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ABSTRACT 

Today, state-of-the-art synthesis and advanced purification at a reasonable price and in a short time 

is necessary to reach the high purity of molecules in chemicals and biochemical manufacturing 

industry. One of the most important methods is to use functional polymers in order to increase the 

permeability and selectivity of commonly used membranes. Smart membranes change their 

physicochemical properties in response to changes in their environment such as pH, temperature, 

ionic strength, light, electric and magnetic fields. The main goal of this thesis is to design and 

prepare different types of separation membranes via vapor polymerization methods to improve the 

permeability and selectivity of the membranes.  Stimuli responsive polymers are used to 

functionalize the membranes for triggered control of permeation and tuning of the release kinetics. 

In the first chapter, nonporous, ultra-thin large area free-standing functional membranes are 

developed. The mesh size is tuned to control the permeability and selectivity of the membranes for 

separation of model dye molecules with different size and polarity. In the second part, hybrid 

membranes are produced by modifying AAO template pores using smart polymers. Shape, size 

and charge interactions between the membranes and macromolecules are the key factors in 

controlling the membrane selectivity via changing the membrane pore size at different pH values. 

Double-sided Janus membranes with two different pH responses are developed as gating 

membranes to control the flow of the protein molecules through the membrane. The key-shaped 

non-conformal coatings allow to control protein diffusion by blocking, delaying and releasing 

protein depending on the acidity of the medium. Furthermore, the shape of the nanochannels is 

another critical factor in separation of proteins by membranes. Membranes with symmetric 
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cylindrical and asymmetric conical functionalized nanochannels are developed to control the 

protein flux and separation. Finally, negatively charged and neutral membranes are fabricated to 

separate two proteins with the same size but different charges using pH responsive polymers.  
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Özet 

Günümüzde, kimyasal ve biyokimyasal üretim sektöründe yüksek saflıkta moleküller elde etmek 

için maliyeti düşük ve kısa sürede sonuç veren ileri teknoloji sentez ve gelişmiş arıtma yöntemleri 

gerekmektedir. En önemli metotlardan biri, membranlarda geçirgenliği ve seçiciliği arttırmaya 

yönelik fonksiyonel polimerler kullanmaktır. Akıllı membranlar pH, sıcaklık, iyonik kuvvet, ışık, 

elektrik alan ve manyetik alan gibi çevresel değişimlere karşı fizikokimyasal özelliklerini 

değiştirirler. Bu çalışmada, membranların geçirgenliğini ve seçiciliğini arttırmak adına, buhar 

biriktirme yöntemleri ile farklı ayrıştırma membranlarını tasarlamak ve üretmek hedeflenmiştir. 

Uyarıya duyarlı polimerler, geçirgenliği kontrol etmek ve salınım kinetiğini ayarlamak amacıyla 

membranların fonksiyonlanması için kullanılmıştır. Birinci bölümde, gözeneksiz, aşırı-ince, geniş 

alanlı, desteksiz fonksiyonel membranlar geliştirilmiştir. Farklı boyut ve kutupsallıktaki model 

boya moleküllerinin ayrışmasında, membran geçirgenliği ve seçiciliğini kontrol etmek için 

gözenek boyutu ayarlanmıştır. Đkinci kısımda, hibrit membranlar, AAO şablonlu gözeneklerin 

akıllı polimerler kullanılarak modifiye edilmesi ile üretilmiştir. Membranlar ve makromoleküller 

arası şekil, boyut ve yük etkileşimleri, farklı pH değerlerindeki membran gözenek boyutu kontrolü 

ile elde edilen membran seçiciliğinde en önemli faktörlerdir. Đki farklı pH yanıtlı, çift  taraflı Janus 

membranları, protein moleküllerinin membrane boyunca akışının kontrolü için geçit membranı 

olarak geliştirilmiştir. Anahtar şekilli konformal olmayan kaplamalar, protein difüzyonunun asit 

ortamına bağlı olarak protein engellenmesi, geciktirilmesi ve salınımı ile kontrol edilmesini 

sağlamıştır. Ek olarak, nanokanalların şekli, proteinlerin membranlar ile ayrıştırılmasında bir diğer 

kritik faktördür. Simetrik silindirik ve asimetrik konik şekilli fonksiyonlandırılmış nanokanallar, 
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protein akışı ve ayrıştırılmasını kontrol etmek amacıyla geliştirilmiştir. Son olarak, eksi yüklü ve 

yüksüz membranlar, aynı boyutlu fakat farklı yüklü iki proteinin ayrıştırılması için pH duyarlı 

polimerler ile üretilmiştir. 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

 

 

1.1. Separation by the Membrane 

In general membranes are used to separate the molecules, based on different properties of the 

molecules, such as chemical structure, size or charge. Depending on the size of the separated 

molecules, separation via membrane can be classified as molecular (~2 - 20 nm), macromolecular 

(~ 30 - 800 nm) and particle (~ 1 - 1000 µm) and their usage areas and methods vary depending 

on these categories. Molecular separation is frequently used in drug transport, protein 

chromatography, virus or DNA studies, especially when it is used in areas such as desalination of 

water, gas separation, and dialysis. Among the molecular separation techniques, distillation, 

membrane-based filtration, centrifugation or electrophoresis are the most commonly used 

techniques [1, 2]. Recently, molecular sieves, magnetic nanoparticles, or techniques using 

microfluidic channels have begun to develop to reduce the energy used in separation, at the same 

time with high selectivity [3-5]. separation techniques include membrane-based techniques have 

advantages over other techniques due to lack of additives, ability to be made at low temperatures, 

low energy consumption, and ability to be made on an industrial scale, thus their use in different 

areas increases [6-8].  
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Separation in membranes is based on the transport of molecules at different rates through the 

membranes, or by the selectivity to pass some molecules through the membranes according to their 

structures. Transport in the membranes is achieved by creating a pressure, concentration or electric 

field difference in membrane thickness. The factor that affects the rate of transport and selectivity 

in non-porous membranes is the interaction between the molecules being separated and the 

membrane material. In porous membranes, transport rate and selectivity are usually controlled by 

pore size, and separation is achieved by passing only small molecules through the membrane pore 

size. Separation of molecules by size is an effective method, but it is insufficient in separating 

molecules at similar size and selectivity is low. To increase selectivity, it is possible to separate 

the molecules according to their structural properties or their charge, by functionalization the pores 

and using the interaction between the surface of the pores and the molecules [9]. Porous 

membranes used for separation are usually formed by polymers with porous structure [10], with 

nanofibers [11] or by functionalization of pores of porous substrates [12]. Among different 

separation techniques, the separation technique using the functionalization of porous substrates is 

more advantageous than other techniques because of the low cost of the substrates, the ability to 

control the pore size and ease of functionality to get precise permeability and selectivity [12]. In 

separation applications, control of the permeability of the pores has been achieved by changing the 

pore diameter by using the pores with inorganic materials [13]. However, since it is necessary to 

Figure 1.1. Different types of separation via the membranes [1] 
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functionalize the pores to increase the selectivity, recent studies have concentrated on the pore 

coating of polymer materials [14]. Especially through the use of smart polymers ....Therefore, such 

polymers in applications demanding active response such as drug delivery applications has seen 

much usage [15]. Smart polymers are polymers that undergo physical or chemical changes are 

respond to an external stimulus such as temperature, pH, light [16].  

 

Figure 1.2. Different types of stimuli responsive polymers according to external stimuli [16] 

The response mechanisms to the stimulus and the changes in the polymer structure are dependent 

on the chemical structure of the polymer and the external stimulus. For example, pH-sensitive 

polymers have ionizable pendants groups that can protonate and deprotonate depending on the pH 

change [17]. The pH-dependent change in net charge in suspended groups triggers physical 

changes in the polymer system. Temperature responsive polymers have a certain critical solution 

temperature at which phase changes or separations are observed. For example, poly (N-

isopropylacrylamide) (PNIPAAm), undergoes a reversible volumetric phase transition at low 

critical solution temperature (LCST) because of the conversion of coils to globules [18]. While the 

hydrated polymer chains under LCST give the surface hydrophilic properties, the increase in 

hydrophobic interactions on the LCST leads to consequent dehydration and hence to a hydrophobic 

structure. Thanks to the ability to control the reaction of smart polymers via external stimuli based 

on their chemical structure, their use in a variety of areas such as controlled drug release, sensors 

and micromotors has recently become widespread [19, 20]. Functionalization of membrane pores 

with the use of smart polymers recently has been developed. The functionalization of the pores 
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generally involves covering the pore surfaces and changing the pore diameters or filling the pores 

with polymers and changing the barrier properties. Filling of the pores with functional polymers 

can be achieved by an immersion coating method, but coating polymers are limited [21]. In 

addition, it is not possible to cover the pore walls and to change the pore diameters to the desired 

size since the precise thickness control cannot be achieved. Functionalization of pore walls by 

functional polymers can be achieved by different methods. Gold is deposited inside the pore walls 

using a current-free chemical coating technique, then functionalized in the thiol solution [22]. The 

pores of the AAO membranes is functionalized with silica and pH-sensitive poly (acrylic acid) 

using the sol-gel method [23]. However, the problems of these techniques are that the polymers 

that can be bonded to the surface are limited and the bonding pores need to be modified with thin 

films in advance. Instead, techniques that provide direct coating of polymers to pore surfaces are 

more advantageous. For example, the pores can be coated with thin film by layer coating technique 

[24], but since the layer-by-layer coating technique involves polycation and polyanion bonding to 

the surface, the polymers that can be coated are limited to charged polymers and cannot use for 

smart polymers. Grafting polymerization techniques are the most commonly used techniques for 

coating membrane pores with smart polymers. Temperature-responsive PNIPAAM polymer is 

deposited on the pore walls of polycarbonate membranes using plasma-induced graft 

polymerization technique, to control water flow at varying temperatures [25]. In addition, the 

PNIPAAm is coated on the pore walls by immersing the membranes inside the NIPAAm solutions 

including photoinitiator, then exposing the membranes to UV rays [26]. It is possible to control 

pore sized by changing solution concentration and irradiation time. Nanoparticles with charged or 

functional groups can also be integrated to provide additional functionality with the smart 

polymers. Attaching nanoparticles on the surface can be achieved by activating the pores in a 

binding manner [27] or by embedding the coated polymer matrix [28]. To use the functionalized 

membranes as a molecular sieve, it is necessary to cover the polymers inside the pores 

homogeneously, to avoid problems such as blockage of the pores. Therefore, the technique of 

coating the pores with polymers is very important. The pore clogging due to the capillary forces is 

a significant problem in the liquid based coating techniques which require the membranes to be 

immersed in the solution, like grafting polymerization techniques, but this problem can be solved 

by vapor-based polymer coating techniques [29].  
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Figure 1.3. Nylon membranes treated with pDVB were tested for LEP using a series of 
ethanol/water solutions [83] 

1.2. Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is a thin film deposition method to produce coatings [30], 

nanotubes and fibers [31]. This method used reaction or decomposition of relatively high vapor 

pressure gases exposed on the substrate to produce the coating on it. CVD technique is a suited 

method to modify surface properties of bulk materials [30] or deposit thin film devices like thin 

film transistors [32, 33], photovoltaic cells [34, 35], and separation membrane [36]. In CVD 

process, reactants are in gas state, so this vapor phase technique is completely different than 

solution based techniques and has its own advantages including slow film growth rate to control 

and get precise film thickness, control chemical composition of films via tuning precursors flux 

ratio, clean final product, since it is a solvent-less process [37] and conformality [38, 39].  

 CVD technique is also used to produce polymer coatings as vapor phase polymerization. Vapor 

phase polymerization can be categorized in four methods according to polymerization mechanism 

[40] 1) step polymerization 2) chain polymerization 3) activated monomer polymerization, and 4) 

activated substrate polymerization. In step polymerization, monomers and reactive group vapors 

are introduced inside the chamber to deposit thin film on the substrate via condensation 

polymerization mechanism. Chain polymerization uses an initiator in vapor phase to dissociate as 

activated initiator. Then, chain growth polymerization occurs by adsorption of monomers and 

activated initiator on the substrate surface to form a polymer thin film. In activated monomer 

polymerization, monomers are activated by thermal or electromagnetic energy to generate 

activated species. Then these activated species undergo chain linking or crosslinking to create 

polymer thin films. For activated substrate polymerization, at first the substrate is activated, 
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following monomer vapors are introduced on the substage, and the reaction among the activated 

substrate and monomers produce polymer thin film.  

The most important CVD techniques for polymer depositions are plasma enhanced CVD (PECVD) 

and hot wire CVD (HWCVD). PECVD utilizes plasma to enhance bombardment of the precursors, 

generation of a mixture of ions, atoms, radicals and electrons to polymerization with free radical 

polymerization [41, 42]. Deposition in this method is done at lower temperature but plasma high 

energy usually destroys the monomers desired functional groups or creation of side functional 

groups or undesired crosslinking. Moreover, deposition rate is high, and it is difficult to control it 

[43-45]. 

1.3. Initiated Chemical Vapor Deposition (iCVD) 

iCVD can be consider as a kind of common hot wire chemical vapor deposition (HWCVD) 

technique. In HWCVD is used resistively heated filament wire to thermal decomposition of gas 

species passing through these hot array of filament, then activated species are adsorbed on the 

cooled substrate located in a small distance from the filament to form the thin film [46, 47]. In 

contrast with HWCVD method, in iCVD technique an initiator is introduced inside the vacuum 

chamber with monomers, too. In iCVD, monomers are heated to vaporize. These vapor state 

monomers and the initiator are introduced into low pressure (~0.1-10 mTorr) chamber with array 

of resistively heated Nichrome filaments (~180-280°C) and cooled substrate stage below them. 

The filament temperature is enough to decompose initiator to create activated free radical but not 

sufficient to decompose the monomer species. The low substrate temperature makes iCVD a 

suitable technique to deposit on the delicate, heat and solvent sensitive substrates such as plastics, 

fabrics, and pharmaceutics [48, 49]. The polymerization mechanism by iCVD can be divided into 

three steps. 1) decomposition of an initiator in the vapor phase to form primary free radicals, 2) 

diffusion and adsorption of primary free radicals and monomers from the vapor phase onto a 

cooled surface, and 3) polymerization of monomers on the surface to form a polymer coating. 

These primary radicals first attack to adsorbed monomers on the surface of substrate to change 

them into activated free monomers, then these active radical centers propagate by adding more and 

more monomer units to form longer polymer chains (propagation). The polymer chains are 
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terminated by combining two propagated polymer chains, or one propagated polymer chain and 

one activated free monomer or two activated free monomers [50, 51].  

 

 

Figure 1.4. a) Schematic of the iCVD reactor and typical operating parameters b) Depiction of 
the iCVD mechanism.  c) Free radical polymerization scheme [50] 

Tuning iCVD parameters such as monomer and initiator flow rates and ratios, substrate 

temperature and vacuum chamber pressure triggers to produce exceptionally clean polymers with 

precise stoichiometric chemical composition and tunable molecular weight with no residual 

solvents or impurities, and the most important thing, deposition into complex topological 

geometries. iCVD, is utilized to synthesize variety of polymers including polytetrafluoroethylene 

[52, 53] acrylates [54, 55] methacrylates [56, 57], styrene [58, 59], vinyl [60, 61] and siloxane [62] 

in the form of copolymers [63, 64], and crosslinked ones [65, 66]. 

 Thanks to the variety of polymers, copolymers, and crosslinked polymers synthesized via iCVD 

it is suitable to applications such as drug delivery [67, 68], sensors [69, 70], antimicrobial [30, 71], 

polymer electrolytes and polyelectrolytes [72, 73] and membranes [74, 75]. 
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In solution polymerization methods, due to surface tension forces, lack of wettability, solution 

viscosity blockage of the structure and non-conformal coating will be achieved. In contrast, in 

iCVD because no liquids during polymerization process is used, conformal coatings to deposit 

complex geometries such as silicon membranes [48], gold microwires [76], elctrospun fibers [77], 

carbon nanotubes [77], and mesoporous titania nanoparticles [78] in nanoscales can be achieved.  

To get conformality, two parameters should be considered [79]. The ratio of the monomer partial 

pressure to the monomer saturation pressure is the first parameter. The monomer saturation 

pressure, is dependent on the substrate temperature and can be calculate using the Clausius-

Clapeyron equation [54]. Low value of this ratio means, the monomer can diffuse inside the trench 

more before adsorbing on the surface and high conformality. In conformality, the important 

parameter is step coverage, the ratio of the film thickness at the bottom to the film thickness on 

the top of the trench [gm] and less step coverage means less conformality. In iCVD monomers and 

activated initiator diffuse to the pores from the top side of them to polymerization therefore, with 

increasing the distance from the top of the pores polymerization rate, film thickness decreases 

because of depletion of activated initiator and the rate of activated initiator depletion from the pore 

surfaces depends on sticking coefficient [80], and low sticking coefficient indicates conformal 

coatings. For a monomer or initiator which diffuse from the surface to inside the pores in depth L, 

number of collusion with the wall of pore is n times and for each collision the sticking coefficient 

of the monomer is Г. Thus, the step coverage can be estimated as:  

S = (1 − Г)
�

(1 − Г)	 = (1 − Г)
�																																																																																																																		(1.1) 

The number of collusions can be estimated as n=Z.τ where Z is the frequency of wall-molecule 

collusion and τ is required time to molecule diffusion to the bottom of the pores. For larger 

Knudsen numbers, Z=vgas/w, where vgas is the thermal velocity of the gas molecules and w is the 

width of the pore and τ=L2/D where D is the diffusion coefficient. Diffusion coefficient inside the 

pore when Kn>1 is D=2.1w.vgas. So  

n = 1
2.1 �

L
w�

�
																																																																																																																																						(1.2) 

LnS = −0.48Г �Lw�
�
																																																																																																																									(1.3) 
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According to above equations when monomer saturation pressure increases, i.e. lower Pm/Psat, 

sticking coefficient decreases leads to better step coverage and conformal coatings.  

 
 

Figure 1.5. (a) Schematic of the quantities involved in an analysis of the sticking probability. (b) 
An impinging radical (i) can react with an adsorbed monomer if it strikes it directly (ii–a). If not, 

it will desorb back to the vapor phase within tens of microseconds (ii–b) [80] 

Asatekin et al. have shown that the iCVD technique can be used for separation of molecules by 

deposition of a hydrophobic polymer inside the AAO templates conformally [81]. Matin et al. used 

iCVD to modify the surface of commercial reverse osmosis membranes using 2-hydroxyethyl 

methacrylate-co-perfluorodecyl acrylate (HEMA-co-PFDA) to evaluate antifouling properties of 

the membrane with sodium alginate as a model organic foulant [82]. Warsinger et al. [83] used 

iCVD technique to create superhydrophobicity with deposition perfluorodecyl acrylate on 

polyvinyldene fluoride (PVDF) membranes to study the effects of surface energy on fouling. Servi 

et al. studied the effects of iCVD film thickness and conformality on the permeability and wetting 

of membrane distillation [80]. Electrospun polytrimethyl hexamethylene terephthalamide (PA6(3) 

T) fibers is coated conformally with poly1H,1H,2H,2H-perfluorodecyl acrylate (PPFDA) to 

change the fiber surface properties using iCVD for desalination applications [84].   
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CHAPTER 2. EXPERIMENTAL METHODS  

 

 

2.1. Membrane Fabrication 

In this thesis, two different types of membranes are developed and studied. Free-standing 

polymeric membranes are fabricated by depositing polymer thin films on a Si wafer with a 

sacrificial coating and subsequently, removing the sacrificial layer to release the polymeric 

membrane. The second type of membrane is the hybrid membranes obtained by coating the pores 

of commercial AAO templates with polymers. In both cases, initiated chemical vapor (iCVD) 

deposition technique is used to deposit the polymer. In this section, the details of iCVD set-up and 

technique will be given. Details of membranes developed for specific studies will be presented at 

the beginning of each chapter. In this chapter, in addition to the deposition technique, 

characterization methods and the membrane permeation experiments will also be detailed.  

2.1.1 Deposition Set-up 

The iCVD deposition system includes three major sections; the precursor delivery section, the 

chemical reaction reactor and the exhaust system. In the precursor delivery section, to have enough 

monomer flow rate, the monomers inside the jars should be heated using heating tapes wrapped 

around the jars. The temperature and heating rate can be controlled by thermocouples installed in 

the bottom of the jar. Ideally, the monomer vapor pressure in the jar should be between 1-10 Torr 

to achieve flow towards the vacuum chamber due to pressure gradient.  The temperature to heat 

the monomers to achieve the target pressure is determined by the Clausius-Clapeyron equation 

using the monomer vapor pressures at two different temperatures. The flow rate of monomers from 

the jar into the reactor is adjusted using needle valves and the flow rates of N2 and initiator are 

controlled by mass flow controllers (MFC). The flow rates in standard cubic centimeters (sccm) 

are determined by monitoring the pressure increase in the sealed reactor in short time intervals in 

the temperature range of 40-45°C. The background leak in the system is also calibrated in the same 

way and is accounted for in the calculations of monomer flow rates.  
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The pipe lines which connect the jars to the chamber are heated up by wrapping a heating tape 

around them to avoid monomer vapor condensation and consequent clogging of the pipes. The 

reactor chamber is a 20-liter cylindrical stainless-steel vacuum chamber that is heated with heating 

tapes to 40oC. The substrate holder is the stainless-steel stage at the bottom of the chamber and the 

temperature control of the stage is achieved by the embedded water lines at the back of the stage.  

The chamber also includes a set of filament array, consisting of parallel NiCr (80%Ni, 20%Cr) 

wires located 2-3cm above the substrate holder. The filament temperature is monitored using a 

type-K thermocouple connected directly to one of the wires. For the experiments reported in this 

thesis, the temperature range of the filaments is 250-270oC. The vacuum of the chamber is 

maintained by a mechanical pump and the pressure is monitored continuously using a pressure 

gauge. The base pressure of the chamber is 5 mTorr and the process pressures during deposition 

are in the range of 100-1000 mTorr.  

The real-time monitoring of the polymer film thickness during deposition is done using a 

Helium/Neon (He/Ne) laser interferometry set up. The entrance and the exit of the laser beam into 

the reactor is through two transparent quartz windows on top the chamber. He/Ne laser beam 

(632.8 nm) reflects from the thin film and because the beam that is reflected from the top of the 

thin film and the one that is reflected at the thin film-substrate interface have different phases, they 

show alternating constructive and destructive interference as the film grows thicker. The 

oscillations in the laser signal detected by the detector can then be converted to thickness. The 

real-time monitoring of the coating thickness allows stopping the deposition once the target 

thickness is reached.  

2.1.2 Deposition Procedures 

In order to introduce the monomer vapors inside the chamber, the monomer flow rate should be 

calibrated to find Pm/Psat to decide about polymerization rate. At first, the leak of the system is 

measured. The leak comes inside the chamber through the system port. The leak should be 

subtracted from the precursors to get real flow rate of precursors. For this purpose, the vacuum 

chamber is cut from the vacuum pump and the pressure increase is monitored by passing the time. 

Plotting time-pressure curve gives us dp/dt to calculate leak flow considering the chamber 

temperature and volume. The flow rate of monomers, initiator and Nitrogen gas should be 
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calculated. For this, at first on/off and needle valves are opened completely for two minutes to 

allow extra pressure of preheated monomers inside the jar to evacuate, then using the needle valve, 

the flow rate of monomer is calibrated. The needle valve is opened for specific turns then the 

chamber is cut from the vacuum pump and chamber pressure increase is monitored each five 

second for two minutes. The slop of time-pressure is used to calculate monomer in that specific 

needle valve turns considering the flow rate of the leak. This procedure is continued for several 

different turns. The same method is used for the other monomers, initiator and Nitrogen gas but 

for initiator and N2, calibration for one minute is enough. After calibration of precursor, according 

to flow rates, the composition of copolymers can be determined. Using the substrate temperature 

and deposition total pressure the deposition rate can be adjusted according to Pm/Psat ratio. For 

slow deposition rate, Pm/Psat ratio should be near 0.1 by increasing substrate temperature or 

decreasing total deposition pressure or both parameters. To get fast deposition, Pm/Psat ratio should 

be near 0.7 by reducing the substrate temperature, enhancing total pressure of both.  

  

Figure 2.1. Picture of the iCVD system: a) precursor delivery section including jars, needle 
valve, MFC and piping b) reactor chamber with pressure gauge, mass flow controller, substrate 

temperature controller and He/Ne laser c) thermocouple controller panel d) filament part 
including array wrapped around the ceramics and thermocouple 

To start deposition, the substrate is placed on the temperature controlling stage, the laser is adjusted 

to get reflection from the substrate to the laser detector to control this film thickness in situ during 

the deposition. To start deposition, at first the filament temperature is increased to 120°C, then N2 
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and initiator are introduced inside the temperature. Meanwhile, the monomers are introduced 

inside the reactor while the needle valves turn in a specific number of turns and the pressure is 

adjusted the target pressure. Finally, the filament is set at a temperature higher than 230°C. The 

deposition is monitored in situ by the laser to reach desired thickness. After that, at first flow of 

monomers are cut, the filament temperature decreases, then initiator flow is cut, and the pump is 

opened completely to vent the rest precursors inside the reactors. Finally, the flow of N2 is cut 

before venting the chamber to get the sample. 

2.2. Material Characterization 

The characterization studies involve characterization of the structure and performance of the 

polymer thin films on Si surface, free-standing polymer thin films and hybrid membranes.   

2.2.1. Optical methods 

2.2.1.1. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is used for the characterization of the chemical composition of the polymer thin films. The 

chemical bonds have specific wavelength to absorb infrared radiation and vibration [85]. Every 

molecule or bonding has specific vibration energies, so they have a specific absorption peak in the 

FTIR spectrum, as long as they are asymmetrical bonds. Each molecule has a specific vibrational 

frequency to absorb the radiation. N2 purging is used to avoid CO2 and H2O peaks from air on the 

thin film spectra. For thin films, at first the background absorption of the substrate (Si wafer) is 

collected, then this is subtracted from the adsorption of the thin film on the substrate by the 

software. 

2.2.1.2. Ultraviolet–visible Spectroscopy (UV-vis) 

UV-vis is absorption spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral 

region. In this region of the electromagnetic spectrum, atoms and molecules undergo electronic 

transitions. The absorption or reflectance in the visible range can be understood from their colors. 

Absorption spectroscopy and fluorescence spectroscopy are near the same, with the difference that 

fluorescence faces with transitions from the excited state to the ground state, while absorption 

measures transitions from the ground state to the excited state [86]. Π-electrons or non-bonding 

electrons (n-electrons) in the molecules absorb the ultraviolet or visible light to get energy for 
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exciting these electrons to higher anti-bonding molecular orbitals [86]. When light is incident on 

matter, part of light is absorbed inside the molecules and electrons are excited to higher energy 

level. The amount of absorption at different wavelengths by a material is detected via a 

spectrometer and absorbance (A) versus wavelength (λ) is plotted as a spectrum. λmax is  the 

wavelength at which the sample absorbs the maximum amount of light [86]. 

2.2.1.3. Spectroscopic Ellipsometry 

Spectroscopic ellipsometry is a non-destructive optical technique that allows for the measurements 

of sample properties based on the changes in polarization of the light that is reflected from the 

sample such as film thickness, refractive index, and extinction coefficient. If all photons of a light 

beam are oriented in the same direction the light is referred to as polarized light. Ellipsometry uses 

polarized waves and two waves with the same frequency combine in 90 degrees phase difference. 

The amount of the light ellipticity changes when it is reflected from the sample. Ellipsometric 

measurements are done as a function of wavelength, or the incidence angle, or both. Generally, 

ellipsometers contain a light source, a polarizer, to polarize the light on the sample, and a detector 

to measure the amount of light polarization after reflection from the sample [87].  

2.2.2. Structural methods 

2.2.2.1. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy 
(EDS) 

SEM get images from a sample by using secondary electrons, back scattered electron and 

characteristic X-rays enter in the detectors in the vacuum chamber. Electrons are accelerated from 

an electron gun.  SEM uses electromagnetic lenses to focus the electron. There is a scanning coil 

along the path of electron inside the chamber. The scanning coil is used to control electrons 

direction which helps to focus the electron beam on a region on the surface of the sample. When 

electron beam hits the sample surface it interacts with the electrons of the sample on the surface 

and inside the sample. The backscattered electrons (BSE) when collected at the detector, its signals 

are used to understand the distribution of different elements in the sample. The secondary electrons 

are generated from knocking of the outer electrons of surface atoms on the sample surface. They 

are collected at the SE detector and are used to get topography of the sample. The characteristic x-

ray is another type of emission that occurs due to the interaction between the accelerated electron 

and the electrons in the inner shell of the atoms. This interaction causes the inner shell electrons 
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to be removed and replaced by higher energy electron resulting in the release of energy in a form 

of x-ray emission. The composition and measurement of the abundance of various elements in the 

sample are identified with the help of the characteristic x-rays detected at the x-ray detector [88]. 

 

Figure 2.2. Incidence of accelerating electron beam on the sample and generation of secondary 
electrons, back scattered electron and characteristic X-rays 

2.2.2.2. Atomic Force Microscopy (AFM) 

Atomic force microscopy is used to measure sample heights, surface frictions and topographies. 

AFM consists of a probe tip attached to a piezo cantilever, a laser diode, a position sensitive 

detector and a feedback loop. The interaction force during measurement is converted to signals 

used in creating a corresponding image for the surface and height of the sample. The principle of 

atomic force microscopy is based on the force between the probe tip and sample surface. It also 

uses both the forces of attraction and repulsion. The forces between the probe and sample are kept 

constant irrespective of the surface topography. This can be achieved through a feedback loop, 

which constantly adjusts the interacting force. The photodiode is a laser source which directs the 

beam of light on the back of the cantilever. The reflected light is collected by the positioned 

sensitive detector. The detector uses this information for creating an image. The photo sensitive 

detector is divided into four segments; this tracks the position of the laser spot on the detector and 

thus measuring the angular deflections of the cantilever [89]. 
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Figure 2.3. Diagram of crucial AFM components. (a) shows a representation of the tip; it 
contains a probe straddled on a cantilever, and in (b) the cantilever easily bends even with a 

slight force on the tip 

2.3. Membrane Performance Methods 

2.3.1. Permegear Side-bi-side Diffusion Cells  

Permeation and diffusion studies of the macromolecules are performed in a Permegear side-bi-

side diffusion cell. The diameters of the cells are 30mm and the volume of each cell is 50mL. The 

cell contains, heater/circulator ports, donor and receptor chambers, stir bars, cell clamp, sampling 

ports and tension knob. The membrane is placed between the two chambers and fixed using tension 

knob. The experiment temperature is adjusted using water flow through the heater/ circulator ports 

inside the water jacket around the chambers by a chiller. Samples are taken via sampling ports for 

UV-Vis tests. The liquid inside the chambers is stirred using stir bar during the experiments to 

keep the solutions homogeneous in all parts of the chambers.  
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Figure 2.4. Permegear side-bi-side diffusion cell with heater/circulator ports, donor and receptor 
chambers, stir bars, cell clamp, sampling ports and tension knob. The hoses are used to guide 

water flow from heater/circulator ports to control the temperature 

2.3.2. Homemade Side-bi-side Diffusion Cells 

For the diffusion tests of the protein through the membrane, a homemade side-bi-side diffusion 

cell is used. The cell is 10mm in diameter, has a volume of 3mL and is made of Teflon. The cell 

consists of donor and receptor chamber, stir bars, sampling ports and clamp. The membrane is 

placed between two chambers then two chambers are fixed by the clamp and put on the stirrer. To 

avoid protein denaturation during experiments, the cell was put in cold room where its temperature 

was kept at 4°C. Samples are sampled from the sampling ports using a syringe.  
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Figure 2.5. Homemade diffusion cell a) donor and receptor chambers, stir bars b) sampling ports 
and tension knob. c) the cell on the stirrer inside the cold room 

2.3.3. High Pressure Permeation 

Hydrodynamic permeability tests of the composite membranes were performed using a high-

pressure diffusion test set-up (Sterlitech cells). For this purpose, high pressure Sterlitech cells are 

filled with water and nitrogen gas, is delivered to the system under different pressures. The 

pressure used during the test is systematically increased to 5bar. The weight of the water 

accumulated in the filter cell is measured via precise weighing at certain time intervals and the 

water flux is determined. The permeabilities of the produced membranes were tested with pure 

water, proteins, and polyacrylic acid permeates. 



19 

 

 

Figure 2.6. a) High pressure Sterlitech cells with stirrer and Nitrogen tube b) membrane glued to 
the plastic holder c) Schematic picture of high pressure permeation and sample collection 
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CHAPTER 3. FREE-STANDING MEMBRANE 

 

 

3.1. Introduction 

The aims of this chapter is to develop and characterize nonporous, ultra-thin free-standing 

membranes of functional p(HEMA) polymers with tunable mesh size to control the diffusion of 

model dye molecules. The permeability and selectivity of the separating membranes are the critical 

factors affecting the performance, thereby making the studies involving improvements of 

membrane properties quite important. Due to the difficulties in synthesizing free-standing polymer 

thin films with different mesh sizes using conventional fabrication techniques, reports on the 

permeability properties of free-standing polymers are limited. In this Chapter, a systematic study 

on fabrication of p(HEMA) membranes with different mesh sizes is presented. Tuning the mesh 

size allowed to control the permeation of small molecules with different size and polarities and via 

systematic diffusion studies, permeation and diffusion coefficients of the molecules were obtained. 

Difference in polarities of the permeants enabled selective permeation of the small molecules 

through the membranes. 

3.2. Experiment Methods 

3.2.1. Membrane Preparation 

Free-standing polymer thin film membranes were prepared by depositing the polymer thin film on 

a sacrificial layer using iCVD and subsequently removing the sacrificial layer. The sacri- ficial 

layer was prepared by spin coating of Polyacrylic Acid (PAA) solution (2.5 g PAA and 7.5 g water) 

on a Si wafer at 1500 rpm for 15 s followed by baking spin coated solution for 2-3 min on a hot 

plate at 80-100°C. p(HEMA) thin films with 1000 nm thickness were then coated on the sacrificial 

layer using iCVD.  The monomer HEMA, the cross-linking EGDMA, the initiator TBPO were 

used as received, without further purification. HEMA and EGDMA were vaporized in the jars at 

70°C and 80°C, respectively and TBPO was at room temperature. The vapors were then delivered 

to the vacuum chamber from different ports. The flowrates of N2 and TBPO were fixed at 1 sccm 

while the flowrates of the monomers were varied between 0.05 and 0.5 sccm to obtain polymers 
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with different crosslink ratios. The operating pressure was set to 250 mTorr and the filament and 

stage temperatures were kept at 270°C and 30°C, respectively during the depositions. The 

thickness of the samples was monitored real-time using a laser interferometry system and the 

deposition was stopped at a film thickness of 1000 nm. After the iCVD process, a plastic holder 

of 5 cm diameter with a 2cm diameter hole at the center was glued on the polymer layer surface 

(Figure 3.1.a) and then the sample was immersed in DI water to dissolve the PAA layer. The 

p(HEMA) layer was detached from the Si substrate following the removal of PAA layer. 

3.2.1.1. Polymer Coating Characterization 

Fourier transform infrared (FT-IR) (Thermo-Nicolet iS10 FTIR) measurements were performed 

in normal transmission mode. Spectra were acquired over the range of 400-4000 cm-1 with a 4 cm 

-1 resolution for 64 scans. All spectra were baseline corrected and normalized to a thickness of 

1000 nm. Accurate measurements of film thickness were performed using a spectroscopic 

ellipsometer (M2000 Spectroscopic Ellipsometer J. A.Wollam Co., Inc.). All thickness 

measurements were made at 65, 70, and 75 incidence angle using wavelengths ranging from 315 

to 718 nm. The Cauchy model was used to fit data. The swelling ratios of the polymer films were 

measured in a heated liquid cell with nominal angle of incidence of 75 degrees. The change in 

thickness of the films as water was introduced, was recorded as a function of time. The swelling 

ratio was then calculated by t0/t, where t0 and t are the thicknesses of the dry and swollen polymers, 

respectively. The swelling experiments were repeated multiple times and the samples were dried 

after each experiment. The elastic moduli of the films were measured using the peak force 

quantitative nanomechanics (QNM) mode of the Multi-Mode AFM. First, force curves on the 

polymer surface were obtained at different locations and then, Hertzian fit modeling was applied 

to these force-versus-separation curves. 

3.2.1.2. Permeation Experiments 

Permeation studies of dye molecules through the polymer membranes were performed in a side-

by-side diffusion cell (50 mL PermeGear Side-bi-Side Diffusion Cell) with an effective membrane 

area, A, of 3.14 cm2 at atmospheric pressure (Figure 3.1.b). The free-standing polymer membrane 

was placed between two cylindrical glass chambers of 50 mL volume. One chamber was filled 

with feed solution and the other chamber was filled with DI water, solutions in both chambers 
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were stirred continuously by magnets throughout the experiments. The experiments were 

performed at 25°C and 50°C. The feed solutions were prepared at different dye concentrations. 

The model dyes used for the experiments were Phloroglucinol (Phl), Alizarin Yellow (AY) and 4-

Phenylazodiphenylamine (PADPA). Three different dye solutions were used in the experiments: 

Phl (0.6 g/L), AY (0.07 g/L) and AY1PADPA (0.07 g/L each). Permeation rate of the dye 

molecules were calculated by measuring the dye concentration on the permeate side periodically. 

This was done by taking 3.5 mL of the permeate solution and performing UV-Vis measurements 

(Shimadzu UV-3150). After the measurements the solution was poured back into the permeate 

chamber. To find the solute partition coefficient, K, which was used to calculate the diffusion 

coefficient, the membranes were immersed in dye solution for 7 days and the ratio of the dye 

concentration in the membrane to the concentration in the solution was calculated. 

Figure 3.1. (a) Free-standing p(HEMA) membrane and the white plastic frame surrounding it are 
shown. (b) Side-bi-side diffusion cell used for permeation tests is shown 

3.3. Results and Discussion 

The thickness-normalized and baseline-corrected FTIR spectra of the p(HEMA) thin films with 

different crosslink ratios are shown in Figure 3.2. The peaks observed at 3550-3050 cm-1 and 1750-

1690 cm-1 correspond to the vibrational modes of O-H stretching and C=O stretching respectively. 

Intensity of the O-H stretching peak decreases with respect to C=O stretching peak as the EGDMA 

ratio in the feed is increased, confirming an increase in the crosslink ratio. The crosslink 

percentages of the deposited films are calculated using the FTIR spectra where the areas under the 

peaks are proportional to the concentrations of C=O or O-H groups in the films, assuming similar 
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bond oscillator strengths for both HEMA and EGDMA [90]. The ratio of EGDMA to HEMA in 

the film, which is related to the crosslink ratio, can be found using: 

�����
���� =

(���� !��"#)/�
!��"#                                                                                                                          (3.1) 

where A represents the area under the peak of the corresponding vibrational mode in the copolymer 

films and r is the ratio of AC=O to AO-H in the linear p(HEMA) film. Table I shows the crosslink 

ratios of the deposited p(HEMA) films.  

 

Figure 3.2. FTIR spectra of the deposited uncrosslinked, high crosslinked (HX) and low 
crosslinked (LX) p(HEMA) membranes. The peaks representing the C=O stretching vibrational 
modes are shaded with horizontal lines, while the peaks representing the O-H vibrational modes 

are shaded with diagonal lines 

Table 3-1. Deposition parameters and the crosslink ratios of the iCVD deposited p(HEMA) free-
standing films are given 

Samples 
Flow Rate (sccm) Pm/Psat 

Crosslink Ratio 
HEMA EGDMA HEMA EGDMA 

LX 0.5 0.086 0.182 0.404 0.32 

HX 0.5 0.14 0.179 0.646 0.47 

 

The reactivity ratios of the monomer precursors are used to determine the chemical composition 

of the copolymer films. The reactivity ratios are calculated using the Fineman-Ross copolymer 
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equation modified to account for the two vinyl groups of the EGDMA monomer, which is given 

by [91]: 

%&'()*+ (, �-&'()*)
-&'()*(, %&'()*+ ) = r���� + [

%&'()*+1 (-&'()* ,)
-&'()*(, %&'()*+ )1]r�����                                                     (3.2) 

          
 

In iCVD, polymerization mechanism takes place on the surface, therefore the rate of 

polymerization depends on the surface monomer concentration f’, instead of gas monomer 

concentration fEGDMA which is generally used in the Fineman-Ross relation. In eq. (2), f’EGDMA and 

FEGDMA correspond to the surface mole fraction of EGDMA monomer and the mole fraction of 

the EGDMA in the polymer, respectively, whereas rEGDMA and rHEMA correspond to the reactivity 

ratios of the monomers. The mole fraction of the EGDMA is determined from the FTIR analysis 

as described in the previous section. In Henry’s law limit for low surface concentrations, the BET 

isotherm predicts linear relation between the amount of monomer on the surface and the Pm/Psat 

values, where Pm is the partial and Psat is the saturation pressures of the monomer [54]. Thus, partial 

and saturation pressures of the monomers can be used to obtain the f 0 EGDMA and f 0 HEMA 

values. Using eq. (2), the reactivity ratios of EGDMA and HEMA are found as 0.169 and 0.886 

respectively, confirming copolymerization. 

Figure 3.3(a) shows the SEM image of a free-standing membrane. The AFM surface images of the 

low (LX) and high crosslinked (HX) polymer films show that the films are uniform with no phase 

segregation and the surface roughness is below 5 nm [Figure 3.3(b)]. Furthermore, the elastic 

moduli of the membranes are measured as 28.64 MPa for high crosslinked and 21.67 MPa for low 

crosslinked films by using the QNM mode of the AFM.  
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Figure 3.3. (a) SEM image of the free-standing HX p(HEMA) membranes before the diffusion 
tests. (b) AFM surface images of the LX and HX p(HEMA) membranes before the diffusion 

tests. The RMS roughness of the samples is less than 5 nm 

If the membranes are carefully handled avoiding cracks, the membranes can be reused in the 

permeation studies, confirming their stability. The permeation of the molecules through the 

membrane depends on the relative sizes of the molecules to that of the mesh size of the polymer. 

Therefore, tuning the mesh size of the polymer via adjusting the crosslink ratio enables control of 

the permeation mechanism. The average molecular weight, MC between crosslinks, which is 

related to the mesh size, ξ can be calculated using [92]:  

,
��=

,
34 −

5
6[78(, 9:);9:;<9:1][, 

=>
1=?(9:)

1 @A ]@

[9:
B
@ B19:][,;

=>
1=?9:

B/@]1
                                                                                   (3.3) 

where Mn is the number average molecular weight which is large enough so that the first term on 

the right-hand side can be neglected [93]. V is the molar volume of water (18 cm3/mol), Mr is the 

molecular weight of the HEMA repeat unit (130 g/mol) and ν is the specific volume of p(HEMA) 

(0.87 cm3/g). χ is the Flory-Huggins interaction parameter and is taken as 0.681 in this study for 

p(HEMA) polymers crosslinked with EGDMA [94]. The swelling ratios of the polymers, denoted 
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as νs, are obtained from ellipsometry measurements and they are 0.69 and 0.75 for low and high 

crosslinked samples, respectively. The ellipsometry measurements are performed on polymer 

films deposited on Si substrates. Repeating the swelling tests multiple times confirms that the 

swelling of the films is reversible. Reports on the effects of substrate confinement on the swelling 

of the polymer films exist in literature, reporting less swelling observed in surface-attached 

polymer films compared to that of nonattached films [95]. Furthermore, reports on the spin-coated 

films show that surface confinement effects on the swelling ratio are negligible for the nonattached 

ultra-thin films [96]. In the study presented here the polymer films are directly deposited and 

physiosorbed on the substrate without any surface attachments, which would affect the polymer 

chain mobilization. The values of MC for low and high crosslinked samples are determined as 

152.43 g/mol and 127.34 g/mol, using Eq. (3). The mesh size of the deposited polymers, ξ can be 

determined using the relation: 

ξ = νE-,/Gl(����H )
,/�C�,/�                                                                                                                  (3.4)

        

Where Cn is the characteristic ratio for HEMA which is taken as 0.69 [97] and l is the C-C bond 

length which is 0.154 nm. The mesh sizes of the low and high crosslinked samples are, then, 

calculated as 0.651 nm and 0.575 nm, respectively. The larger mesh size observed at low EGDMA 

content is due to low crosslinking of the films confirming that the mesh size can be controlled by 

tuning the chemical composition. As the HEMA content in the films increased, dissolution of the 

polymer films was observed. The dissolution of the uncrosslinked pHEMA films can be attributed 

to the low molecular weight of the deposited films. Dissolution of the uncrosslinked pHEMA films 

is not observed at ultrahigh molecular weights of 820,000 g/mol due to the entanglement of the 

long polymer chains [98]. The molecular weight of the deposited films, on the other hand, can be 

controlled by changing the ratio of initiator/monomer flowrates. Initiator to monomer flowrate 

ratios of 20, as used in our study, give short- chained, low MW polymers, compared with ultrahigh 

MW polymers obtained at initiator to monomer flowrate ratios of 0.5 [98]. Tuning of the mesh 

size is critical for membrane applications that rely on size exclusion. In the study reported here, 

the size selection characteristics of the membranes are studied using hydrophilic model dyes and 

the permeation through the free-standing polymer films with different mesh sizes are monitored 

using a diffusion cell. As the model dyes, hydrophilic alizarin yellow molecules and larger 
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phloroglucinol molecules and relatively hydrophobic 4-Phenylazodiphenylamine molecules are 

used.  

 

Figure 3.4. Plot of Eq. (5) where y(t) = -(V/A) *ln(1-c(t)/c (0)) showing the change in dye 
concentration as a function of time for low and high crosslinked samples tested with AY and Phl 

dyes. The slope of the plots gives the permeability coefficient, P 

The change in dye concentration as a function of time on the receptor end is recorded and the 

solute permeability coefficient, P, is determined using:  

Ln(1- �J[K]J[	] ) = -(
��L
M )t                                                                                                                                   (3.5)

          

where c [0] is the initial dye concentration in the donor cell, c[t] is the concentration at time t in 

the receptor cell, V is the cell volume (50 mL) and A is the effective membrane area (3.14cm2). 

Figure 3.4 shows the change in dye concentration in the receptor cell as a function of time for low 

and high crosslinked samples. The permeability coefficient, P, can be determined from the slope 

using Eq. (5) for each dye tested with membranes of different mesh sizes.  The solute diffusion 

coefficient, D, can then be calculated using: 



28 

 

D = LP
Q                                                                                                                                         (3.6)                           

        

where δ is equilibrium membrane thickness (as obtained from the swelling cell ellipsometer 

experiments) and K is the partition coefficient. The equilibrium thickness values are measured as 

1660 nm and 1820 nm, for high and low crosslinked membranes. K values are obtained as 0.048 

and 0.041 for AY ad Phl, respectively. Table 2 shows the P and D values obtained for different 

dyes and mesh sizes. 

Table 3.2. Permeability and diffusion coefficients of model dyes tested on membranes with 
different mesh sizes 

 

Sample 

 

Mesh 

Size(nm) 

Dye Temperature(°C) 

Permeability 

Coefficient 

(x10-5 cm/s) 

Diffusion 

Coefficient 

(x10-7 cm2/s) 

HX 0.575 Phl 25 1.5 0.61 

LX 0.651 Phl 25 3.13 0.95 

HX 0.575 AY 25 1.27 0.44 

LX 0.651 AY 25 4.48 1.71 

LX 0.651 AY 50 8.3 3.16 

LX 0.651 
AY 

4PAP 
25 

1.25 

0.30 

0.24 

0.008 

 

 Critical dye dimensions that affect the permeation of the dye molecules through the polymer are 

the solvent excluded diameter and the total polar surface area. The former is related to size 

exclusion and the relative diameter compared to mesh size of the polymer affects diffusion of the 

dye. On the other hand, total polar surface area which is the sum of surface areas of all polar groups 

is related to the hydrophilicity of the polymer; larger surface area indicating increased 

hydrophilicity. Solvent excluded sizes of AY and Phl are reported as 197.179 Å3 and 90.42 Å3, 

and total polar surface areas are134.06 Å2 and 60.69 Å2, respectively [81]. Comparing the values, 

AY molecules are larger and more hydrophilic than Phl molecules. The mesh size of the polymer 

is another factor that affects the permeation of the dye. As the mesh size increases the dye 

molecules can easily diffuse through the membrane due to increased free volume, therefore higher 
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permeation rates are observed. Under the same conditions, both AY and Phl dyes have larger 

permeability and diffusion coefficients in low crosslinked (LX) polymer membranes compared to 

that of the highly crosslinked (HX) membranes, with smaller mesh size. For the LX membranes 

with large mesh size, permeation coefficient of the larger dye AY is higher than that of the smaller 

dye Phl. Although polarity is also effective in improving the permeation of AY dyes in hydrophilic 

polymer, the main factor is the interplay between different entropies. While the entropy of mixing 

favors the smaller dyes to diffuse inside the pores of the polymer, the loss of conformation entropy 

leads to faster diffusion of larger dye molecules through the polymer mesh. Therefore, the higher 

permeation and diffusion coefficients of AY compared to that of Phl molecules in the LX 

membranes can be explained by loss of conformation entropy favoring faster diffusion of AY 

molecules through the p(HEMA) mesh. On the other hand, for the HX membranes, AY had slightly 

lower permeation coefficient compared to Phl. This can be attributed to the smaller mesh sizes of 

the HX membranes. For dyes that are larger than the mesh size, size exclusion principle applies 

and the polymer acts as a molecular sieve, permitting only smaller dyes. For the two dyes studied 

here, the size of the larger dye AY is comparable to the mesh size of the highly crosslinked polymer 

membrane, leading to significantly reduced permeation of AY, compared to Phl which is smaller 

than the mesh size. The effect of temperature on the diffusion rate of the AY dye is studied by 

repeating the same experiments at different temperatures.  An increase in temperature of 25oC, 

increased the diffusion coefficient in accordance with D ∝ exp	(− ,
VW) [99]. The selectivity of the 

membranes with respect to permeant polarity is tested using AY and 4-Phenylazodiphenylamine 

(PADPA), which is similar to AY in size but significantly more hydrophobic, lacking the -OH and 

-NO2 groups of AY. The feed solution used in the permeation studies, contains both dyes with 

same concentrations. Figure 3.5 shows the individual permeation rates of AY and PADPA dyes 

through LX membranes. Although both dyes are permeable, faster permeation of AY molecules 

can be attributed to the polarity of the hydrophilic AY molecules. The selective nature of the 

hydrophilic membranes is also confirmed by permeation coefficient of AY that is observed to be 

approximately 30 times larger than that of PADPA as shown in Table II. The selectivity of the 

membranes with respect to polarity can further be improved by adding polar functionalities to the 

polymer, which increase interaction with the polar dye molecules. 
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Figure 3.5. Plot of eq. (5) as a function of time showing the selectivity of the LX membranes 
tested with AY and PADPA dyes simultaneously 
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CHAPTER 4. HYBRID PH RESPONSIVE MEMBRANES 

 

 

4.1. Introduction 

Utilization of membranes for separation of macromolecules has gained wide interest in the last 

decade, especially after the development of smart membranes with tunable properties for improved 

separation performance. Variations in permeate water flux were observed at different pH values, 

confirming the pH responsive behavior of the membrane. Changes in the pore size due to swelling 

of the polymer facilitated size selective separation of nanoparticles. Experiments performed using 

PAA showed that the shape of the permeate was a factor in permeation, with flexible, compact 

structures having higher flux. Upon increasing the pH, the swollen polymer in the pores led to 

slower permeation of the PAA molecules independent of the structure, though the effect was more 

pronounced on rigid, extended structures. Permeation studies of the model protein BSA showed 

that in addition to pore size charge the BSA molecules and the membrane pores interaction 

significantly affected the permeation rate of BSA. The ability to tune the pore size through pH for 

the improved control of permeability, as demonstrated in this work, will enable the utilization of 

these smart membranes in challenging macromolecule separation applications. 

4.2. Experimental Methods 

4.2.1. pH Responsive Membrane Preparation 

Membranes were fabricated by conformally coating the pores of track etched AAO membranes 

with pH responsive polymers via the iCVD technique (Figure 4.1). Polymer depositions on the 

AAO membranes were performed in a custom-built iCVD chamber at a base pressure of 5 mTorr. 

Monomer vapors, initiator and the N2 gas were delivered to the chamber through different ports. 

The monomer vapor flowrates were controlled by needle valves, whereas the flowrates of initiator 

and N2 gas were controlled by mass flow controller. A heated filament array was placed above the 

sample stage for thermal decomposition of the initiator molecules. The substrate temperature was 

controlled by backstage cooling throughout the deposition process.  For the depositions reported 
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in this study, the flowrates used were 1.4 sccm for MAA, 0.15 sccm for EGDMA, 1.8 sccm for 

TBPO and 1 sccm for N2. The pressure of chamber was adjusted to 370 mTorr during deposition. 

The filament and substrate temperatures were kept at 200oC and 30oC, respectively during 

deposition. For conformal coating of the pores, the ratios of the partial pressures of monomers to 

the saturation pressures were kept around 0.2 to ensure low surface monomer concentration and 

slower deposition rates.  

 

Figure 4.1. Schematic of the pH responsive membrane preparation. The uncoated AAO template 
is put on the stage in the iCVD chamber where the deposition takes place 

4.2.2. Charging of Membranes 

In order to impart excess charge to the membrane pores, graphene oxide-NH2 flakes were attached 

to the inner walls of the pores after polymer coating. 1 mg/mL of GO-NH2 flakes was first 

dispersed in DI water using sonicator for 6 hours. Membranes were then immersed in solution for 

24 hours, followed by washing in DI water and drying at room temperature for 24 hours. 

4.2.3. Membrane Characterization 

The chemical composition of the polymers coated inside the AAO pores was studied by Fourier 

transform infrared (Thermo-Nicolet iS10 FTIR) spectroscopy. FTIR spectra were acquired over 

the range of 400-4000 cm-1 with a 4 cm-1 resolution for 64 scans. The membrane surface and the 

pores were imaged using a Field Emission Scanning Electron Microscope (Zeiss, SUPRA VP 35) 

at 4 kV accelerating voltage. The contact angle measurements of the uncoated and coated AAO 

templates were performed using a tensiometer (KSV Sigma70). The AAO templates used in this 

study were hydrophilic with a surface contact angle of 69 degrees. The surface zeta potential of 
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the uncoated and coated AAO templates were determined using a zeta potential analyzer (Zeta 

sizer ZS, Malvern). 

The effect of pH on the swelling of the polymer films was studied by monitoring the real-time 

thickness changes of the p(MAA) thin films using a spectroscopic ellipsometer (M2000 

Spectroscopic Ellipsometere J.A. Wollam Co. Inc.). The real-time swelling experiments were 

performed at pH 3 and pH 9 in a heated liquid cell with nominal angle of incidence of 75 degrees. 

The sample was placed in the liquid cell, which was then filled with water, and the thickness of 

the film was measured continuously throughout this process. The swelling percentage of the films 

was then calculated using ((Tf-T0)/T0 x 100), where Tf is the thickness at the swollen state and T0 

is the dry state thickness. 

Permeation Experiments 

Prior to permeation experiments, membranes were compacted by filtering deionized water at 3 

bars for 30 minutes. Permeation of water and three different permeants (Polystyrene nanoparticles, 

Poly Acrylic Acid macromolecules, BSA proteins) through the membranes and the effect of the 

pH on the membrane performance were investigated. The DI water permeation experiments were 

performed at pH 3 and pH 9, at room temperature and at a pressure of 1 bar. 

Permeation of nanoparticles: 5µL of polystyrene beads was mixed with 100 mL of DI water and 

the pH of solution was adjusted to pH 3 and pH 9 using NaOH and HCl. Hydrodynamic permeation 

tests were performed in a dead-end Sterlitech cell at room temperature. The feed solution was 

pressurized with N2 at 1 bar. Dynamic light scattering (Malvern Instruments, Ltd.) measurements 

were performed to determine particle sizes before and after filtration.  

Permeation of macromolecules: 100 mg Poly Acrylic Acid (PAA), with molecular mass of 100 

kDa, was first dissolved in 200 mL DI water and the pH of solution was adjusted using HCl and 

NaOH. The permeability tests were performed as explained before. The permeant weight was 

measured periodically throughout the experiment and the permeate flux was calculated. 

Permeation of a model protein: To study the protein permeation through the functionalized pH 

responsive membranes hydrodynamic permeation and diffusion tests were performed. For 

hydrodynamic permeation tests, 15 mg of BSA protein was dissolved in 150 mL DI water whereas 
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for diffusion tests, 100 mg of BSA protein was dissolved inside 100 mL of the DI water. The pH 

of solutions was adjusted to pH 3 and pH 9 using NaOH and HCl. The hydrodynamic permeation 

tests were performed as detailed before. Diffusion studies of BSA through the AAO membranes 

were performed in a side-by-side diffusion cell with an effective membrane area of 0.785 cm2 at 

atmospheric pressure. One cell was filled with BSA feed solution and the other cell was filled with 

DI water and the solutions in both chambers were stirred continuously by magnets throughout the 

experiments. The experiments were performed at pH 3 and pH 9 and the pH of both the feed and 

the permeate chambers was maintained the same. BSA concentration in permeate side was 

periodically monitored by taking 2 mL of solution and characterizing using a NanoDrop 

2000/2000c spectrophotometer (Thermo Fishe Scientific). 

4.3. Results and Discussion 

FTIR analysis of polymers on the AAO template confirms the successful copolymerization of 

MAA with EGDMA as shown in Figure 4.2. The band at 1380 cm-1 corresponds to the methyl 

bending vibration, whereas the band at 1430 cm-1 corresponds to CH3 deformation mode. C-H 

stretching vibration appears at 2850-3000 cm-1.  The bands at 1700 cm-1 and 1730 cm-1 arise from 

the C=O stretching vibrations of MAA and EGDMA, respectively [68].  
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Figure 4.2. FTIR spectra of the p(MAA-co-EGDMA) coating on the AAO. Spectra of p(MAA) 
and p(EGDMA) are also shown for comparison. The doublet carbonyl band of the copolymer 

film confirms copolymerization of MAA and EGDMA monomers 

The EGDMA content of the coatings is calculated from the band areas of the C=O bonds and is 

estimated to be approximately 46%. The real-time ellipsometry studies performed on p(MAA) 

thin-films with 46% EGDMA content show that the polymer film swells 38% at pH 9 while the 

swelling is only 5% at pH 3, confirming the pH dependent behavior of the p(MAA) polymer even 

at these high crosslink ratios. The pH dependent physical changes the p(MAA) polymer undergoes 

are attributed to the electrostatic repulsion among the chains. At pH values higher than the pKa of 

the p(MAA), which is a weak polycarboxylic acid with pKa of 6-7, the ionizable carboxyl groups 

dissociate into carboxylate ions carrying a negative charge. 

The electrostatic repulsion among these segments leads to the extension of the chains, thus 

swelling of the polymer. At lower pH values, on the other hand, the acidic groups will be 

protonated and will not be ionized.  For the unionized system, the hydrophobic interactions will 

dominate, resulting in the exclusion of water molecules and thus collapse of the polymer chains 

[100, 101].  
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Figure 4.3. SEM images of cross-section of (a) polymer coated and (b) uncoated AAO and top-
view of (c) polymer coated and (d) uncoated AAO. Polymer coating on the pore walls is visible 
in the cross-sectional view, confirming the penetration of the polymer into the AAO membrane 

The hybrid membranes are fabricated by coating the inner pores of the AAO templates with the 

pH responsive p(MAA) polymer.  The SEM images of the uncoated and coated membranes are 

shown in Figure 4.3. The polymer film thickness on the pore walls is estimated by comparing the 

average pore sizes before and after the polymer deposition. The average pore size is calculated 

from the SEM images using the Image J software. The software uses the differences in the contrast 

to determine the location and the size of the pores [102]. Histograms of the pore sizes on the 

uncoated and coated AAO templates are shown in Figure 4.4. The average pore sizes on uncoated 

and coated AAO template (in the dry state) are calculated as 110±13 nm and 85±20 nm, 

respectively, indicating a polymer film thickness of approximately 25 nm. Furthermore, the coated 

templates have a wider distribution of pore sizes compared to the uncoated templates. 
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Figure 4.4. Pore size distribution of (a) uncoated AAO and (b) polymer coated AAO template as 
obtained from SEM images. The average pore size of the uncoated AAO is calculated to be as 
110±13 nm, whereas the coated template has an average pore size of 85±20nm with a wider 

distribution of pore sizes 

The effect of the polymer coating on the water permeation performance of the membranes was 

investigated. The water permeabilities of uncoated and polymer coated AAO membranes at acidic 

and basic conditions are determined via measuring the flux of DI water passing through the 

membrane at different applied pressures (Figure 4.5). 

 

Figure 4.5. Water permeabilities of uncoated AAO template and p(MAA-co-EGDMA) coated 
AAO at pH 3 and pH 9 measured at different pressures. Highest permeabilities are obtained with 

the uncoated template due to larger pore size. On the other hand, for the coated templates 
permeabilities decreased at pH 9 compared to pH 3, due to the swollen pH responsive p(MAA-

co-EGDMA) at high pH, decreasing the effective pore size 

a b 
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The higher water permeabilities obtained at pH 3 compared to that at pH 9 can be related to the 

larger pore sizes at low pH values due to the shrinking of the polymer layer on the pore walls. The 

highest water fluxes are observed with uncoated AAO membranes due to the larger pore sizes in 

the absence of polymer coatings. On the other hand, as the applied pressure increased, water flux 

increased for all membranes. The strongest pressure dependency was observed with the uncoated 

AAO and the dependency decreased as the pore size increased allowing higher flux.  To calculate 

the pore size of membranes at swelling and collapsed states, Hagen-Poiseuille (HP) equation was 

used:  

                                                                                                         (4.1) 

where V is the volumetric flow rate, A is the membrane area (0.785 cm2), J is the flux, n is the 

number of pores per unit area of membrane (which is measured by imageJ software as 8x108 per 

cm2), r is the average pore radius, η is the water viscosity (8.9x10-4 Pa.s), ∆P is the pressure 

difference across the membrane, and L is the average length of the pores (50 µm). From HP 

equation the calculated pore size of p(MAA-co-EGDMA) at pH 9 is approximately 83 nm and at 

pH 3 is 106 nm and for uncoated AAO template, the calculated pore size is 118 nm. The pore sizes 

calculated using HP formulation are in good agreement with the pore sizes obtained using the 

Image J software. The gating performance of the membranes was investigated via filtration 

experiments of polystyrene beads at different pH conditions. DLS measurements performed at pH 

3 and pH 9 before the filtration experiments confirmed that the pH did not have a significant effect 

on the nanoparticle size. The zeta potentials of the nanoparticles, on the other hand, were measured 

as 3.97 mV and -38.5 mV at pH 3 and pH 9, respectively. The size distributions of the nanoparticles 

(NP) in the feed and permeate solutions as obtained by DLS measurements are shown in Figure 

4.6. The average size of the NPs in the feed solution was measured to be within the range of 50-

190 nm. The average size of the NPs on the permeate side, on the other hand, was measured to be 

within the range of 37-106 nm and 29-91 nm, after filtration by membranes at pH 3 and pH 9, 

respectively.  

The results show that at pH 3, the polymer in the collapsed state allows larger NPs to permeate 

through the membrane pores due to larger pore size of approximately 106 nm. On the other hand, 

at pH 9 the effective pore size reduces to approximately 83 nm due to swollen polymer layer, 
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impeding the permeation of NPs with larger sizes. At high pH, electrostatic repulsion between the 

polymer coating with negative charge and the negatively charged surface of the nanoparticles (with 

zeta potential of -38.5 mV) should also be considered. However, in the filtration experiments, the 

high pressure applied would have a stronger impact on the filtration of nanoparticles than the 

electrostatic interaction. Therefore, the rejection of larger nanoparticles at pH 9 can be attributed 

mainly to the reduced pore size due to swollen polymer. These observations confirm that the size 

of the filtrated permeants can be controlled by tuning the pH of the medium.  

 

Figure 4.6. DLS analysis of the feed and permeate solutions at (a) pH 3 and (b) pH 9. The 
average size of permeates at pH 3 is larger than that at pH 9, where the pore openings are 

narrower due to the swollen polymer 

In addition to the PS NPs, permeation of PAA molecules (with molar mass of 100 kDa) through 

the membranes at different pH conditions was also investigated to exploring the effect of permeate 

shape on the permeation. PAA is reported to exhibit pH dependent conformational changes above 

a molar mass of 16.5 kDA [103]. Figure 4.7 shows the flux of PAA solution as a function of time 

through uncoated and polymer coated membranes at pH 3 and pH 9 obtained by the high-pressure 

filtration experiments. Initially there is a fast drop in the flux during the first 40 minutes of the 

experiment, after which the flux levels off.  This trend is observed for all samples and this reduction 

in flux can be attributed to the accumulation of the PAA molecules at the pore openings because 

of applied pressure. The sharpest decrease is observed with the coated membranes at pH 9 where 

the swollen polymer may trap the PAA molecules. The highest steady-state flux values are 

obtained with uncoated AAO membranes due to uncoated, larger pores, with highest flux observed 
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at pH 3. PAA exhibits a pH-dependent conformational change, displaying a coil-to- globule 

transition at pH 5. At high pH, deprotonation of the carboxylic groups ionizes the polymer and the 

electrostatic repulsion among the chains leads to an open, coil-like structure [103]. At low pH, 

PAA is uncharged, adopting a compact, globular conformational structure. This flexible, compact 

structure can easily diffuse through the pores, resulting in higher permeate flux compared to that 

at pH 9, where PAA has inflexible, extended, coil shape. Due to this inflexible, coil shape, the 

PAA cannot easily diffuse through the pores, but instead forms a thick layer on membrane surface, 

partially clogging the pores. Similar behavior is observed with the responsive polymer coated 

AAO membranes, where flux is higher at low pH. In addition to the PAA shape, pH response of 

the polymer coating is another factor that controls the flux. The swollen polymer at pH 9 reduces 

the pore size, further decreasing the flux. Flux observed at pH 3 with the coated membrane is 

comparable to the flux of uncoated membrane at pH 9, indicating the significance of permeate 

shape besides the pore size.  

 

  

 

 

 

 

 

 

 

Figure 4.7. Permeate flux of PAA solution as a function of time. The compact structure of PAA 
at pH 3 facilitates faster permeation, increasing the flux in uncoated membranes. Flux is reduced 
at coated membranes due to narrower pores. The further decline in the flux at pH 9 is due to the 

swollen polymer inside the pores 
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Effects of PAA shape on the diffusion through the membranes are studied using side-by-side 

diffusion cells. Figure 4.8 shows the concentration of permeated PAA at different pH values as a 

function of time. Diffusion of PAA molecules is observed to be faster with uncoated AAO 

membranes, fastest diffusion occurring at pH 3, where PAA adopts a flexible, compact structure. 

At pH 9, PAA has inflexible, extended structure with reduced permeation rates through the 

membranes. On the other hand, diffusion of PAA through the coated membranes is slower 

compared to the uncoated membranes due to reduced pore size. Diffusion is significantly low at 

pH 9 because of polymer swelling at these high pH values.  

 

Figure 4.8. Concentration of PAA on the permeate side as a function of time. Diffusion of the 
PAA molecules is faster through the uncoated membranes, fastest diffusion is observed at pH 3 
due to the compact structure of the PAA. In coated membranes, in addition to the PAA structure, 
polymer swelling also affects the permeation, with faster diffusion observed at pH 3 compared to 

pH 9 

Permeation of a model protein, BSA, through the membranes at different pH conditions was also 

investigated for further characterization of the membrane performance. Hydrodynamic and 

diffusion tests were performed using BSA solution as the feed. Effect of membrane surface charge 

on the permeation of BSA molecules was also investigated using GO-NH2 functionalized 

membranes. Figure 4.9 shows FTIR spectra of unfunctionalized and GO-NH2 functionalized AAO 
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surfaces. The absorption bands at 1050 cm-1 and 1727 cm-1 are attributed to C–O in hydroxyl and 

C=O in carboxyl groups. The bands at 1225 cm-1 and 830 cm-1 are associated with symmetrical 

and asymmetrical stretching vibration of ether group [104, 105]. The band at 1609 cm-1 is due to 

the stretching of C=C bond present in GO. The sharp band 1512 cm-1 is attributed to the bending 

vibrations of N-H groups, confirming the attachment of N-H group to the carboxyl group of MAA, 

and thus functionalization of the surface with the GO-NH2 groups.  

 

Figure 4.9. FTIR spectra of the p(MAA-co-EGDMA) film and p(MAA-co-EGDMA) film 
functionalized with -GO-NH2 groups. The bands at 1609 cm-1 and 1512 cm-1 are attributed, 

respectively, to the stretching of C=C bond present in GO and bending vibrations of N-H groups, 
confirming successful functionalization of the surface with GO-NH2 groups 

Water permeation experiments were performed, initially, to study the effects of GO-NH2 

attachment on the pore size. The water permeability values obtained from these experiments were 

similar; 0.2x10-8 m/(Pa.s) for the unfunctionalized and 0.27x10-8 m/(Pa.s) for the GO-NH2 

functionalized AAO templates, confirming that the attachment of the GO-NH2 on the pore walls 

did not significantly reduce the pore size.  

The flux of BSA solution in hydrodynamic filtration tests was calculated according to: 
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                                                                                                                                                           (4.2) 

where m is the mass of permeate, with density ρ, collected for time t through the membrane area 

A at pressure p [106]. Figure 4.10 shows the flux of BSA solution as a function of time at pH 3 

and pH 9 through the functionalized and unfunctionalized membranes.  

 

Figure 4.10. Permeate flux of BSA solution as a function of time. The lowest flux was obtained 
with the polymer coated membranes at pH 3 as opposed to pH 9, indicating the adsorption of 

positively charged BSA on the membrane at pH 3 which leads to clogging of the pores. 
Introducing positive charges to the membrane with the -GO groups, leads to increased flux at pH 
3 due to the electrostatic repulsion between BSA and the polymer. The hydrophilic nature of the 
-GO groups at pH 9 dominates the permeation mechanisms, resulting in higher flux values for 
GO functionalized membranes compared to unfunctionalized, overcoming the electrostatic 

interactions 

In all membranes, a sharp decrease in the flux of solution is observed at early times and after 

approximately 60 minutes the flux reaches a steady state. The decrease in the flux observed in the 

early stages of filtration can be attributed to the BSA molecules nonselectively attaching on the 

pore openings initially, reducing the flux. The highest steady state flux is observed at uncoated 

AAO membranes due to large pore sizes in the absence of polymer coating on the walls. For the 

polymer coated, unfunctionalized membranes, the flux at pH 3 is observed to be lower than the 

flux at pH 9. The fact that the flux is lower at pH 3 despite the larger pores due to collapsed polymer 

tApmLP ρ=
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at this low pH value indicates the dominance of another factor. The isoelectric point of BSA protein 

appears around pH of 4.9 [107], above which BSA becomes negatively charged. At pH 9, there is 

a strong electrostatic repulsion between the negatively charged BSA and the membrane surface, 

which is also negatively charged due to the ionization of the carboxylic groups. This repulsion 

prevents adsorption of the BSA molecules on the pore walls and subsequent clogging of the pores. 

Furthermore, polymer surface hydrophilicity is increased due to the hydrogen bonding between 

the ionized carboxyl groups and water molecules at this high pH value, hindering attachment of 

BSA molecules [108, 109]. On the other hand, at pH 3, the hydrophobic interaction between the 

positively charged BSA molecules and the neutral polymer surface prompts adsorption of the 

protein molecules on the walls. Following this initial solute-membrane interaction, solute-solute 

interactions dominate, leading to further accumulation of BSA molecules on the walls [110, 111]. 

The filtration experiments indicate that the solute-membrane interactions are more dominant than 

the pore size effect in controlling the flux of the permeate. Sinha et al., in their study with poly 

(acrylic acid-co-polyethylene glycol methyl ether methacrylate) based membranes, reported higher 

rejection of BSA molecules at pH 9 compared to pH 3 [112]. They attributed the increased 

rejection to the electrostatic repulsion between the BSA molecules and the polymer in the 

membrane matrix, in addition to the reduced pore size due to swelling of the polymer. However, 

in this study the higher flux obtained at pH 9 compared to that of pH 3 is attributed to the reduced 

adsorption of BSA on the pore walls, which reduces pore clogging. This discrepancy between the 

two studies can be explained by the difference in the pore sizes.  In the small pores used by Sinha 

et al., the electrostatic repulsions between the BSA molecules and the polymer will be more 

dominant, increasing the rejection of negatively charged BSA at pH 9. On the other hand, the size 

of the pores used in this study is significantly larger than BSA; therefore, the electrostatic 

interactions will be effective only on the pore walls. These interactions may reduce the BSA 

attachment on the walls but will not have a strong impact on the BSA flux through the membrane. 

Functionalization of the polymer with GO–NH2 particles imparts positive charges to the polymer 

surface as a result of the protonation of the –NH2 group and the higher pKa of the amino group[113, 

114]. At pH 3, the zeta potential of the polymer is measured as -6.7 mV, whereas the zeta potential 

of the GO-NH2 functionalized polymer is 40.16 mV. Similarly, at pH 9, after functionalization 

with GO-NH2 the zeta potential of the membranes changed from -39.36 mV to 26.46 mV, 

confirming that functionalization with GO-NH2 imparts excess positive charges to the surface. At 



45 

 

pH 3, both BSA and the polymer surface are positively charged so the electrostatic repulsion forces 

reduce adsorption of BSA molecules. At pH 9, on the other hand, negatively charged BSA 

molecules adsorb readily on the positively charged membrane surface, significantly reducing the 

flux compared to that at pH 3. The hydrophilic nature of the graphene oxide particles leads to the 

higher fluxes observed both at pH 3 and pH 9 compared to unfunctionalized membranes without 

GO [115, 116]. Following the high-pressure filtration experiments, diffusion of BSA through the 

membrane pores were studied. Figure 4.11 shows the cumulative concentration of BSA molecules 

diffused through the membrane at pH 3 and pH 9.  

 

Figure 4.11.  BSA concentration in the permeate side as a function of time obtained from 
diffusion experiments. For both polymer coated AAO and GO functionalized AAO, 

concentration increase of BSA is similar at pH 3 and pH 9, indicating the contribution of other 
factors 

Depending on the pH of the medium, BSA protein adopts a different conformational structure 

[117, 118]. Within the pH range of 4 to 9, the shape BSA molecule attains is independent of pH 

and concentration [118]. In the compact state at pH 4-9, the length of a BSA molecule is 8.3 nm, 

whereas in the extended form at pH 3 it is 26.7 nm [117]. Permeation of BSA at pH 3 is like that 

at pH 9, despite the larger size of BSA at low pH. This is due to the larger pore size at pH 3 where 

the polymer on the walls is in the collapsed state, leading to faster diffusion [119]. In addition to 
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the shape of the protein, the charges of the BSA and the polymer surface also determine the 

diffusion of the protein through the membrane. At pH 9, the electrostatic repulsion forces between 

the negatively charged BSA molecules and the polymer hinder the diffusion of BSA through the 

membrane pores. Furthermore, the reduced pore sizes at pH 9 due to the swelling of the polymer, 

impedes the BSA diffusion. At pH 3 adsorption of positively charged BSA on the neutral polymer 

surface is expected which would reduce the diffusion of the protein, however similar diffusion 

rates with pH 9 suggests that the conformational structure of the protein has a higher impact on 

the permeation than the charge. Similar pH dependency is observed with the GO functionalized 

membranes, though the overall BSA concentration is higher compared to that of the 

unfunctionalized membranes, which can be attributed to the increased hydrophilicity of the 

membranes in the presence of GO particles [116, 117]. Overall, it is concluded that charge 

difference has a stronger impact on the diffusion rates than the swelling of the polymer, which 

affects the pore size.   
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CHAPTER 5. JANUS MEMBRANES 

 

 

5.1. Introduction 

Janus membranes with sides that respond differently to pH changes in the environment were 

developed as gating membranes for controlled permeation of protein molecules. Gating response 

of these membranes was achieved by coating both sides of the membranes with different pH 

responsive polymers using iCVD. By tuning the monomer surface concentrations, non-conformal 

coatings with keyhole shapes were obtained which facilitated blocking of the pores upon swelling 

of the polymer in response to pH changes. Through separate control of the pH on different sides 

of the membranes, diffusion of the BSA molecules through the membranes could be blocked, 

delayed and released on demand. 

5.2. Experimental Methods 

5.2.1. Membrane Preparation 

p(MAA-co-EGDMA) and p(4VP-co-EGDMA) were coated separately on two sides of the track 

etched AAO membranes via non-conformal iCVD to obtain the key-hole structures at both ends 

of the pores. For this purpose, first, AAO templates were coated with p(MAA-co-EGDMA) on 

one side and the other side was coated with p(4VP-co-EGDMA), subsequently. Monomers MAA 

and EGDMA were vaporized inside metal jars at 40 oC and 85 oC, respectively, and 4VP and TBPO 

were kept at room temperature. For p(4VP-co-EGDMA), 4VP and EGDMA flowrates were 7 and 

0.15 sccm, respectively while for p(MAA-co-EGDMA), MAA and EGDMA flowrates were 1.73 

and 0.16 sccm, respectively. The flowrates of N2 and initiator were fixed at 1 sccm. The filament 

and substrate temperatures were kept at 240oC and 25oC, respectively during deposition. Finally, 

to get the key-hole structures, depositions were performed at 600 mTorr and at 500 mTorr, for 

p(4VP-co-EGDMA) and p(MAA-co-EGDMA) coatings, respectively. The thickness of the 

coatings on both openings was approximately 60 nm as measured by SEM. 
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5.2.2. Membrane Characterization  

The chemical composition analysis of the polymers coated inside the AAO pores was performed 

by Fourier transform infrared (Thermo-Nicolet iS10 FTIR) spectroscopy in normal transmission 

mode. FTIR spectra were acquired over the range of 400-4000 cm-1 with a 4 cm-1 resolution for 64 

scans. The membrane pores are imaged using a Field Emission Scanning Electron Microscope 

(Zeiss, SUPRA VP 35) at 4 kV accelerating voltage. EDS analysis was performed to determine 

the depth of the polymer coating inside the pores at 10kV accelerating voltage and 8.5mm working 

distance.   

The swelling of the polymer films at various pH values was measured in a heated liquid cell with 

a nominal angle of incidence of 75 degrees by using a spectroscopic ellipsometer (M2000 

Spectroscopic Ellipsometer J.A. Wollam Co. Inc.).  The changes in the thickness of the films were 

monitored real-time for 60 minutes at room temperature. The Cauchy model was used to fit the 

thickness data at wavelengths ranging from 315 to 718nm. The swelling percentage was calculated 

using ((t-t0)/t0) x100, where t is the thickness at the swollen state and t0 is the dry state thickness. 

5.2.3. Permeation Experiments 

Diffusion studies of BSA through the Janus membranes were performed at 4 oC in a side-by-side 

diffusion cell with an effective membrane area of 0.785 cm2 and a chamber volume of 5mL. 

1mg/mL BSA in 10mM PBS buffer solution was filled in feed side while the permeate side was 

filled with 10mM PBS buffer solution and the solutions in both cells were stirred continuously by 

magnets throughout the experiments. The experiments were performed at pH 3 and pH 9 to control 

the swelling of the polymers on the feed or the permeate sides and activate the gating response. 

BSA concentration in the feed and permeate sides was measured using a NanoDrop 2000/2000c 

spectrophotometer (Thermo Fishe Scientific) at specific time intervals. Diffusion studies with rose 

Bengal is performed in a 50mL PermeGear side-bi-side diffusion cell. 150 mg of dye is dissolved 

in 100 mL of DI water and added into the feed side of the cell, whereas the permeate side contained 

only DI water. Experiments are performed at pH3 and pH9 and the diffusion of the dye molecules 

are observed via the color change in the permeate side.  
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5.3. Results and Discussion 

FTIR spectra of the p(4VP-co-EGDMA) and p(MAA-co-EGDMA) thin films are shown in Figure 

5.1. The bands at 2980 and 2920 cm-1 belong to CH2 asymmetric and symmetric stretching modes, 

respectively for p4VP [120]. The absorption bands at 1600, 1560, 1500 and 1415 cm-1 correspond 

to vibration of pyridine ring [121] . The absorption bands at 1070 and 960 cm-1 indicate in-plane 

and out of -plane rings C-H bending, respectively [120, 121]. The bands at 1730 cm-1 arise from 

the C=O stretching vibrations of EGDMA [68]. The band at 1380 cm-1 corresponds to the methyl 

bending vibration, whereas the band at 1430 cm-1 corresponds to CH3 deformation mode. C-H 

stretching vibration appears at 2850-3000 cm-1.  The bands at 1700 cm-1 and 1730 cm-1 arise from 

the C=O stretching vibrations of MAA and EGDMA, respectively. FTIR results show successful 

copolymerization of MAA and 4VP with EGDMA.  

 

Figure 5.1. FTIR spectra of the p(4VP-co-EGDMA) and p(MAA-co-EGDMA) thin films coated 
on different sides of the AAO membranes  

Figure 5.2 shows SEM images of p(4VP-co-EGDMA) coatings deposited under different 

deposition conditions for the fabrication of conformal and non-conformal coating and key-hole 

structures. Coatings with varying degrees of conformality could be achieved by changing the 

Pm/Psat values from 0.33 to 0.16 (Figure 5.2). The keyhole structure was obtained by maintaining 

the Pm/Psat value at 0.24. At high Pm/Psat value of 0.33 in the non-conformal regime, the fast 

deposition rates result in the formation of a thick polymer layer on top of the pores (Figure 5.2(a) 
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and 2(b)). On the other hand, at the Pm/Psat value of 0.16, deposition rate is significantly slower, 

enabling precursor diffusion inside the pores, leading to conformal coating of the pores as seen in 

Figure 5.2(c). The gating effect as reported in this study is achieved by setting the Pm/Psat ratio to 

0.24 in order to obtain non-conformal coatings at the pore openings. By keeping the Pm/Psat ratio 

less than 0.33 and film thickness below 200 nm, keyhole shaped coatings are achieved (Figure 

5.2(d)) as opposed to thick polymer layer on top. Figure 5.2(e) and 2(f) show the pore openings 

with non-conformal, keyhole shaped polymer coating. For p(MAA-co-EGDMA) coatings, 

keyhole structures were obtained by performing the iCVD depositions at Pm/Psat value of 0.2. The 

penetration depth of the polymer coating within the pores on both sides is investigated by EDS 

analysis. The SEM image and the EDS analysis of the cross-section of the Janus membrane are 

shown in Figure 5.3 (a) and (b) respectively. In the EDS analysis, C signal from the polymer and 

Al signal from the AAO template are monitored at different locations along the pore depth. A 

significant decline in the C signal at approximately 1800 nm is observed indicating a sharp 

thickness change in the polymer coating on both sides due to non-conformal coating. The fact that 

the C signal intensity does not completely disappear shows that the polymer coating could 

penetrate deeper into the pores, but the bulk of the polymer coating remains within the 1800nm 

depth. It should be noted that C exists in the vacuum system, therefore, C signal also involves C from the 

environment. However, this background C is constant throughout the pore depth, therefore the sharp 

decline in the C amount is attributed to the polymer. At the low process pressures maintained 

during iCVD depositions of the membranes, the diffusion of the monomer and radical molecules 

in the pores is expected to be in the Knudsen regime, which assumes collisions of the precursor 

molecules with the pore walls dominate collisions among the precursor molecules.  As a result, 

the step coverage, Sx, is directly affected by the aspect ratio of the surface and the sticking 

coefficient of the precursor and is defined as [80]:	 

SX = !Y !Z
!Y ![                                                                                                                                    (5.1) 

where rx is the pore radius at a distance x from the top, r0 is initial pore radius and rt is pore radius 

at the top after polymer coating. The pore profile which is determined by the polymer thickness as 

a function of depth in non-conformal iCVD depositions is given as [80]:  

rX = r	 − S\
]Z^_

1
(r	 − rK)                                                                                                                               (5.2) 
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where SL is the step coverage at L and L is the depth of the polymer coating in the pore [80]. The 

initial pore radius r0 is taken as 50 nm and rt is measured as 20±5 nm on the SEM image of p(4VP-

co-EGDMA) on side II. The pore radii, rx, at different depths in the pore are measured on the SEM 

images of the cross-section of side II.  

 

Figure 5.2. SEM images of the cross section of the Janus membranes with p(4VP-co-EGDMA) 
coatings at different degrees of conformality. Highly non-conformal coatings (a,b) are obtained 
at Pm/Psat values of 0.33, whereas conformal coatings (c) are obtained at Pm/Psat of 0.16. For 

key-hole structures (d,e,f) deposition is performed at Pm/Psat value of 0.23 
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Figure 5.3. (a) SEM image of the cross section of Janus membrane, showing p(4VP-co-
EGDMA) coating on side II. (b) Al and C amount within the pores as a function of depth 

obtained from the EDS analyses, indicating the relative amount of polymer on pore walls. (c) Fit 
of Equation (3) (straight line) to data (squares) obtained from SEM images 

Using Equation 1, the step coverages, Sx, at pore depths of 60, 350 and 660 nm are calculated as 

0.83, 0.2 and 0.1, respectively. The depth of the polymer coating, L, and the step coverage, SL, can 

be calculated by fitting Equation (2) to the pore profile (Figure 5.2(c)), rx, and solving for L and 

SL. The values of rx can be obtained from the SEM images down to approximately 800 nm below 

which the coating thickness cannot be measured visually. The coating depth L and the step 

coverage SL are calculated as 1800±20 nm and 0.01±0.003 respectively. This significantly low step 

coverage confirms that the polymer coating inside the pores is highly non-conformal. 

Conformality is achieved when the diffusion of the precursor molecules down the pores dominate 

polymerization at the pore openings. The dominant mechanism can be determined by using the 
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Thiele modulus, φ, which is the square root of the ratio of the reaction rate to the rate of diffusion 

[122] and is defined as [81]:  

Φ� = 2ab
�

cd	e																																																																																																																																																										(5.3)	
where ν is the deposition rate and c0 is the monomer concentration at the pore opening.  D is the 

Knudsen diffusivity and in a cylindrical pore, D is given as [123]:  

D = �!
G ]

gVW
� _

,/� 																																																																																																																																																				(5.4)  
  

where R is the gas constant, T is the process temperature and M is the monomer molecular weight. 

For the depositions presented in this study, D values are calculated as 1.43x10-5 m2/sec and 

1.43x10-5 m2/sec, for 4VP and MAA monomers. The deposition rates are 7.3x10-7 and 5.1x10-7 

mol/m2/sec and the monomer concentrations are 2.3x10-4 and 5.6x10-5 mol/m3 for 4VP and MAA, 

respectively. Using D in Equation (3), Thiele moduli for 4VP and MAA are calculated as 4.8 and 

7.5 which indicate faster consumption of the monomers at the pore openings compared to the 

diffusion rates of the monomers inside the pores, leading to non-conformal depositions. 

The ellipsometry studies on p(MAA-co-EGDMA) thin-films coated on Si wafers show that the 

swelling percentage of the copolymer films is 34% at pH 9, whereas only 2% at pH 3, confirming 

the pH dependent behavior of the p(MAA-co-EGDMA) polymer. The pH dependent physical 

changes the p(MAA-co-EGDMA) polymer undergoes are attributed to the electrostatic repulsion 

among the chains. At pH values higher than the pKa of the p(MAA-co-EGDMA), which is a weak 

polycarboxylic acid with pKa of 6-7, the ionizable carboxyl groups dissociate into carboxylate 

ions carrying a negative charge. The electrostatic repulsion among these segments leads to the 

extension of the chains, thus swelling of the polymer. At lower pH values, on the other hand, the 

acidic groups will be protonated and will not be ionized.  For the unionized system, the 

hydrophobic interactions will dominate, resulting in the exclusion of water molecules and thus 

collapse of the polymer chains [100, 101]. On the other hand, the swelling percentage of the 

p(4VP-co-EGDMA) films on Si wafer was 5% at pH 9 and 50% at pH 3, displaying an opposite 

pH response to that of the p(MAA-co-EGDMA) polymer. The pKa of the p(4VP-co-EGDMA) is 

4.7 and at pH 3, due to protonation of pyridine groups in 4VP chains, they get positive charge. 
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Therefore, these chains are stretched to minimize charge repulsion while at pH 9 deprotonation of 

4VP segments leads to coiled conformation [124].  

The gating performance of the Janus membranes was tested by monitoring the diffusion of BSA 

molecules under different pH conditions. The diffusion tests were performed in a side-by-side 

diffusion cell with the membrane at the center (Figure 5.4); side I of the membrane (with p(MAA-

co-EGDMA) coating) facing the feed side of the cell which contains the BSA solution and side II 

of the membrane (with p(4VP-co-EGDMA) coating) facing the permeate side which contains 

10mM PBS solution. The gating behavior could be controlled by changing the pH of the solution 

on each side to trigger the volume change of the polymer on the respective side of the membrane. 

 
 Figure 5.4. Schematic of the Janus membrane composed of AAO template with non-conformal 
coatings of p(MAA-co-EGDMA) on side I and p(4VP-co-EGDMA) on side II.  The membrane 
is placed in a diffusion cell with BSA in the feed side (A) and PBS in the permeate side (B) 

The operation of the Janus membrane is observed by monitoring the BSA concentration on either 

side of the membrane. Figure 5.5 shows the BSA concentration on the feed and the permeate side 

as a function of time when the BSA solution at the feed side is at pH 9 and the PBS solution at the 

permeate side is at pH 9. At pH 9, p(MAA-co-EGDMA) on side I of the membrane is protonated 

and swollen blocking the pores on the feed side while p(4VP-co-EGDMA) on side II is 

deprotonated and collapsed, keeping the pores open on the permeate side [125-128]. This allows 

the BSA molecules to be stored in the feed side, with no significant diffusion to the permeate side. 

UV-Vis measurements show that the BSA concentration did not change in side I, whereas in side 

II, no BSA was observed even after 12 hours (Figure 5.5). The results show that the protein 

molecules were blocked from entering the permeate side, indicating successful blocking of the 

pores on side I. Before the next step, both sides of the membrane were rinsed with 10mM PBS 

solution to remove the excess protein molecules.  
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Figure 5.5. Change in the cumulative BSA concentration as a function of time on the feed and 
the permeate sides when the pH of the feed and permeate sides are 9 and 9, respectively. The 

swollen polymer on side I blocks the protein molecules from entering the membrane 
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Figure 5.6. Change in the cumulative BSA concentration as a function of time on the feed and 
the permeate sides when the pH of the feed and permeate sides are 3 and 3, respectively. The 
protein molecules are hindered from leaving the membrane due to swollen polymer on side II 

As the next step, the pH of the solutions on both the feed and the permeate sides of the membrane 

was changed to pH 3. At pH 3, p(MAA-co-EGDMA) on side I is deprotonated and collapsed, 

keeping the pores open while p(4VP-co-EGDMA) on side II is protonated and swollen, blocking 

the pores on the permeate side. Figure 5.6 shows that the BSA concentration on side I gradually 

decreased in time, from 0.680 mg/mL to 0.550 mg/mL, indicating the diffusion of BSA molecules 

through the pores into the membrane. On the other hand, the amount of BSA on side II did not 

change, confirming that there was no release of BSA to permeate side through the pores. The pores 

on side II remain blocked due to the swollen polymer, p(4VP-co-EGDMA) at pH 3.   
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In order to test the gating performance of the membrane, the pH of the solution on the feed side 

was change to pH 9, whereas the pH of the permeate side was maintained at pH 3, ensuring the 

blocking of the pores at both ends. The BSA concentrations on both sides were monitored for 12 

hours. Figure 5.7. shows that at the end of 12 hours, there was no change in the protein 

concentration on either side, confirming the effective gating of the membrane. 

 

Figure 5.7. Change in the cumulative BSA concentration as a function of time on the feed and 
the permeate sides when the pH of the feed and permeate sides are 9 and 3, respectively. Swollen 
polymers on both sides of the membrane close the pore openings, trapping the protein molecules 

inside 

Afterwards, the membrane is put in a diffusion cell with PBS buffer solutions at pH 9 on both 

sides. At pH 9, side I of the membrane is blocked due to swollen polymer, whereas polymer on 

side II is collapsed at this pH, resulting in open pores. The UV-Vis measurements show that the 

BSA concentration on the permeate side of the cell gradually increases whereas the BSA 

concentration on the feed side does not change in 12 hours (Figure 5.8). The results show that the 
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protein molecules were released upon trigger only to the permeate side. Therefore, by changing 

the pH, the release of the proteins from the membrane could be controlled both spatially and 

temporally. The final protein concentration after 12 hours was 0.04 mg/mL while the amount of 

protein trapped inside the pores before release experiment was 0.13 mg/mL (as observed in Figure 

5.6) i.e. around 30% of proteins trapped inside the membrane pores are released in 12 hours. Once 

the polymer is collapsed and the pores are open, the protein molecules inside the pores diffuse out 

due to the concentration gradient between the permeate side and the pore cavities. However, 

concentration gradient being the sole driving force for diffusion is not sufficient to remove all the 

protein molecules. Furthermore, the protein molecules may be entrapped in the polymer mesh. 

 

Figure 5.8. Change in the cumulative BSA concentration as a function of time on the feed and 
the permeate sides when the pH of the feed and permeate sides are 9 and 9, respectively. Upon 
pH change on the permeate side to 9, p(4VP-co-EGDMA) on side II collapses, unblocking the 

protein molecules which then diffuse to the permeate side 
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The gating performance of the membranes was tested also with rose Bengal dye molecules 

(IUPAC name 4,5,6,7-tetrachloro-3′,6′-dihydroxy-2′,4′,5′,7′ tetraiodospiro (isobenzofuran-

1(3H),9′-(9H) xanthen)-3-one), which are smaller in size than the BSA molecules. Rose Bengal is 

a halogen containing dye which gives out pink color when dissolved in water even at low 

concentrations. Therefore, rose Bengal is used in this study to visually demonstrate the 

effectiveness of the membranes in gating small molecules. Experiments are performed first at pH9 

on both sides (Figure 5.9 (a)), which results in closed pores on side I and open pores on side II. 

Figure 5.9 (b) shows that color change was not observed for the first 18 hours, however after 18 

hours, color started changing in the permeate side indicating the leakage of the dye molecules 

through the pores. The color change with rose Bengal dye is observed when the concentration 

levels in the permeate side reach approximately 0.04 g/L.  

 

Figure 5.9. Pictures of the diffusion experiments performed with the rose bengal dye in side-by-
side diffusion cell set-up. (a,b) Experiments performed at pH 9/pH 9 on both feed and permeate 
sides show there is leakage after 18 hours (b). (c,d) Experiments performed at pH 3/pH3 show 
that the membrane could successfully block the molecules for 24 hours (d). (e,f) Experiments 

performed at pH 9/pH 3 where both ends were open show that the concentration of molecules on 
the permeate side reached 0.04 g/L. (a,c,e) Pictures of the diffusion cells at the beginning of the 

experiments 

On the other hand, in the similar experiments performed at pH3 (Figure 5.9 (c)), where pores on 

side II are closed, there was no color change at the end of 24 hours (Figure 5.9 (d)), confirming 

that the membrane could successfully block the dye molecules from diffusing to permeate side. 

The successful gating performance of side II compared to that of side I, can be attributed to the 

higher swelling percentages of p(4VP-co-EGDMA) on side II. The lower swelling percentages of 
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p(MAA-co-EGDMA) would result in pores not completely closing upon swelling, preventing 

complete blocking of the small dye molecules. Since the size of the BSA molecules are 

significantly larger than the dye molecules, leaking of the BSA molecules is not observed under 

similar experimental conditions. Further experiments are performed at pH9/pH3 where both gates 

are open (Figure 5.9 (e)) and color change is observed after 9 hours (Figure 5.9(f)). 
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CHAPTER 6. SYMMETRIC-ASYMMETRIC MEMBRANES 

 

 

6.1. Introduction 

The aim of this chapter is development of gates to diffuse only specific protein in the mixture of 

two proteins according to their size and effect of nanochannels shapes on the diffusion rate of 

through the nanochannels. Change in the pores size of the membrane by pH changing especially 

with the pores size as small as the proteins size triggers selective separation of proteins. Moreover, 

the shape of nanochannels affects the diffusion rate, and protein separations. Diffusion 

experiments on LYZ and Hb shows, in addition to protein and channel size, the nanochannels 

shape and deposited polymer double layer distribution affects the diffusion rates. Diffusion of Hb 

is controlled and blocked using pH responsive polymers as the negates and only selective sedation 

of LYZ in Hb and LYZ in protein mixture is achieved.  

6.2. Experimental Methods 

6.2.1. pH-responsive Membrane Preparation 

Membranes were fabricated by conformally coating the pores of the track etched AAO membranes 

with pH-responsive polymers via the iCVD technique in a vapor phase. The monomer methyl 

methylacrylic acid (MAA), the crosslinker ethylene glycol dimethyl acrylate (EGDMA), and the 

initiator tertbutyl peroxide (TBPO) were used without any purification. The flowrates of MAA 

and EGDMA and TBPO were 1.73sccm, 0.16sccm, and 1sccm respectively. N2 was introduced 

into the vacuum chamber at flowrate 1sccm to adjust Pm/Psat for slow deposition and the chamber 

pressure was kept 100mTorr during depositions. The filament and substrate temperatures were 

adjusted to 240oC and 25oC, respectively to deposit 30nm p(MAA-co-EGDMA) on Si wafer and 

in situ film thickness was controlled by reflection of a He/Ne laser beam (633nm) from the thin 

film. 
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6.2.2. Membrane Characterization 

Fourier transform infrared (Thermo-Nicolet iS10 FTIR) spectroscopy in normal transmission 

mode was used for the analysis of the polymer chemical composition inside the AAO template 

pores. FTIR spectra were acquired over the range of 400-4000 cm-1 with a 4 cm-1 resolution for 64 

scans. Field Emission Scanning Electron Microscope (Zeiss, SUPRA VP 35) at 4 kV accelerating 

voltage was used to capture images of membrane pores from the top and the cross-section planes. 

The polymer thin film thickness changes with pH on Si wafer was measured using a spectroscopic 

ellipsometer (M2000 Spectroscopic Ellipsometer J.A. Wollam Co. Inc.) with a heated liquid cell 

in the incidence angle of 75 degrees. In-situ film thickness variations at pH3 and pH6.8 were 

monitored for 60 minutes at room temperature following the Cauchy model to measure the film 

thickness at wavelengths ranging from 315 to 718nm.    

6.2.3. Permeation Experiments 

Diffusion studies of HB and LYZ through the symmetric and asymmetric membranes were 

performed at 4 oC in a side-by-side diffusion cell with an effective membrane area of 0.785 cm2 

and a chamber volume of 5mL. The solvent was 10mM PBS, and pH of solvent was adjusted using 

NaOH and HCl. 1mg/mL LYZ and Hb solutions in PBS buffer solvent at pH3, and pH6.8 and 

1mg/mL LYZ+Hb solution in PBS buffer solvent at pH6.8 were prepared. In each diffusion tests, 

1mg/mL of protein solution was filled in feed side while the permeate side was filled with 10mM 

PBS buffer solution at the same pH and the solutions in both cells were stirred continuously by 

magnets throughout the experiments. The protein concentration in the feed and permeate sides was 

measured using a NanoDrop 2000/2000c spectrophotometer (Thermo Fishe Scientific) at specific 

time intervals. 

6.3. Results and Discussion 

Figure 6.1 shows FTIR spectra of p(MAA-co-EGDMA) on Si wafer. FTIR spectra confirms the 

successful copolymerization of MAA and EGDMA. The spectra contain a peak at 1380 cm-1 

attributed to the methyl bending vibration, 1430 cm-1 corresponds to CH3 deformation mode, and 

the peak at 2850-3000 cm-1 attributed to C-H stretching vibration of p(MAA-co-EGDMA).  The 

peaks at 1700 cm-1 and 1730 cm-1 correspond to the C=O stretching vibrations of MAA and 
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EGDMA, respectively [68, 129]. The crosslinker to polymer ratio was calculated using C=O peak 

area and it was around 49.5%.  

 

Figure 6.1. FTIR spectra of the p(MAA-co-EGDMA) coating on Si wafer 

Figure 6.2 shows the SEM images of the symmetric and asymmetric AAO templates deposited 

conformally with p(MAA-co-EGDMA) as hybrid membranes. To get conformal depositions the 

Pm/Psat should be low, here Pm indicates that the monomer partial pressure depends on monomer 

flowrates and Psat shows the monomer saturated vapor pressure related to substrate temperature. 

Low Pm/Psat value means the number of monomers adsorbed on the surface is low, resulting in low 

deposition rate and conformal coatings [79, 130]. 
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Fig 6.2. SEM images of hybrid membranes a) bottom view of asymmetric AAO template b) top 
view of asymmetric AAO template c) symmetric AAO template deposited with p(MAA-co-

EGDMA) conformally 

Swelling studies of p(MAA-co-EGDMA) this films contains 49.5% crosslinker on Si wafer via 

ellipsometry in dynamic states shows that the thin film is a pH depended polymer and at pH3 it 

swells 2% while at pH6.8 this value is 20% because of the electrostatic repulsion among the 

polymer chains. At higher pH values the ionizable carboxyl groups dissociate into carboxylate ions 

carrying a negative charge. The electrostatic repulsion among these segments leads to the 

extension of the chains, thus causing the swelling of the polymer. At lower pH values, on the other 

hand, the acidic groups will be protonated and not be ionized.  For the unionized system, the 

hydrophobic interactions would dominate, resulting in the exclusion of water molecules and thus 

collapse of the polymer chains [100, 101].  

a b 

c 
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Figure 6.3 shows diffusion of LYZ through the symmetric and asymmetric membranes at pH3. 

Diffusion of LYZ in the asymmetric membrane is significantly higher than diffusion of LYZ in 

the symmetric one.  

 

Figure 6.3. LYZ diffusion through the symmetric and asymmetric membrane at pH3 

Ion diffusion through nanochannels can induce electrical potential across the membrane which is 

related to the ion concentration on both sides of the membrane [131]. Moreover, inside the 

nanochannel ion behavior depends on both ion concentration and electric osmosis as [131] 

 Ψ = −czμ lMZlX −
mnW
o

lJ
lX 																																																																																																																																			(6.1) 

Here, Ψ is ion flux, c is the ion concentration, z is the ion valances, µ is the mobility of ions, Vx is 

the electrical potential at a distance x from the entrance of nanochannel, q is the charge of each 

ion, T is the absolute temparature, and k is Boltzmann constant. Electrical osmosis flux resulting 

from electrical double layer [132, 133], triggers an electrical potential between nanochannel walls 

and buffer solvent contains ions [134] and this potential, φ, is   
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q = qr exp ]−s tuA _																																																																																																																																					(6.2) 

Where, φm , is the potential at the walls of the channels, λD is Debye length, and y is the distance 

from the wall. This potential can affect and reduce diffusion of ions along the nanochannels and 

we can assume an equivalent circuit including capacitors because of the double layer, and resistors 

because of the Debye-Huckel potential, which both affect the ions travelling inside the bulk solvent 

[131]. In the symmetric membrane two different points along axial direction of nanochannel have 

the same,y, so the Debye-Huckel potential and resistance inside the bulk solvent is constant for 

these two points (Figure 6.4a), while in the asymmetric membrane, two points in axial direction 

of nanochannels had different y, thus different Debye-Huckel potental, and bulk resistance and 

amount of potential and resistance decreases from entrance part of the membrane by increasing its 

diameter (Figure 6.4b), so diffusion of LYZ in the asymmetric membrane is more than the 

symmetric one.  

 

Figure 6.4. Equivalent circuit for a) the symmetric b) the asymmetric membranes 

Diffusion of Hb across the symmetric and asymmetric membranes at pH3 is shown in Figure 6.5. 

There is no difference in diffusion rate of Hb for the symmetric and asymmetric membranes and 

Hb diffusion rate is less than LYZ diffusion rate.  
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Figure 6.5. Hb diffusion through the symmetric and asymmetric membrane at pH3 

Molecular weight and diameter of Hb are around 65kDa and ~6.8nm, respectively [135] and for 

LYZ these values are 14kDa and ~1.8nm [136], therefore, the diffusion rate for LYZ in both 

membranes is more than Hb. Moreover, in passive diffusion of proteins through the membrane 

without any chemical or physical stresses pore size of the membrane is important [137]. When 

pore size of the membrane is in the range, two or more diffusing molecular cannot pass through 

the membrane pores at the same time; hence the single-file diffusion (SFD) condition is satisfied 

by the membrane [138-140]. In this situation, only one protein can enter in the pore so, the pore 

shape and Debye-Huckel potential distribution do not affect the protein travel along the 

nanochannels. 

Figure 6.6 shows diffusion of LYZ proteins through the symmetric and asymmetric membrane at 

pH6.8. p(MAA-co-EGDMA) is a pH responsible polymer and at higher pH it swells and decreases 

the membrane pore sizes because of ionization of carboxyl groups into negatively charged 

carboxylate groups and polymer chains extension [100, 101].  
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Figure 6.6. LYZ diffusion through the symmetric and asymmetric membrane at pH6.8 

In comparison to pH3, LYZ diffusion through the membranes has the same behavior except that 

its diffusion rate is less because of decreasing membrane pore size at pH6.8. At this pH value, the 

membrane pores are large enough for LYZ small proteins (diameter in 1.8nm [136]) not to obey 

single-file diffusion (SFD) mode like Hb diffusion at pH3. Moreover, the less electric osmosis 

along the nanochannels in the asymmetric membrane because of nanochannels shapes triggers 

higher passive diffusion rate in this membrane in comparison to the symmetric one.  

Diffusion of Hb through the symmetric and asymmetric membrane at pH6.8. is shown at Figure 

6.7. At pH 6.8 there is no diffusion of Hb in the both symmetric and asymmetric membranes.  
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Figure 6.7. Hb diffusion through the symmetric and asymmetric membrane at pH6.8 

It seems that swelling of the pH responsive protein polymer at pH6.8 can decrease the pore size of 

membrane less than Hb diameter (6.8nm [135]) to allow Hb molecules to pass through the 

membrane as compared to LYZ diffusion at pH6.8 since LYZ diameter is around 4 times smaller 

than Hb diameter. 

Figure 6.8 shows diffusion rate of mixed Hb and LYZ at pH6.8. Isoelectric points for Hb and LYZ 

are 6.8 and 11, respectively [141, 142]. Therefore at pH6.8, Hb is neutral elecrically but LYZ is 

positvely charged. At pH6.8 there is no Hb diffusion, so all proteins passing through the membrane 

are LYZ. In comparison to diffusion of pure LYZ at pH6.8, the diffusion rate of LYZ in the mixture 

with Hb is less because of the hinderance effect of Hb especially during the first hours of diffusion 

tests.  
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Figure 6.8. LYZ diffusion through the symmetric and asymmetric membrane at pH6.8 in mixed 
LYZ and Hb 

 

  



71 

 

 

CHAPTER 7. HYBRID AUNPS ATTACHED MEMBRANES 

 

 

7.1. Introduction 

The aim of this chapter is charged-based separation of proteins. Two proteins with the same 

molecular weight and size, Hb and HAS, are separated according to the membrane and proteins 

charge as a function of pH. Negatively charged gold NPs are attached on the top and inside the 

pore of the membrane to get negatively charge membrane. Diffusion behavior of Hb and HSA 

when they have the same or opposite charge in compare to the negatively charged membrane is 

investigated. Moreover, selectivity of the negatively charged and neutral membranes for mixture 

of Hb and HSA when one of the proteins is in its isoelectric point to separate two similar sized 

proteins is compared. 

7.2. Experimental Methods 

7.2.1. Membrane Depositions 

The track etched AAO membranes (with 100 nm pores) were deposited using the iCVD technique 

with p(NIPAAm-co-EGDMA), conformally. The monomer N-isopropylacrylamide (NIPAAm), 

the crosslinker ethylene glycol dimethyl acrylate (EGDMA), and the initiator tertbutyl peroxide 

(TBPO) and N2 gas were used without further purification. NIPAAm and EGDMA were vaporized 

in the jars at 75°C and 90°C, respectively and TBPO was at room temperature. Nitrogen and all 

vapors were introduced into the iCVD chamber for deposition.  NIPAAm flowrate was 1sccm 

,EGDMA 0.08sccm, TBPO and N2 flowrates were fixed at 1sccm. The filament temperature was 

kept at 240°C. The deposition pressure was set to 200mTorr and substrate temperature was 

adjusted to 40°C to get Pm/Psat equal to 0.28 and 0.11 for NIPAAM and EGDMA respectively, to 

conformal deposition inside the pores. The thickness of the samples was controlled by using a laser 

interferometry to reach 200 nm on the Si wafer.  
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7.2.2. Negatively Charged AuNPs 

20 mL of 1.0 mM gold chloride trihydrate (HAuCl4·3H2O Sigma Aldrich, Germany) and 2 mL of 

1 wt% trisodium citrate dihydrate (C6H5Na3O7·2H2O, Merck, Germany) solutions were prepared 

in milli-Q water. Gold chloride solution was heated to the boiling temperature under vigorous 

stirring. Subsequently, trisodium citrate solution was added to the boiling gold chloride solution. 

As the mixture achieved deep red color, heat and stirring was stopped and the mixture was cooled 

to RT. The hydrodynamic size distribution and zeta potential of gold nanoparticles, Malvern 

Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) equipped with a polarized He-Ne 

laser aligned at 173° angle was utilized. The samples were only diluted hundred-fold with milli-Q 

water without any filtering. Quartz cuvettes were used for dynamic light scattering measurements. 

Folded capillary cells were used for zeta potential measurements. The acquired data was processed 

using Zetasizer Software 7.12 by NNLS algorithm for triplicate size measurements of 15 

individual scans and triplicate zeta potential measurements of 100 individual scans.  

7.2.3. Charging of Membranes 

Membranes were immersed inside the solution of negatively charged gold nanoparticles for 48 

hours and each 6 hour were rinsed with distilled water to remove unattached nanoparticles then 

kept inside distilled water for diffusion experiments.   

7.2.4. Membrane Characterization 

Fourier transform infrared (FTIR) was performed in normal transmission mode to acquire spectra 

over the range of 400 to 4000 cm-1 with a 4 cm-1 resolution for 64 scans to analyze the chemical 

composition of the polymer inside the AAO templates by a Thermo-Nicolet iS10 FTIR 

spectroscopy. The negatively charged gold nanoparticles attached to the surface and the pores of 

the membrane were imaged using a Field Emission Scanning Electron Microscope (Zeiss, SUPRA 

VP 35) at 4 kV accelerating voltage and EDS analysis was done to determine the AuNP at 10kV 

accelerating voltage and 8.5mm working distance.   

7.2.5. Diffusion Experiments 

Diffusion tests were done in a side-by-side cell by putting the membrane between two cells, one 

side was filled with the protein solution and other side was filled with 10mM PBS solution and 
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solutions were stirred at 4°C with an effective membrane area of 0.785 cm2. Proteins used were 

HSA, Hb, and mixture of HSA and Hb with the concentration 1g/L in 10mM PBS buffer. The pH 

of the solution was adjusted to 3, and 9 for HSA and 3, and 9 for Hb and 4.7 and 6.8 for Hb and 

HSA mixture using NaOH and HCl. At certain times, the solution of the permeate side was taken 

and the protein concentration was measured using a NanoDrop 2000/2000c spectrophotometer 

(Thermo Fishe Scientific). 

7.3. Results and Discussion 

Figure 7.1 shows the Zeta potential and size distribution of synthesized gold nanoparticles. The 

average size of gold nanoparticles is 13.6nm and the potential of these naroparticles is 

-29.5mV.  

Figure 7.2 shows FTIR spectra of p(NIPAAm-co-EGDMA) of AAO template. FTIR spectra 

confirm the successful copolymerization of NIPAAm and EGDMA because the peak showing the 

vinyl bond at 1620 cm-1 is absent. The spectra contain a peak at 3330 cm-1 attributed to the 

NIPAAm secondary amine N-H stretching groups, the peak at 300-2820 cm-1 is responsible for 

isopropyl C-H stretching, the peak at 1530 cm-1 corresponds to C-N-H bending (amide II band), 

and the peak at 1654-1645 cm-1 is attributed to C=O stretching (amide II band).  The peaks 

corresponding to C=O stretching of the methacrylate group in EGDMA occurs at 1730 cm-1 [143-

146].  

 

Figure 7.1. Size distribution and zeta potential of AuNPs. 
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Figure 7.2. FTIR spectra of the p(NIPAAm-co-EGDMA) coating on AAO template 

The monomer to crosslinker ratio can be calculated according to the area analysis beneath the C=O 

stretching peak responsible for NIPAAm and EGDMA according to the relationship [147, 148]: 

 
�����
vwL��x =

(����/�)&'()*
(����)yz{**|                                                                                                             (7.1)    

 

Area for EGDMA is divided by two since in EGDMA structure there are two C=O bonds. 

According to the calculation the amount of crosslinker in the NIPAAm film is 30%.  

Figure 7.3 shows the SEM images of the prepared membranes including AAO templates deposited 

conformally with p(NIPAAm-co-EGDMA) the negatively charged AuNPs are attached on the top 

and on the walls inside the membrane pores. 
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Figure 7.3. SEM image of the p(NIPAAm-co-EGDMA) coating on AAO template and attached 
AuNPs on a) the membrane top b) large scale the membrane top c) the walls of membrane pores 

Figure 7.4 shows the EDS analysis of the prepared membranes. Elemental analysis shows gold 

distributes on the top and walls of the membrane.  

 

Figure 7.4. EDS analysis of the membrane. Carbon, aluminum, oxygen and gold distribution in 
the membrane 

Free COO- groups of adsorbed citrate on the surface of gold nanoparticles corresponds to the 

negative charge of citrate-capped AuNPs [149, 150]. When the membranes are immersed inside 

the solution of negatively charged citrate-capped AuNPs, the positively charged N-H groups in 
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NIPAAm electrostatically interacts with some negatively charged COO- groups in citrate-capped 

AuNPs [151, 152] and other free COO- groups give negative charge to the membrane according 

to Figure 7.5.   

 

Figure 7.5. Negatively charged citrate-capped AuNPs electrostatically attached to p(NIPAAm-
co-EGDMA) 

Hb and HSA have nearly the same size, since their molecular weights close each other (Hb 56 kDa 

and HAS 66 kDa) but their isoelectric points are different i.e. Hb (pl=6.8) and HSA (pl=4.6) where 

their surface total charge at this pH is neutral [135] but at pH values below pl the protein total 

charge is positive and at pH values above pl the protein total charge is negative. Figure 7.6 shows 

diffusion of Hb and HSA proteins through the p(NIAPAAm-co-EGDMA) and p(NIPAAm-co-

EGDMA)-Au- (negatively charged AuNPs attached) membranes at pH 3 where the total charge of 

both proteins is positive. For both membranes diffusion of Hb is more than HSA. The radius of 

Hb and HSA is the same thus other factors should affect the proteins diffusion through the 

membranes.  
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Figure 7.6. Single diffusion of Hb and HSA through p(NIPAAm-co-EGDMA) and p(NIPAAm-

co-EGDMA)-Au- at pH 3 

 

The mobility, molecular shape, isoelectric point, and the hydrophilic to hydrophobic ratio of amino 

acids are important factors that play a role in transport inside nanochannels [109, 153, 154]. The 

hydrophilic-to-hydrophobic ratio of the amino acids within HSA is 56%, but for Hb this value is 

44% [119], therefore HSA is more hydrophilic than Hb. Moreover, the surface and pore walls of 

the membrane are more hydrophilic according to monomer to crosslinker ratio calculation which 

is 30% for p(NIPAAm-co-EGDMA) therefore, considering this factor HSA diffusion through the 

membrane should be more than Hb, while the diffusion rate for both proteins is nearly the same. 

For nanosize hydrodynamic radius, the surface area to volume ratio and diffusion coefficient of 

molecules depends on their shape [155] and diffusion coefficient of spheres is more than the 

diffusion coefficient of cylinders. Hb shape is spherical while HSA has cylindrical shape and 

according to this conformation, diffusion of Hb is faster than HSA. (in bulk the diffusion 

coefficient for Hb and HSA is 6.4*10-11 m2/s and HSA 5.9*10-11 m2/s, respectively [119]). The 

diffusion rate for Hb and HSA through p(NIPAAm-co-EGDMA) at pH3 is nearly the same hence 

it seems, more hydrophilicity of BSA than Hb and higher diffusion coefficient of Hb than HSA 

compensate each other’s effects thus causing the diffusion of a single protein through the 

membranes to be the same. Proteins are large molecules and therefore can be heavily charged [156] 

therefore strong electrostatic interactions between a protein and charged membrane should occur. 
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The protein diffusion rates for p(NIPAAm-co-EGDMA)-Au- is less than uncharged membrane 

because of attraction of electrostatic interaction between positively charged proteins and 

negatively charged membranes, consequently electrostatic repulsion of  proteins counterions 

[119]. In this state, the diffusion of Hb is more than HSA probably only diffusion coefficient factor 

is more important than hydrophilicity factor. Moreover, the average radius of AuNPs is 13.6nm, 

so the pore size for p(NIPAAm-co-EGDMA)-Au- membrane is less than p(NIPAAm-co-

EGDMA), which can be observed from the water flux plots. (Figure 7.7). Figure 7.8 shows 

diffusion of Hb and HSA proteins through the p(NIAPAAm-co-EGDMA) and p(NIPAAm-co-

EGDMA)-Au- membranes at pH9 where the total charge of both proteins is negative. Hb and HSA 

diffusion in p(NIPAAm-co-EGDMA) is nearly the same because of competition of diffusion 

coefficient and hydrophilicity factors in Hb and HAS [119, 155]. For p(NIPAAm-co-EGDMA)-

Au- membrane, diffusion of HSA is higher than Hb because of protein structure. The electrostatic 

repulsion between the pore walls and the HSA, the ellipsoid shaped molecule aligns its long axis 

with axis of the pores but sphere shaped Hb interacts without any alignments inside the pores [119, 

135]. Thus, HSA diffuses faster than Hb through the membrane. On the other hand, because of 

less pore diameter and more interactions, diffusion through p(NIAPAAm-co-EGDMA)-Au- is 

slower than p(NIPAAm-co-EGDMA). In comparison with pH3 state, the diffusion rate for both 

the membranes is higher at pH9. For p(NIPAAm-co-EGDMA) membrane at pH3, the amine 

groups of NIPAAm is more positive causing the electrostatic reactions between the proteins and 

the membranes, while at pH9 protonation of N-H groups of NIPAAm is less, therefore less 

electrostatic interactions promote higher diffusion. For p(NIPAAm-co-EGDMA)-Au-, it seems 

that the repulsion between negatively charged AuNPs and proteins, prevents the attraction of 

proteins to the pore walls. 
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Figure 7.7. Water permeability of uncoated AAO template, p(NIPAAm-co-EGDMA) coated 
AAO and p(NIPAAm-co-EGDMA)-Au- coated AAO 

 

Figure 7.8. Single diffusion of Hb and HSA through p(NIPAAm-co-EGDMA) and p(NIPAAm-
co-EGDMA)-Au- at pH 9 
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Figure 7.9 (a) shows diffusion of a mixture of Hb and HSA at pH values 4.7 (pI of HSA) and 6.8 

(pI of Hb) for p(NIPAAm-co-EGDMA) and p(NIPAAm-co-EGDMA)-Au-. For both membranes 

the diffusion rates of HSA and Hb has decreased. Transport phenomena of mixed proteins are 

more complex than the single protein, and interactions between the proteins is more complicated 

even at isoelectric point of the protein. At the isoelectric point of a protein, even though the total 

charge of the protein is zero, there are positive and negative components that electrostatically 

interact each other. These positive and negative segments, interact with other charged protein and 

result in a decrease in the proteins flux [119]. At pH4.7, diffusion of HSA is faster for both 

membranes because the net charge of HSA is zero and there is less interaction between the 

membrane and the proteins but less diffusion for p(NIPAAm-co-EGDMA)-Au- which is attributed 

to smaller pore size of this membrane (Figure 7.7). There is less diffusion for Hb because of its 

interaction with the membrane especially with the negatively charged one. The electrostatic 

attraction of Hb and the membrane leading to absorption of Hb then repulsion of counterions 

causes its diffusion rate to decrease. In addition, again the pore size of the membranes should be 

considered.  

 

Figure 7.9. Mixed diffusion of Hb and HSA through p(NIPAAm-co-EGDMA) and p(NIPAAm-
co-EGDMA)-Au- a) at pH 4.7 b) at pH6.8 
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At pH6.8, diffusion of Hb is more than HSA for both membranes because of less interactions 

between the proteins and the membranes (Figure 7.9 (b)). HSA diffusion in p(NIPAAm-co-

EGDMA)-Au- is less than p(NIPAAm-co-EGDMA) for various reasons. The first, the pore size of 

p(NIPAAm-co-EGDMA) is bigger than charge attached ones. The second, at pH6.8 p(NIPAAm-

co-EGDMA) is less protonated so its charge is not important while for p(NIPAAm-co-EGDMA)-

Au-, there are significant repulsion interactions between the proteins and the membrane. 
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CHAPTER 8. CONCLUSIONS 

 

 

The main goal of this thesis was to prepare different types of membranes by using vapor 

polymerization methods to improve the permeability and selectivity of membranes by using 

functional polymers. Free-standing polymer membranes, double-layered membranes and 

membranes with functional pores were produced using smart polymers. The separation 

performance of the membranes was tested under low and high pressures using dye molecules and 

proteins. 

Ultra-thin, free standing hydrogel membranes were prepared to study the permeation of dyes with 

different size and hydrophilicity. Crosslinker ratio and temperature was shown to have significant 

impact on the permeation and separation of model dyes. 

Hybrid membranes fabricated by coating the pores of commercially available AAO templates were 

shown to have a great impact on the permeability and selectivity due to stimulation of the 

membrane.  

In the macromolecule studies carried out with proteins and nanoparticles it has been shown that 

integration of pH responsive smart polymers in separation membranes enabled the control of flux 

and prevented the proteins from adhering. This control could be further enhanced by preparing 

Janus membranes with dual pH response on opposite sides. The Janus membranes allowed the 

control of the flux and release of proteins by opening and closing the gates via changing the pH.  

In addition to the pore size, shape of the nanochannels played a significant role in controlling the 

protein diffusion and selectivity, in the case when the radii of the channels were comparable to the 

protein size. Selectivity of the membranes could further be improved to separate proteins with 

similar sizes by attaching charged nanoparticles on the pore walls. These composite membranes, 

not only improved the selectivity of the membranes, but also reduced protein adhesion, preventing 

biofouling of the membranes.  
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