in-situ polymerization with phase-

separation in a two-step process to create porous membranes.  The advantage of this 

method is that it combines synthesis of cross-linked, stable (solvent resistant) PDMS 

with a self-assembly step (phase separation) in order to cure PDMS into a membrane 

with an ordered porous structure.   Three phase separation methods have been 

attempted in order in this process—non-solvent vapor condensation induced phase 

separation (VIPS), solvent-nonsolvent induced phase separation (SNIP), and emulsion 

with solvent-nonsolvent induced inversion phase separation (eSNIPS); whereas the 

immersion method was left out due to infeasibility for finding compatible solvent-

nonsolvents that pair with PDMS. 
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Chapter 1  

 

Introduction  

 

 Background 
 

Material self-assembly methods are based on the principles of induced phase separation 

at the microscopic scale.  Investigation of the wettability of surfaces had some influence on the 

development of various self-assembly methods, since the structure and composition of a surface 

influences its mechanical properties, macrostructure, and applications in which the material can 

be used. The desire to find new methods for engineering self-assembling materials with certain 

surface characteristics can be linked back to at least the early 1900s, when the formation of 

breath figures was first investigated by Aitken in 1893 and by Lord Rayleigh1 in 1911 based on 

the condensation of water vapor into organized arrays of droplets on clean glass surfaces.2 This 

organized condensation phenomenon has been employed as a technique for inducing phase 

separation of polymer solutions and is known as the “breath figure” method.3,4  

The formation of breath figures has been studied under controlled conditions and models 

have been proposed to model their formation and growth5,6,7; however, no theory or model 

proposed accurately explains why the formation of self-similar droplet patterns occurs.  

However, the models that have been developed do exhibit properties of a self-similarity 

phenomenon, as well as tracking the droplet growth size, coalescence, and distance between 
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droplets over time.  In 1986, Beysens and Knobler5 studied the growth of breath figures under 

controlled experimental conditions using a flow of nitrogen gas saturated with water vapor, 

which was condensed on both hydrophobic and non-hydrophobic substrates (silane-treated glass 

and non-silane treated glass).  First, they observed that droplet formation occurred only on 

hydrophobic substrates (confirmed for by contact angle measurements); with non-hydrophobic 

substrates, a layer of water would be formed.  Secondly, they observed three regimes of the 

breath figure growth process with a dependency on time.  In the first regime, from 0 to 1 second, 

the surface was covered with a homogeneous pattern of small droplets, which coalesced with 

high frequency.  The result of the coalescence led to a second regime, from 1 to 300 seconds, 

where the arrangement of coalesced droplets organized into the self-similar breath figure pattern; 

in this regime, droplets both grow and coalesce with each other, but remain consistently 

organized in a self-similar arrangement (honeycomb arrangement).  The formation of the ordered 

pattern has been experimentally recorded using dyes to track droplet coalescence, however, the 

models describing the transition from the first regime to the second regime have been inaccurate 

in describing uniform droplet size and self-similarity.6  However, models have been developed 

that accurately track time dependence of the mean droplet diameter, fractional surface area 

covered by droplets, and the number of droplets per unit area.8  Such models may be useful for 

planning out breath figure droplet growth rates; however certain exponential growth parameters 

must be known for the specific materials involved. 

Phase separation of polymer solutions can be induced in several ways—thermally 

induced phase separation, where de-mixing occurs typically with a decrease in temperature; 

solvent-nonsolvent induced phase separation, where solubility of the polymer decreases as 

solvent evaporates; precipitation of non-solvents phase separation (i.e. the “breath figure” 
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method), where non-solvent vapors condense onto the solution; and immersion precipitation, 

where solvent and non-solvents are exchanged, and induce a phase separation.4  These various 

phase separation methods have been used to generate a variety of coatings, films, and 

membranes with differing types of physical properties; these resulting materials have use in 

various applications, including bio/chemical sensor applications, optical applications, and 

filtering applications. 

 Preamble  
 

This thesis focuses on a new method that has been developed for creating self-assembling 

or self-organizing materials.  The method combines in-situ crosslinking with phase-separation in 

a two-step process to create porous membranes.  The advantage of this method is that it 

combines synthesis of cross-linked, stable (solvent resistant) PDMS with a self-assembly step 

(phase separation) in order to cure PDMS into a membrane with an ordered porous structure.   

Three phase separation methods have been attempted in this process—non-solvent vapor 

condensation induced phase separation (VIPS), solvent-nonsolvent induced phase separation 

(SNIP), and emulsion with solvent-nonsolvent induced inversion phase separation (eSNIPS); 

(the immersion method was left out due to challenges finding compatible solvent-nonsolvents 

that pair with PDMS). 

The initial non-solvent method based on the conventional breath figure method was 

successful in generating highly-ordered porous structures using varying solvents and polymer 

solution concentrations and commercially available PDMS-g-PAs.  However, there were 

problems in controlling relative humidity and determining how to scale up the process. 
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The solvent-nonsolvent induced phase separation was attempted using nonsolvent 

component such as 1,2-butanediol, 2,2-Dimethyl-1,3-propanediol, and 1,2-Propanediol, along 

with a polymer solution containing pre-PDMS monomers and linear polystyrene (PS).  This 

method differs from the conventional method because usually films are made from block co-

polymers, graft polymers, and star-shaped PS, and star-shaped PMMA.  These components are 

typically used in order to take advantage of the differing properties of the blocks on the different 

parts of the polymer.9,10,11  In the method described here, crosslinking occurs in-situ, which 

simplifies the crosslinking process.  In addition, by adding the non-solvent in the mixture, we 

avoid the problems of humidity control.  However, the second step of washing away the 

nonsolvent can create problems in the resulting film—various solvents may weaken the physical 

integrity of the PDMS by swelling it and making it fragile.  The structure of the resulting films is 

not as organized compared to the conventional breath figure method. 

The emulsion with solvent-nonsolvent induced inversion phase separation combines 

glycerol (nonsolvent) with Sylgard 184 silicone kit in a 10 to 1 ratio to create an emulsion that is 

applied on an aluminum substrate to create a film about 2mm thick.  The film is cured in the 

oven at 80 degrees overnight to accomplish crosslinking, and then soaked in a THF solution to 

remove the nonsolvent glycerol.  This method uses glycerol as the nonsolvent which needs to be 

washed away.  The difference between this method and the previous in-situ method is that this 

method combines in-situ crosslinking, nonsolvent induced phase separation, and emulsion for 

creating mono-dispersity of the polymer mixture.12, 13  The results for this method were more 

successful at creating ordered porous structures than the prior evaporation-induced phase 

separation method, because better dispersity was accomplished and the polymer solution was 
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more stable. However, the structure was not as ordered compared to the conventional breath 

figure method. 

The results of all attempted methods were assessed using surface characterization and 

mechanical properties tests. 

The results, successes, and challenges, of each type of method has been documented and 

presented in the following chapters.  The effectiveness of thermally induced phased separation is 

explored in Chapter 2. 

 Applications 
 

Honeycomb structures have uses in separation technologies and for coatings; honeycomb 

films can act a filter by particle size.  Cong et al. demonstrated 4.5 to 1.0 micrometer size 

controlled pores used for water filtration.14 The generation of honeycomb pattern on fabrics is a 

key advancement owing to the non-planar and porous nature of the fabric substrate. Additionally, 

various other materials such as biological, DNA, and other macromolecules have been 

successfully used in generating the honeycomb structure.14 A ceramic material can be filled with 

biomimetic microstructure by stacking/wrapping a multilayer inorganic sheet around the 

honeycomb sheets.14   

 Honeycomb films can be used as templates for other fabrication techniques due to the 

ability to adjust pore size and arrangement. Honeycomb structures also have applications in 

optics, where a honeycomb coating over a surface can alter the reflective properties of a material. 

Honeycomb structures can be used as optical and optoelectronic devices such as micro-lens 

arrays (MLAs), micro-patterned light emitting diodes (LEDs), antireflective (AR) coatings, solar 
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cells, photonic crystals, and optical sensors. BF is a simple process to generate large scale optical 

and optoelectronic devices.   

 
 
 
 

 Summary 
 

The efficacy of three different polymer solution phase-separation methods were 

evaluated—these were the non-solvent vapor condensation induced phase separation (VIPS), 

solvent-nonsolvent induced phase separation (SNIPS), and emulsion with solvent-nonsolvent 

induced inversion phase separation (eSNIPS). 

For VIPS, the solvents (THF and dichloromethane) were compared to chloroform for 

polymer solubility and polymer solvent evaporation rate.  THF and chloroform have similar 

performance in terms of pore size and arrangement.  Dichloromethane did not perform as well as 

the other two due to dichloromethane having a lower boiling point (39.6 oC) than THF (66 oC) 

and chloroform (61.2 oC).  The lower the boiling point, the faster the rate of evaporation; if the 

evaporation rate of the solvent is much higher than the rate of induced phase separation, there is 

not enough time for phase separation to complete in the polymer solution due to solidification of 

the polymer occurring too early due to lack of solvent. In this case, the nucleating water droplets 

will not be able to compress the polymer effectively, so a less organized surface structure will be 

obtained.  Since this VIPS method is essentially a conventional breath figure method, we were 

able to obtain some highly ordered honeycomb pore structures at appropriate polymer solution 

concentrations. However, environmental humidity and temperature are crucial factors that need 

to be controlled in order to get reproducible porous structures (pore size, distribution, and 
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organization).10  Precisely controlling the humidity in the environment near the surface of the 

polymer solution is quite difficult to do at a large scale. 

For the SNIPS method, an additional component was added to the Sylgard 184 silicone 

kit polymer solution.  These components represented a secondary phase that would be removed 

once it separates from the primary phase (PDMS).  I investigated various secondary phase 

polymers such as commercially available linear polystyrene (PS), dimethylsiloxane-(25-30% 

ethylene oxide) block copolymer (DBE-224), carbinol (hydroxyl) terminated 

polydimethylsiloxane (DBE-C26), and Poly(methylhydrosilxane). In the method presented, in-

situ crosslinking of PDMS via UV light and phase separation of the PDMS and the secondary 

phase polymers occurred simultaneously, with the aid of solvent vaporization. During the phase 

separation step, PDMS polymers surround a core of the secondary phase polymer. Once the 

solvent fully evaporated, the phase separation process stops.  Various solvents were used to 

remove the secondary phase cores from the PDMS shell.  Dimethylformamide was used to 

remove polystyrene, while chloroform was used to remove DBE-224, DBE-C26, and 

Poly(methylhydrosilxane).  Additional experiments added various non-solvents (alcohols such as 

1,2-butanediol, 2,2-dimethyl-1,3-propanediol, and 1,2-Propanediol) to mimic the conditions of 

solvent-nonsolvent induced phase separation. In this case, during the phase separation, there 

would be cores of the secondary phase polymers, and droplets of the nonsolvent alcohol; both the 

nonsolvent and the secondary phase polymer cores would be removed using a THF wash after 

the phase separation step.  Out of all the secondary phase polymers, DBE-C26 performed best.  

The advantage of the SNIPS method is that it avoids the need to precisely control humidity in the 

air, as water does not act as the main nonsolvent in this case.  Monodispersity of the two 

polymers needs to be further controlled in order to achieve better results—all the solutions used 
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have a very high viscosity and are difficult to mix efficiently without using specialty lab 

equipment. 

For the eSNIPS method, similar components (Sylgard 184 silicone kit) were used as in 

the SNIPS method, with mixing of all the components until an emulsion was formed in order to 

achieve better monodispersity.  The primary difference between this eSNIPS method and the 

SNIPS method were that glycerol was used in place of the alcohols as the nonsolvent, and 

crosslinking of PDMS was achieved using heat rather than UV light.  The secondary phase 

polymers tested were DBE-C26 and Span 80; these two polymers act as surfactants because they 

help organize the distribution between glycerol and PDMS to achieve better monodispersity in 

the emulsion.  After the phase separation step, THF was used for washing.  This method yielded 

better results compared to SNIPS, since the monodispersity problem was resolved.  Using DBE-

C26 with glycerol in the PDMS solution yielded better pore formation and distribution compared 

to using Span 80 with glycerol, or glycerol alone in the PDMS solution. 

The SNIPS and eSNIPS methods are unique in that they attempt to eliminate the 

humidity control problem present in the VIPS method. However, the SNIPS method was unable 

to achieve good dispersity or good stability of the polymer solution.  Further enhancements on 

SNIPS could be considered by adding surfactants or nanoparticles to enhance the stability; 

additional solvent-nonsolvent pairs could be used in an attempt to fine tune the surface tension 

between the polymer solution and the nonsolvent droplets.15  For eSNIPS, additional 

investigations could focus into selectively picking different types of surfactants for inversion 

phase separation cases to enhance the pore arrangement. 
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Chapter 2  

 

Development from Conventional Breath Figure & Non-Solvent 

Vapor Condensation Induced Phase Separation (VIPS) 

 

 Introduction 
 

The methodology presented in this chapter is called non-solvent vapor condensation 

induced phase separation (VIPS) which is based on the breath figure methods of Gong,16, 3 but 

using different concentrations of solvents with the goal of creating honeycomb structures on a 

planar aluminum metal surface as the substrate.  

Breath figures were first investigated by Lord Rayleigh in 1911,1 observing the 

condensation of water droplets on clean glass substrates.  He observed consistent ordered 

patterns of how droplets formed on the substrate.  He observed that the water droplet lens shape 

seemed to occur in precisely the same pattern each time, indicating that the local environmental 

conditions determine the permanence of the pattern.   In 1994, François et al., were able to 

discover self-organized honey comb morphology with star-shaped polystyrene or polystyrene-

polyparaphenylene block copolymers in carbon disulfide under dynamic flow of moist gas.17 
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Figure 2.1  Illustration of the star-shaped PS-PPP block copolymer structure, along with the 

formation of breath figure patterns in moist air conditions.17 

 
In 2013, Farbod et al. used a “direct” breath figure formation method for creating porous 

PMMA from slabs of PMMA.18  The process included mixing a certain amount of nonsolvent in 

the solvent for PMMA; in their case, water (nonsolvent) mixed with THF (solvent).  The slabs of 

PMMA were dipped in the mixture and subsequently placed in a desiccator.  This method was 

fast and simple, and the process avoids the need for humidity control. 

In 2014, Gong et al. used, a graft copolymer, poly(dimethylsiloxane)-graft-polyacrylates 

(PDMS-g-PAs) as a single-source precursor for the honeycomb microstructure by breath figure 

method for in-situ formation of ordered honeycombed SiOC sheets by further oxygen plasma 

treatment. PDMS-g-PAs was dissolved in chloroform (CHCl3) and cast on a wafer substrate 

using static BF method to develop ordered and self-assembled patterns. SiOC ceramic sheets are 

obtained by a polymer-to-ceramic conversion process.19 

© 1994 Nature  Publishing Group
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Figure 2.2 Schematic pictures of fabricating SiOC sheets by BF method of PDMS-g-

PAs/CHCl3 and in-situ oxygen plasma treatment of honeycomb patterned films.19 

  
In 2017, Gong el al. created 3D conformal porous micro-structured fabrics (CPMFs) 

using breath figure methods. Fabrics and textiles are a relatively new non-planar BF substrate, 

which have practical applications.  Gong et al. demonstrated that honeycomb structures could 

successfully be formed on fabrics using conventional BF methods.  Due to the robustness and 

flexibility of the polymer film, the resulting honeycomb pattern can line the defects of non-

planar substrates such as textiles. This allows BF to be used as a manufacturing/coating process 

for fabrics,16 allowing fabrics and textiles to obtain different properties after a polymer 

honeycomb structure forms on the surface.  

There are various techniques for generating honeycomb structured polymer films. All the 

techniques fall under a general breath figure (BF) method, which works conceptually by water 

droplets condensing on a substrate during a fast solvent evaporation. The condensed water on the 

substrate forms a pattern of droplets, which coalesce based on a time power law of D~ta, where 

D is the droplet diameter, t is time, and a is an empirically determined exponent value.20 The 
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maximum droplet diameter is determined by the properties of the hydrophobic polymer. After a 

certain amount of time, when both water and solvent are both evaporated, the honeycombed 

polymer structure remains on the substrate.  The types of substrates on which the BF method can 

be used are “cold” solid and liquid surfaces. The temperature of the substrate needs to be cold 

enough for the water to condense and hot enough for the solvent to evaporate. The process of 

solvent evaporation cools the substrate by removing heat, further allowing water to condense.  

Examples of substrates include glass, thin metal sheets (aluminum foil), fabrics, and non-planar 

substrates.  

  BF generation depends on the following parameters: relative humidity, temperature, 

polymer solution concentration, molecular weight, solvent types and its evaporation rate, types 

of substrates, and interfacial tension.20 These parameters can be finely tuned to produce various 

pore sizes, shapes, arrangements, and functionality polymer films. Dynamic BF was first 

demonstrated by Francois et al. by flowing a moist gas over the substrate (Figure 2.3a). Another 

similar method is a static BF process where the substrate is placed in a humid chamber without 

any external gas flow (Figure 2.3b). This method was first used by Shimomura and Stenzel.21 

 
Figure 2.3  Types of breath figure processes: (a) dynamic breath figure process and (b) 

static breath figure process. 
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Substrates can be coated with polymer solution in several ways in order to obtain a well-

distributed thin polymer film on the substrate. Example includes spinning (Figure 2.4a), dipping 

(Figure 2.4b), rolling (Figure 2.4c), etc.  In this work, I used a static BF process by controlling 

the relative humidity of a chamber by adjusting the water vapor pressure through the amount of 

dissolved salt in the water reservoir.22 

 
Figure 2.4  Preparation of breath figures by (a) spin-coating (b) dip-coating and (c) rolling 

processes. 

 
 

 Experimental Procedure and Methods 
 
 

The method used in this chapter was inspired by Gong et al. and Françio et al.19, 17  Three 

types of solvents, chloroform (CHCl3), dichloromethane (CH2Cl2), and tetrahydrofuran (THF), 

were investigated with different concentration of PDMS-g-PAs 5 mg/mL, 30 mg/mL, 60 mg/mL, 

and 90 mg/mL. The polymer solution was casted on an aluminum-foil metal sheet and placed in 

a saturated humid air (50% relative humidity) chamber at 23 oC for the BF process to occur. An 

opaque film with ordered honeycomb structure was obtained due to the scattering of the light. 

Thus, the honeycomb patterns can be verified by the presence of an opaque film due to pore sizes 

with typical size close to white light. The purpose of using different solvents in this process is to 
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vary the interfacial surface tension between the polymer solution and the condensate; the 

interfacial surface tension between the polymer solution and the condensate is the primary 

determinant for the shape of the condensing droplet.  The spreading of the droplet is determined 

by the equation 𝑆" = 𝛾%& − (𝛾)& + 𝛾)%),9 where Sp represents the “spreading coefficient”, and 𝛾 

is the surface tension.  (2).    𝛾%& , 𝛾)% and 𝛾)&are the surface tension of the polymer solution and 

air, the interfacial surface tension between the polymer solution and the condensate and the 

surface tension of the condensate and air, respectively.  When Sp > 0, complete wetting takes 

place, i.e. the condensate drops tend to completely spread out over the substrate.  When Sp < 0, a 

partial wetting occurs – less of the condensate droplets is in contact with the substrate.9 

Therefore, the cross-sectional shape of the breath figure pores will vary based on the spreading 

coefficient.  If the interfacial surface tension between the polymer solution and the condensate is 

close to zero, the condensate and polymer solution are miscible. 

 
Figure 2.5  Illustration of the breath figure process.  A nonsolvent in vapor form condenses 

on the polymer solution substrate.  Since the nonsolvent does not mix with the polymer 

solution, a droplet is formed whose shape is determined by the interface surface tensions 

between polymer solution, nonsolvent, and air.  In the breath figure method, condensation 

forms droplets via nucleation and does so in an ordered manner. 
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 Results and Discussion 
 

 
Figure 2.6 SEM images of honeycomb PDMS-g-PAs films prepared with various solvents 

and concentrations: (a)-(d) 90 mg/mL, 60 mg/mL, 30 mg/mL, 5 mg/mL in CHCl3; (e)-(h) 

90 mg/mL, 60 mg/mL, 30 mg/mL, 5 mg/mL in CH2Cl2; (i)-(l) 90 mg/mL, 60 mg/mL, 30 

mg/mL, 5 mg/mL in THF.  

All the samples were prepared by adding a drop of the polymer solution on Aluminum foil 

substrate and then were placed in humid air (50% relative humidity) in a chamber by static 

BF process. The honeycomb pore size is around 2.5 um for SEM image (a)-(d), (a) uniform 

honeycomb; (b) uniform honeycomb shape with thinner cell walls, pore sizes is around 2.5; 

pore size of (c) pores are around 2.4 um but with some broken pores; (d) uniform 

honeycomb with pore size of 2.3 um; Pores sizes for (e) and (f) are both around 2.5 um, the 

pores are not uniform with broken and interconnected  pores for (e); Pore shape for (f) 
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seemed to be hexagonal; (i) and (j) have similar pore sizes around 2.5 um, except (i) has 

circular pore while (j) circular (donut like). Additionally, (i) almost uniform honeycomb, 

which is similar to (a) but not as uniform. (j) irregular distributed such that more pores are 

buried under the surface which led to a small opening, this phenomenon could be related to 

the kinetics of crosslinking. (k) circular with a big belly with not uniform distribution. 

Some pores seemed to collapse under the surface which led to a smaller opening. The 

opening is around 5.2 um and the total 10 um. Big and small pores are observed in sample 

(l), they are circular, big pores are around 4.9 um while small 1.0 um.  

 
Figure 2.7  Tea graph plotting fractional solubility parameters for the solvents.  Hansen 

solubility parameter diagram of various solvents for honey comb generation. Ethanol did 

not dissolve the PDMS.  Fractional solubility parameters calculated using given values of 

Hansen solubility parameters; they are defined as fx =δx / (δx + δy + δz) with their sum 

equal to unity.  
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Figure 2.8 Histograms describing pore diameter distributions for chloroform, 

dichloromethane, and tetrahydrofuran. The mean pore diameter is listed above each 

histogram.  

 

Figure 2.8 displays histograms of pore diameter sizes for different structures.  Top row is 

PDMS-g-PAs prepared with chloroform at 90 mg/mL, 60 mg/mL, 30 mg/mL, and 5 

mg/mL; middle row shows PDMS-g-PAs prepared with dichloromethane at 90 mg/mL, 60 

mg/mL, 30 mg/mL, and 5 mg/mL; bottom row shows PDMS-g-PAs prepared with 

tetrahydrofuran at 90 mg/mL, 60 mg/mL, 30 mg/mL, and 5 mg/mL.  
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Figure 2.9 Chart summarizing the histogram results from Figure 2.8. Red circles indicate 

the mode of the histogram; green triangles indicate the mean of the histogram; the length 

represents the spread of histogram. There does not appear to be any distinct pattern or 

trend. The smallest spread corresponds with very uniform pore sizes and distribution. The 

conditions resulting in the smallest spread were 90 mg/mL and 5 mg/mL in chloroform, and 

30 mg/mL in dichloromethane.   

Oxygen plasma treatment with different exposure time was used to control the degree of 

etching. The aluminum-foil substrate was first treated with oxygen plasma for 5 minutes under 

the process conditions of 120 W (output power) and 0.6 L/min oxygen flow for 1 minute; this is 

then followed by adding a drop of various concentration of PDMS-g-PAs on the substrate and 

prepared with BF process in order to generate the honeycomb patterns. Three types of solvents, 

CHCl3, CH2Cl2, and THF were studied for comparison in solubility and evaporation rate. The 

films needed to be dried before oxygen plasma treatment. Each PDMS-g-PAs film was treated 

by oxygen plasma for 1 minute, 2 minutes, and 5 minutes.  
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Figure 2.10 PDMS-g-PAs films were under oxygen plasma treatment for 1 min, 2 min, 5 

min from various concentrations, commercial PDMS-g-PAs were dissolved in in CHCl3: (a) 

– (c) 5 mg/mL with 1 min, 2 min, 5 min plasma, respectively; (d)-(f) 30 mg/mL in CHCl3 

with 1 min, 2 min, 5 min plasma, respectively; (g)-(i) 60 mg/mL with 1 min, 2 min, 5 min 

plasma, respectively; (j)-(l) 90 mg/mL with 1 min, 2 min, 5 min plasma, respectively. 
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Figure 2.11 PDMS-g-PAs films were under oxygen plasma treatment for 1 min, 2 min, 5 

min from various concentrations, commercial PDMS-g-PAs were dissolved in in CH2Cl2: 

(a) – (c) 5 mg/mL with 1 min, 2 min, 5 min plasma, respectively; (d)-(f) 30 mg/mL with 1 

min, 2 min, 5 min plasma, respectively; (g)-(i) 60 mg/mL with 1 min, 2 min, 5 min plasma, 

respectively; (j)-(l) 90 mg/mL with 1 min, 2 min, 5 min plasma, respectively. 
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Figure 2.12 PDMS-g-PAs films were under oxygen plasma treatment for 2 min, 3 min, 5 

min from various concentrations, commercial PDMS-g-PAs were dissolved in in THF: (a) 

– (c) 5 mg/mL with 2 min, 3 min, 5 min plasma, respectively; (d)-(f) 30 mg/mL with 1 min, 

2 min, 5 min plasma, respectively; (g)-(i) 60 mg/mL with 2 min, 3 min, 5 min plasma, 

respectively; (j)-(l) 90 mg/mL with 2 min, 3 min, 5 min plasma, respectively. 
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  Different solvents and different concentrations of solvent respond differently to different 

lengths of plasma treatment. 

Evaporation of the solvent in a controlled temperature and humidity environment causes 

the temperature of the solution surface to decrease, initiating the nucleation of water droplets. 

When utilizing CHCl3 as the solvent, the organized honeycomb pattern appeared at the lower 

PDMS concentration of 5mg/mL across all three plasma treatment durations, with pore size 

decreasing as the plasma treatment length increased.  At 30 mg/mL and 60 mg/mL, there were 

more variations in pore size, and the structure was less ordered. However, as plasma treatment 

length increased, the pore sizes appeared to become more consistent in size.  At 90 mg/mL, the 

structure appeared to be more ordered than the intermediate concentrations, but less ordered than 

the 5 mg/mL. At 90 mg/mL, pore size was smallest for the 2-minute plasma treatment, while the 

pores were larger for the 1 minute and 5-minute treatments.  The smallest pores sizes were 

observed using 5 mg/mL under 5-minute plasma treatment, and 90 mg/mL under 2-minute 

plasma treatment.  The largest pore sizes were observed with 30 mg/mL and 5-minute treatment. 

When CH2Cl2 was the solvent, pore organization significantly decreased as the 

concentration of PDMS increased.  A plasma treatment of 2 minutes appeared to be beneficial in 

generating more organized pore structures.  Out of all the combinations of PDMS concentration 

and plasma treatment lengths tested, the 5 mg/mL with 2-minute treatment resulted in the most 

ordered and organized honeycomb structure.  At 30 mg/mL, the organization of the pore 

structure appeared to remain consistent across all plasma treatment lengths, while 60 mg/mL and 

2-minute treatment remained similar.  The rest of the 60 mg/mL and 90 mg/mL concentrations at 

the various treatment lengths results in many broken pores due to fast coalescence rate of the 
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water droplets, and the 5 mg/mL at 1 minute and 5 minutes did not result in an organized 

structure, also for the same reason. 

When tetrahydrofuran (THF) was used as the solvent, the most ordered pore structures 

were obtained with 5 mg/mL and 30 mg/mL PDMS with 2- and 5-minute plasma treatments, as 

well as 90 mg/mL with 5-minute treatments.  At 60 mg/mL, plasma treatment length did not 

appear to significantly affect the organization of the pores. With tetrahydrofuran (THF), pore 

size was largest using the shortest 2-minute plasma treatment across all concentrations of PDMS. 

 Conclusions 

Influenced by the droplet stability and capillary force, the condensed water droplet self-

assembled into a hexagonal array. Different solvents appear to have different effects on pore 

organization and pore size.  At the 5 mg/mL PDMS, THF produced the largest pores with the 

largest spacing compared to CHCl3 or CH2Cl2 as the solvents, while CHCl3 appeared to produce 

the most organized pore structures.  However, using THF as the solvent produced the most 

consistent organization of pore structure between 5 mg/mL and 30 mg/mL of PDMS—using the 

other solvents resulted in pores that became more disordered more quickly as PDMS 

concentration increased.  Using CH2Cl2 resulted by far in the least organized structures across all 

plasma treatment schedules and PDMS concentrations. 

The Hansen parameters is one type of factor to consider when attempting to generate 

honeycomb breath figure-based structures, however, there are many other factors including 

polymer concentration, viscosity, solvent vapor pressure, relative humidity, and temperature, 

which also influence the formation of the honeycomb structure. 
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The specific processes attempted in this chapter were not particularly stable or scalable 

due to the difficulty in controlling the environmental factors such as relative humidity and 

temperature.  Alternative processes were explored in chapters 3 and 4. 
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Chapter 3  

 

Solvent-nonsolvent induced phase separation (SNIPS) & UV 

radiation induced in-situ crosslinking 

 

 Introduction 
 

Solvent-nonsolvent induced phase separation (SNIPS) was attempted using various non 

solvents to eliminate the need for controlling relative humidity in the environment, when 

compared to the conventional breath figure method.3 The non-solvents used in this method help 

create a removable soft template for the polymer during the washing process, which leaves 

behind the desired porous structure. This method is unique in that block copolymers are not used, 

the synthesis of the PDMS polymer is performed in-situ using UV induction, and phase 

separation occurs simultaneously with crosslinking and solvent evaporation.  Previous methods 

from other research groups used star-shaped polymers and block copolymers to achieve porous 

structures. Back in 1994, scientists hypothesized that honeycomb structured polymer films could 

be generated from star-shaped polystyrene (PS) macromolecules via the breath figure method 

owing to the shape of the aggregates.23, 17 Françio et al. prepared polystyrene-polyparaphenylene 

(PS-PPP) block copolymer films in CS2 solution by BF method. A regular hexagonal 

arrangement of honeycomb morphology was visible.17 In 2015, a large-scale fabrication method 

of highly ordered honeycomb patterned breath figure films was first reported by H. Choi et al. 

using nonpolar linear polymers. In their method, PMMA (PMMA EG920) and PS (GPPS 15 
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NFI) were used and the experiment was conducted using a wet/dry phase separation method, 

which is a slightly different method when compared it with SNIPS but it is an easy way to obtain 

honeycomb structured film.24 

In the SNIPS method, phase separation occurs simultaneously with crosslinking and 

solvent evaporation.  The crosslinking reaction that occurs in the procedure described in this 

chapter is the thiol-ene click reaction.25,26  In this procedure, the thiol-ene reaction is initiated 

using UV.  This is a step-growth radical polymerization process based on the addition of thiol 

function group (-SH) to an ene- functional group (C=C).25  

 

Figure 3.1  UV-induced thiol-ene cross-linking of PDMS-based material 

 Experimental Materials and Methods 
  

PDMS pre-polymers stock 

To create the PDMS prepolymers, a stock of 1.8g vinyl terminated PDMS, 0.9g [13-17% 

(mercaptopropyl)methylsiloxane] – dimethylsiloxane copolymer (CAS No. 102783-03-9), and 

0.225g divinyl terminated PDMS were mixed together.  
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Polymer Solutions 

Various amounts of PDMS pre-polymer stock and secondary phase polymers 

(commercially available linear polystyrene (PS), dimethylsiloxane-(25-30% ethylene oxide) 

block copolymer (CAS No: 68938-54-5), carbinol (hydroxyl) terminated polydimethylsiloxane 

(CAS No: 68937-54-2), and poly(methylhydrosilxane)) were combined along with a constant 

amount of photoinitiator in chloroform.  Various concentrations were used to compare the effects 

on end result structure. 

 

Figure 3.2  Chemical structures of 1,2-butanediol,  2,2-dimethyl-1,3-propanediol,  and 1,2-

propanediol used as non-solvents in the process. 

Non-solvents 

Various types of alcohol were used as non-solvents in the process.  The alcohols were 

chosen from 1,2-butanediol, 2,2-dimethyl-1,3-propanediol, and 1,2-propanediol, whose chemical 

structures are shown in figure 3.2. 

Photoinitiator (2,2-Dimethoxy-2-phenylacetophenone 99% from Aldrich) 

Commercially available photoinitiator (PI) was used.  The photoinitiator was dissolved in 

chloroform. 
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Washing Removable Soft Template 

DMF was used to remove PS, while chloroform was used to remove dimethylsiloxane-

(25-30% ethylene oxide) block copolymer (DBE-224), carbinol (hydroxyl) terminated 

polydimethylsiloxane (DBE-C26), and Poly(methylhydrosilxane). See figure 3.3. 

 

Figure 3.3 The chemical structures of DBE-224, DBE-C26, and 

Poly(methylhydrosiloxane). 

The polymer prepolymer stock was mixed and the secondary phase polymers were added 

with the photoinitiator (PI) solution. A drop of the mixture was placed on aluminum foil and 

exposed under UV 254nm radiation at 9000 mW for 20 minutes.  After this curing process, the 

film was washed in dimethylformamide (DMF). 

In this procedure, we are comparing the rate of phase separation and the rate of UV-

induced crosslinking.   The purpose of this procedure is to determine if the crosslinking rate of 

the PDMS occurs faster than the phase separation rate of the mixture.  If enough crosslinking 

occurs in time, then the phase separation process will not be able to continue; further coalescence 
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of the dispersed nonsolvent phase will be prevented by the crosslinked network.  Figure 3.4 

illustrates this process. 

 

Figure 3.4  Illustration of dispersed phase in continuous phase and how phase separation 

leads to coalescence of the dispersed phase, if crosslinking does not occur in time. 

 Results 
 

The initial set of experiments in this chapter was used to establish how the 

polymerization rate of PDMS affects the pore sizes, distribution, and organization.  Figure 3.5 

represents the results of this method using various ratios of PDMS stock to polystyrene (PS). The 

various ratios are listed in Table 3.1. A ratio of 1:1 of PDMS stock to PS resulted in relatively 

better pore shape when compared to the rest of the samples. Sample 1,2, and 3 in Table 3.1 

corresponds to SEM image (a), (b), and (c), respectively; sample 4,5, and 6 in Table below 

corresponds to SEM images (d), (e), and (f), respectively. SEM images show (a) no honeycomb 

structure with various pore sizes  and random pore distribution; (b) no honeycomb structure with 

more uniform pore sizes, the pores are randomly distributed with large spacing between each 

pores; (c) the surface is granular but no pores were found; (d) has very few isolated pores; (e) 

there seems to have a thick layer of film covering the randomly organized pores; (f) has no pores.  
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Sample # PDMS Stock (g)  Secondary Phase 
Polymer (Polystyrene, 
g)  

Photoinitiator (g)  

1 0.15 0.15 0.008 
2 0.123 0.177 0.008 
3 0.10 0.2 0.008 
4 0.15 0.15 0.006 
5 0.123 0.177 0.006 
6 0.10 0.2 0.006 

Table 3.1  Amounts of different concentrations of photoinitiator and ratios of PDMS stock 

to secondary phase polystyrene. 

 
Figure 3.5 Crosslinking rate dependency on the amount of PI. An amount of 2.6% PI 

appeared to give the best results.  

From the results of the experiments above, 0.008g of photoinitiator seemed to give better 

results when compared to 0.006g. Therefore, 0.008g of photoinitiator was used for the remainder 

of experiments in this chapter. 
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The purpose of the next experiment was to evaluate how the ratio of PDMS stock to 

polystyrene (PS) affects the pores structure as well as looking at different additive alcohol 

performance.  Figure 3.6 represents the results of this method using various ratios of PDMS 

stock to polystyrene (PS). The various ratios can be found in Table 3.2.  Samples #1-3 have no 

additive alcohol in them.  Samples #4-12 show different types of alcohol used as nonsolvent in 

each experiment to help the formation droplets when phase separation occurs.  The types of 

alcohols compared were 1,2-butanediol, 2,2-dimethyl-1,3-propanediol, and 1,2-propanediol, with 

12% of the total weight of the polymer solution added. After mixing and curing under UV light, 

the polymer film was washed in THF.  SEM images show the surface porous structure after 

washed with THF: (a) has low pore density whereas (b) has more pores than (a); (c) has even 

higher pore density but no organized structures were found in the SEM image; (d) has poor pore 

formation and shows mostly shallow craters rather than pores; (e) has craters and some pores; (f) 

has fewer pores and more craters; (g) seems to be similar to  sample (f), where more craters were 

found but fewer pores were observed; no pores were observed in sample (h); for sample (i), some 

areas have big and small pores while other areas have no pores; (j) has big and small pores but 

no organized structure; (k) and (l) shows low pore density and most pores are uniform sized; 

sample # (m)-(o) have 10%, 20%, and 30% of commercially available PDMS-g-PAs added to it, 

however they have poor pore formation because it appears that phase separation occurred during 

preparation. From these results, the ratio of PDMS stock to PS that resulted in the best porous 

film occurred at a 0.2: 0.1 ratio. 
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Figure 3.6 SEM images using PI to 2.6%, while combining polystyrene with various types 

of nonsolvent alcohols.  
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Sample 
#  

(image 
label) 

PDMS Stock, (g), 
[% Mass of Total 

PDMS and 
Secondary Phase 

Polymer] 

Secondary 
Phase Polymer 
(Polystyrene, g) 

Commerciall
y Available 
PDMS-g-
PAs, (g) 

Alcohol Type, (g) Photoinitiator, 
(g) dissolved in 

chloroform 

1 (a) [28%] 0.216 0.084   0.008 
2 (b) [31%] 0.207 0.093   0.008 
3 (c) [34%] 0.198 0.102   0.008 
4 (d) [28%] 0.216 0.084  1,2-butanediol 0.12 

(12% of total 
weight) 

0.008 

5 (e) [31%] 0.207 0.093  1,2-butanediol 0.12 
(12% of total 
weight) 

0.008 

6 (f) [34%] 0.198 0.102  1,2-butanediol 0.12 
(12% of total 
weight) 

0.008 

7 (g) [28%] 0.216 0.084  2,2-dimethyl-1,3-
propanediol 0.12 
(12% of total 
weight) 

0.008 

8 (h) [31%] 0.207 0.093  2,2-dimethyl-1,3-
propanediol 0.12 
(12% of total 
weight) 

0.008 

9 (i) [34%] 0.198 0.102  2,2-dimethyl-1,3-
propanediol 0.12 
(12% of total 
weight) 

0.008 

10 (j) [28%] 0.216 0.084  1,2-propanediol 
0.12 (12% of total 
weight) 

0.008 

11 (k) [31%] 0.207 0.093  1,2-propanediol 
0.12 (12% of total 
weight) 

0.008 

12 (l) [34%] 0.198 0.102  1,2-propanediol 
0.12 (12% of total 
weight) 

0.008 

13 (m) [28%] 0.216 0.084 [10%] 0.03  0.008 
14 (n) [31%] 0.207 0.093 [20%] 0.06  0.008 
15 (o) [34%] 0.198 0.102 [30%] 0.09  0.008 

Table 3.2  Amounts of polystyrene, nonsolvent alcohols, and PDMS-g-PAs, using a fixed 

amount of photoinitiator. The total mass of PDMS stock and PS was held constant at 0.3g 

per sample. 
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The experiment below was to determine how different types of surfactants affect the 

porous structure of the film. Three types of surfactants were investigated: DBE-224, DBE-C26, 

and Poly(methylhydrosilxane). The SEM results of the performance of each surfactant are shown 

in the Figure 3.7 and the corresponding Table 3.3 represents the conditions for each film. 

Columns correspond to amount of PDMS stock and rows correspond to the surfactants used. The 

amount of surfactant present increases, when looking at columns from left to right. All the 

washing in this experiment was done in water considering the fragility of the films.  DBE-224 

surfactant was used for films for (a)-(f) and resulted in mostly broken films. Sample (f) was 

completely washed away during the washing process. From the results of the non-broken pieces 

of the leftover films in samples (a)-(e), no pores were observed on the granular surface and no 

honeycomb structures were observed.  Rather, large amounts of globules were visible in the 

films. SEM images (g)-(l) show the performance of the DBE-C26 surfactant. Only sample (l) 

seemed to have lots of pores appearing with thin walls separating neighbors. The pore 

distribution density was high, but no organized structure appeared to be present. The SEM 

images (m)-(r) show the performance of poly(methylhydrosilxane) where all samples showed 

similar surface structure with no pores on the granular film surfaces.  
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Figure 3.7  SEM images using surfactants as the secondary phase.   
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Secondary 
Phase Polymer 

(or 
Nonsolvent) 

0.2g 
PDMS 
Stock 

(33% NS) 

0.174g 
PDMS 

Stock (42% 
NS) 

0.15g PDMS 
Stock (50% 

NS) 

0.123g 
PDMS 

Stock (59% 
NS) 

0.1g PDMS 
Stock (67% 

NS) 

0.06g PDMS 
Stock (80% 

NS) 

DBE-224 (a) (b) (c) (d) (e) (f) (broken 
film) 

DBE-C26 (g) (h) (i) (j) (k) (l) 
Poly(methylhy
drosilxane) 

(m) (n) (o) (p) (q) (r) 

Table 3.3  Recipes for using surfactants of the secondary phase nonsolvent. NS = 

Nonsolvent.  The total mass of PDMS stock and nonsolvent was held constant at 0.3g per 

sample. 

 

 Discussion and Analysis 
 

When considering the amount of photoinitiator to use, it was observed that 2.6% 

photoinitiator appeared to give the best results.  When 2% photointiator was used, the nonsolvent 

coalesced too quickly, resulting in PDMS with large pores and not the desired porous structure. 

This means that increasing the amount of photoinitiator increases the rate at which crosslinking 

occurs compared to the rate of phase separation. 

When investigating the effect of various non-solvents mixed with polystyrene, it was 

observed that mixing alcohols with polystyrene resulted in too quick of a phase separation rate.  

When polystyrene was used alone, the phase separation rate was acceptable compared to the rate 

of crosslinking; however, the dispersion of polystyrene was not high.  While using PDMS-g-PAs 

which are used in the breath figure method (VIPS), did not yield acceptable porous results.  

Alternatives to these non-solvents were considered in the form of various surfactants.  
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Surfactants were added to the polymer solution because they should be able to stabilize 

the nonsolvent droplets by preventing coalescence which should result in high regularity. The 

hydrophilic-lipophilic balance value for DBE-C26 is between 19,27 DBE-224 is 12,28 and Span 

80 is 4.3.  The higher the value the more hydrophilic of the surfactants. However, the results for 

the experiments with surfactants added resulted in less stable polymer solutions before curing, 

and therefore most pieces of the films were washed away after the washing process even though 

a mild washing agent such as water was used. One hypothesis is that there might be too many 

coalesced pores on the film resulting in a very fragile film that could be mostly washed away 

resulting in pieces of broken films. Another hypothesis is that the chosen types of surfactants are 

not good candidates for polymer inversion phase separation. Thus, the added surfactants increase 

the immiscibility of both the PDMS polymer solution and the nonsolvent in the mixture resulting 

in a lower dispersity. If the dispersity was lower, then unmixed as well as coalesced nonsolvent 

would get washed away during washing process.13  Additionally, these surfactants are generally 

used for carbon backbone structured polymers; PDMS has a Si-O backbone, so these surfactants 

may not have been as effective, based on the surfactant’s HLB parameters.   

 

 Conclusion 
 

The SNIPS method was ineffective at producing desirable results; none of the results 

obtained had acceptable porous structures. The primary driver for these results was the difference 

between the phase separation rates of the nonsolvent-solvent mixtures and the rate of 

crosslinking.  If crosslinking did not complete in time before coalescence, the coalesced 

nonsolvent would be washed away.  This could create a defect in the membrane resulting in a 
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fragile material. In the experimental process, the humidity is an important component on the 

surface morphology.10 Thus, nonsolvent is mixed-in beforehand to mimic such condition. Since 

the nonsolvent was added to mix with the polymer solution, the humidity control issue was 

successfully avoided in the SNIPS method.  The types of surfactants need to be chosen carefully 

when taking account for the properties of the polymer solution and non-solvent or polymer hard 

template in a polymer inversion phase separation. A surfactant that has the ability to stabilize and 

help improve the miscibility of the primary and secondary phase polymers could be good 

candidates for this case.15 Also, increasing of the monodispersity of the polymer mixture before 

curing appears to have produced acceptable results as discussed in Chapter 4. 
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Chapter 4  

Solvent-nonsolvent Induced Phase Separation with Emulsion 

(eSNIPS) & Heat Induced in-situ Crosslinking 

 

 Introduction 
 

At present, hydrophobic polymeric membranes/coatings are being used to coat fabrics, 

aircraft windows, etc. During the manufacturing process, if there is a difference in density, 

viscosity, and polarity of the two phases of polymers, it leads to phase separation. Hence, there is 

a need for surfactants or nanoparticles as thickeners and stabilizers. 

Solvent-nonsolvent induced phase separation with emulsion (eSNIPS) was attempted 

using various amount of solvents with certain types of surfactant additives to achieve better 

consistency of the polymer solution and better structured porous film. The SNIPS method in 

Chapter 3 alone did not result in high enough monodispersity and the resulting porous structure 

was not successful. The eSNIPS method allows to emulsify the polymer solution before the 

curing process and a better control of consistent film thickness can also be achieved when 

compared to the SNIPS method. The films were shown to be less fragile after the washing 

process when using the eSNIPS method. The eSNIPS method included an emulsion process 

which takes account for the monodispersity issue described in Chapter 3. Glycerol is used in 

place of alcohol and heat is used for induction of crosslinking rather than UV light. In figure 4.1, 

the crosslinking process is illustrated.  A curing agent is added to the PDMS solution and 

activated with a platinum-based catalyst and the addition of heat. 
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The similarity between SNIPS and eSNIPS method is that they use similar components to 

in-situ crosslink PDMS. A commercially available secondary phase polymer was mixed with 

PDMS monomer before the curing process. These secondary phase polymers were carbinol 

(hydroxyl) terminated polydimethylsiloxane (DBE-C26), poly(methylhydrosilxane), and 

sorbitane monooleate (Span 80), which act as a dual-property component to help form the porous 

structure.  The surfactant and removable soft template thanks to their unique chemical structure – 

composed of hydrophobic and hydrophilic section. The difference between SNIPS and eSNIPS 

method is the emulsion process involved in eSNIPS.  

 

Figure 4.1 Schematic of heat-induced crosslinking of PDMS using a curing agent. 

 Motivation for Emulsions 
 

Emulsions are a type of colloid where an immiscible liquid phase is dispersed in another 

continuous liquid phase.  Emulsions can be classified as either oil in water or water in oil, 
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depending on what the dispersed and continuous phases are.  In regard to the eSNIPS method, 

emulsification is introduced to improve monodispersity, and it can help improve the stability of 

the solution (See figure 4.2).   In order to mix the PDMS solution and glycerol, the energy barrier 

between the two liquids needs to be overcome.  The energy barrier can be lowered by using 

surfactants to allow them to mix more easily, or enough energy must be added to the system in 

the form of work at the interface to allow the two liquids to mix partially. 

 

 

Figure 4.2 Schematic of how surfactants or nanoparticles help stabilize the dispersed phase 

in a continuous phase. 

Depending on the system, surfactants can be chosen based on the emulsion type and 

hydrophile-lipophile balance (HLB) of the surfactant.28  Adding surfactants can potentially allow 

the emulsion to be more stable—the dispersed portion of the emulsion can stay emulsified for 
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longer time and phase separation will occur at a lower rate compared to the sample where no 

surfactant was introduced. 

The hydrophile-lipophile-balance is a measure based on the number of hydrophilic and 

lipophilic groups of a molecule. When the number is larger than 7, surfactants tend to form oil in 

water emulsions (O/W).  If the number is smaller than 7, surfactants tend to form water in oil 

emulsions (W/O).28  (see figure 4.3). 

Once the emulsion has formed, the mixture will attempt to phase separate back to its 

original state.  However, in order to “freeze” the mixture dispersion in place, the PDMS can be 

crosslinked prior to the completion of the phase separation.   The crosslinked PDMS traps 

glycerol droplets inside the PDMS network, resulting in a porous structure after the curing 

process completes as shown in figure 4.4. 

For the PDMS and glycerol emulsion, two surfactants were chosen based on their HLB 

values—one for water in oil, and the other for oil in water:  Span 80 (HLB 4.3, suitable for W/O 

emulsions, figure 4.5) yield the highest encapsulation efficiency, and DBE-C26 (HLB 19, 

suitable for O/W emulsion, figure 4.6).  Theoretically, Span-80 should work better than DBE-

C26 because the PDMS and glycerol emulsion is considered water in oil. 
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Figure 4.3 Two types of emulsion systems with surfactants.  Water in oil (left) and oil in 

water (right).  Surfactants helps the dispersed phase stay dispersed. 29 

Dispersed 
phase 

Dispersed 
phase 
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Figure 4.4 Diagram illustrating initial emulsion state and transition towards coalescence via 

phase separation and how crosslinking pauses the phase separation process. 

 

 

 

Figure 4.5 Span 80 (HLB 4.3, suitable for W/O emulsions) yield the highest encapsulation 

efficiency 

 

Figure 4.6  DBE-C26 (HLB 19, suitable for O/W emulsion) 
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 Experimental Procedure and Methods 
 

The emulsion process is accomplished by mixing the polymer solution by a turbo vortex 

machine at 4000 rpm for 7 minutes. This emulsion process is crucial because it helps improve 

monodispersity and the end result is much better than the SNIPS method.12  In the eSNIPS 

method,13 two types of primary surfactants were used – DBE-C26 and Span 80. Considering this 

is an inversion phase separation case, meaning that the continuous phase is PDMS and the 

secondary nonsolvent phase is glycerol, Span 80 may perform better than DBE-C26 to help 

organize the distribution between glycerol and PDMS.15 

A two-part silica-filled Sylgard 184 silicone kit (S184) was purchased from Dow 

Corninig US. Glycerol (food grade). The Sylgard 184 silicone kit was mixed in a 10:1 weight 

ratio as recommended by the manufacturer. A desired amount of glycerol was added to the 

prePDMS mixture, and then cured at different temperature. Various amounts of DBE-C26 or 

sorbitan monooleate (Span 80) were added to further enhance the stability of the droplets as well 

as the pore formation; then certain amount of dichloromethane was added to reach desirable 

concentration and consistency. The polymer solution was emulsified at 1000rpm, 2000rpm, and 

4000rpm for 7 min. The cured film is then washed in THF to remove the glycerol and surfactant 

in order to obtain a porous film. The surface morphology was characterized by SEM.  

 Results 
 

The images shown in Figure 4.7 present the effect of rotation speed on the droplet size 

and dispersity. To obtain the best monodispersity, all samples are mixed for 7 min at 4000 rpm to 
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provide enough shear for obtaining mono-dispersed emulsion for a wide range of glycerol added 

into PDMS. The shear forces have a great impact on the droplet size of glycerol.   

The polymer solution is made from 2g of Sylgard 184 part A, 0.2g Sylgard 184 curing 

agent (part B), 4g glycerol, and various concentration of dichloromethane ranging from 1g to 

1.5g with 0.1g interval. The polymer solution was cured at 80 oC and washed with THF to obtain 

the porous PDMS films.  Figure 4.7 illustrates the different morphologies obtained. 

 

Figure 4.7  The SEM images shows the effect of dichloromethane used as solvent on the 

surface porous structure. A total of six groups of experiments were analyzed: (a)-(b) 1g 

dichloromethane, (c)-(d)1.1g dichloromethane, (e)-(f) 1.2 g dichloromethane, (g)-(h)1.3g 

dichloromethane, (i)-(j) 1.4g dichloromethane, (k)-(l) 1.5g dichloromethane.  

Figure 4,7 (a)-(b) show high density pore distribution with relatively uniform pore sizes 

(1.0-1.5 um) but low organization; (c)-(d) has high density pore distribution with uniform 

pore sizes (1.0-2.0 um) and low organization; (e)-(f) show less high density as (a)-(b) and 

(c)-(d) but still high density of pore distribution, where more folds on the PDMS film were 

observed, the sizes are about 1.0-2.0 um; (g)-(h) has about the same density of pore 

distribution as (e)-(f) but with more folds in the surface, the pore sizes are about 1.0-2.0 

um; (i)-(j) seemed to have lower pore distribution density than the previous samples with 

pore sizes about 1.0-3.0 um; (k)-(l) also has low pore distribution density, when compared 

with the previous samples. 

50 !m 10 !m

(a) (b)
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Contact angle tests of the membranes were performed with water.  The contact angle 

measurement is a way to determine the wettability of a droplet on solid or liquid substrate.  

During complete wetting, the liquid spreads out evenly over the substrate forming a thin film, 

whereas an incomplete wetting is when the droplet does not completely spread out, therefore a 

contact angle is formed between the substrate and the outer surface of the droplet as shown in 

figure 4.8.  The contact angle (𝜽) decreases as the droplet spreads.  The surface roughness and its 

chemical nature can affect the contact angle.  Young’s equation can be used calculate the 

spreading and wettability properties of droplets on substrates as shown in figure 4.9. 

 

Figure 4.8  The contact angle theta is the angle between the substrate and the tangent where 

the droplet meets the substrate. 

 

Figure 4.9  Young’s equations for wetting and spreading.  OS refers to “oil-substrate” 

interface, OL refers to “oil-liquid” interface, and SL refers to “substrate-liquid” interface.  

When the droplet has stopped spreading, it is in equilibrium. 
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The results of the contact angle test with water are shown in figure 4.10.  The control, 

bulk non-porous PDMS, exhibited a contact angle of 114 degrees.  The porous PDMS exhibited 

contact angles of 131 and 134 degrees, depending on whether glycerol or silica nanoparticles 

were used.  The difference in the porous PDMS measurements may be attributed to different 

pore structure resulting from using glycerol vs nanoparticles. 

For the porous PDMS generated using glycerol, the tensile strength and compression 

strength were also measured.  Young’s modulus was measured to be 5.73 kPa, while 

compression strength was measured to be 70.5 kPa.  These measurements are shown in figures 

4.11 and 4.12, respectively. 

Additionally, for porous PDMS generated with glycerol, the oil uptake of xylene was 

measured and is shown in figure 4.13.   The porous PDMS foam cylinder absorbed xylene 1.7 

times the mass of the foam at a very slow uptake rate.  At 90 minutes, the uptake rate started to 

decrease and after 870 minutes the uptake appeared to be plateaued. 

Finally, scaleup of the overall porous PDMS process was accomplished by linearly 

scaling the quantities of components in the recipe. A 14cm by 10cm sheet of PDMS was 

fabricated as shown in figure 4.14. 
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Figure 4.10  Results of contact angle test using water.  For bulk PDMS, a contact angle of 

114 degrees was measured.  For porous PDMS generated with glycerol, a contact angle of 

131 degrees was measured.  For porous PDMS generated with 10% silica nanoparticles, a 

contact angle of 134 degrees was measured. 

Control 
PDMS + Curing agent 

Contact angle = 114
o
 

PDMS + Curing agent + Glycerol + 1.0 g 
dichloromethane 

Contact angle = 131
o
 

PDMS + Curing agent + 1.0g dichloromethane + 10% silica NP 

Contact angle = 134
o
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Figure 4.11  Measurement of tensile strength of the porous PDMS generated with glycerol.  

Young’s modulus was 5.73 kPa. 
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Figure 4.12  Compression test of porous PDMS cylinder foam. 

 

 

70.5 kPa 
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Figure 4.13 (a) Depiction of PDMS cylinder foam soaking in xylene on water from zero 

minutes to 3000 minutes.  (b) Plot of xylene uptake vs time of the porous PDMS material. 

The porous PDMS was able to absorb up to 1.7 times its own mass.  The porosity of the 

material tested was 25%. 

a 

b 

(g
/g

) 

90 mins 870 mins 

~1.7 x 
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Figure 4.14  Scale up of porous PDMS membrane. 14cm by 10cm. 

 Discussion and Analysis 
 

The eSNIPS method seemed to give uniform pore sizes and higher pore distribution 

density. This is because the polymer solution experienced much higher shear forces during the 

emulsion process. The porous PDMS film has lower pore distribution density, when the polymer 

solution was mixed at 1000 rpm and 2000 rpm rather than 4000 rpm. Dichloromethane was 

selected as a solvent because it has a low boiling point and it can be used to adjust the viscosity 

of the polymer solution for better monodispersity during the emulsion process. 
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The contact angle test revealed that there was no significant difference between using 

PDMS + Curing agent + Glycerol + 1.0 g dichloromethane and PDMS + Curing agent + 1.0g 

dichloromethane + 10% silica NP.  However, when comparing the two non-controls with the 

control, there was a significant difference between the contact angles of the control and the non-

controls of 17 to 20 degrees. 

The tensile strength of the porous PDMS was 0.534 MPa, and the Young’s modulus was 

5.73 kPa. The tensile strength of PDMS was reported to be about 2.66 MPa.30 This is lower than 

a bulk material.  In a compression test, the material exhibited compression strength of 70.5 kPa.  

This is comparable to sponge PDMS found in literature (See Figure 4.15) with compression 

strengths of about 70 kPa.31  The amount of oil uptake indicated that the porosity of the of PDMS 

material was 25%, compared to literature of between 50% and 80%. Also the uptake rate of the 

PDMS was extremely slow, at 0.0275 g/min for the first 90 minutes, with the start of the plateau 

occurring after 870 minutes.  In comparison, a PDMS sponge with swelling capabilities, and 

ability to absorb 22 times its original mass with a plateau time of 20 seconds has been reported.  

The performance difference between these two sponges may be due to the pore shape, 

connectivity between pores, and the overall porosity of the material. 

The emulsion method for generating porous PDMS membranes is a scalable process that 

allows for the generation of stable membranes with relatively good mechanical properties.  It is 

relatively flexible and inexpensive. 

 



 
 
 

  

 

68 

 

Figure 4.15  Compression stress-strain curves with a maximum strain of 60% for PDMS 

sponge and CNT-PDMS sponge.31 

 Conclusion 
 

The emulsion process was used to achieve monodispersity of the solvent and non-solvent 

mixture. Additives such as surfactants are efficient at stabilizing the polymer solution and 

nonsolvent in order to obtain more uniform distribution pores, pore sizes, and organization.15  

The overall process is very controllable and can be scaled up to larger quantities and dimensions.  

However, this particular formulation results in a material with very specific porosity and 

distribution. To further increase the contact angle, an alternative recipe may be required because 

after introducing nanoparticles to the mixture, the viscosity of the mixture will increase, making 

~ 70 kPa 
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monodispersity more difficult to achieve.  The tensile strength of this material is less than that of 

bulk PDMS material due to the porosity.  
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