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Abstract 

 

Controlled radical polymerization techniques, such as atom transfer radical 

polymerization (ATRP) and reversible addition fragmentation chain transfer (RAFT) are 

discussed and used for surface grafting polymers onto inorganic substrates. The surface 

grafted polymer/inorganic materials can be used for various applications and fields, 

including renewable energy, intelligent materials, and bio-materials. In general, surface 

polymerization based on controlled radical polymerization (CRP) offers various benefits, 

including uniform coating thickness due to controlled molecular weight and 

polydispersity index of polymer, the polymer coating is covalently bonded to the surface, 

and various monomers can be polymerized directly on the surface. 

 

Novel composite proton exchange membranes have been prepared from non–

fluorinated polymers and non- and surface coated heteropoly acids (HPA) using atom 

transfer radical polymerization (ATRP). Polyether sulfone (PES) and poly(ether ether 

ketone) (PEEK) were used as a polymer matrix. Phosphotungstic acid (PWA), 

phosphomolybdic acid (PMoA) and silicotungstic acid (SiWA) were used as HPA. It was 

found that the SiWA has a higher conductivity compared with PWA, at the same 

concentration. In addition, zirconium sulfate (ZrSO4) was also investigated as an 

inorganic proton conductor. Composite membrane ZrSO4/SPEEK was synthesized. PES 

and PEEK were sulfonated using chlorosulfonic acid. The highest conductivity for 

sulfonated PES with 60 wt.% PWA was 1.7 x 10-2 S/cm. In order to increase the 

compatibility between SiWA and PES, the SiWA was surface coated. Surface coated 
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SiWA particles can be added to the polymer matrix up to 50 wt.% to form a 

homogeneous membrane. This route also has the potential to increase the conductivity by 

sulfonation of grafted polymer backbone, and to avoid “washing out” of HPA in a fuel 

cell device. In addition, novel composite proton exchange membranes have also been 

prepared from surface coated poly(sodium 4-vinyl benzene sulfonate) (poly(S4VBS))/ 

silicotungstic acid and sulfonated PEEK.  

 

A surface grafting technique for poly(2-fluorostyrene) onto iron particles via atom 

transfer radical polymerization (ATRP) is described. The grafted polymer–iron particles 

showed a higher thermal transition temperature compared to bulk polymer because the 

covalent bond between the polymer backbone and the surface of the iron particles 

restricts the molecular mobility. The molecular weight of synthesized poly(2-

fluorostyrene) has been measured and it has a narrow molecular weight distribution 

(Mw/Mn < 1.1). From thermogravimetric analysis, the thermal stability of poly(2-

fluorostyrene) was better than polystyrene. Also, the high viscosity magnetorheological 

fluid (HVMRF) prepared from surface coated iron particles has excellent thermo–

oxidative stability, having nearly constant viscosity.  These materials exhibit high change 

in shear yield stress for off- and on-state as compared to a benchmark HVMRF and non-

surface coated iron particles HVMRF. In addition, this type of fluid eliminates iron 

particle settling which is a common problem found in traditional magnetorheological 

fluid (MRF).   
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The preparation and characterization of surface grafted poly(N-

isopropylacrylamide) and poly(carboxylic acid)–micron-size iron particles via atom 

transfer radical polymerization (ATRP) and reversible addition fragmentation chain 

transfer (RAFT) is discussed. The surface grafted polymers–iron particles result in 

multifunctional materials which can be used in biomedical applications. The 

functionalities consist of cell targeting, imaging, drug delivery, and immunological 

response. The multifunctional materials are synthesized in two steps. First, surface 

grafting is used to place polymer molecules on the iron particles surface. Second, is 

conjugation of the bio-molecules onto the polymer backbone. The thickness of the 

grafted polymers and glass transition temperature of the surface grafted polymers were 

determined by transmission electron microscopy (TEM) and differential scanning 

calorimetry (DSC). The covalent bond between grafted polymers and iron particles 

caused higher glass transition temperature as compared with non-grafted polymers. The 

ability to target the bio-molecule and provide fluorescent imaging was simulated by 

conjugation of rat immunoglobulin and fluorescein isothiocyanate (FITC) labeled anti-

rat. The fluorescence intensity was determined using flow cytometry and conjugated IgG-

FITC anti-rat on iron particles which was imaged using fluorescence microscopy.  

 

A surface grafting technique of poly(pentafluorostyrene) via reversible addition 

fragmentation chain transfer onto iron particles is reported. 4-methoxydithiobenzoate is 

used for RAFT chain transfer agent. The grafted poly(pentafluorostyrene)–iron particles 

showed a higher thermal transition temperature compared to non-grafted polymer 

because the covalent bond between the polymer backbone and the surface of the iron 
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particles restricts the molecular mobility. The monomer conversion is found to be 

increased by the amount of CTA concentration at early polymerization time. The grafted 

poly(pentafluorostyrene) shows a “hairy” like polymer architecture with thickness in the 

range of 80-100nm. Thin coating is expected to maintain the magnetic saturation 

properties of iron particles.   

 

The combination of reversible addition fragmentation chain transfer (RAFT) and 

click chemistry is successfully demonstrated for surface grafting poly(tetrafluoropropyl 

methacrylate) on the iron particles. 3-benzylsulfanylthiocarbonylsufanyl propionic acid is 

synthesized and used as a chain transfer agent. CTA and iron particles are functionalized 

with alkyne and azide groups, respectively. The CTA molecular weight, surface 

morphology and thermal properties of grafted polymer are reported. From the electron 

microscope, the grafted poly(tetrafluoropropyl methacrylate) results in uniform thin 

coating. The grafted polymer–iron particles show a higher thermal transition temperature 

compared to non-grafted. The covalent bond between the polymer and the surface of the 

iron particles restricts the molecular mobility. The surface coated iron particles via click 

chemistry-RAFT are expected to provide better interface between iron particles and 

polymer matrix for magnetorheological elastomer (MRE). Various types and shapes of 

MRE are fabricated and characterized. The MR effect of MRE achieves up to 90%. 
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CHAPTER I 

 

Introduction and Literature Reviews 

 

 

1. Surface Coating 

  

In general, coating is a process to modify the surface of substrates which prevent 

the substrates from experiencing direct contact with their environments. This approach 

has been used for many decades and keeps expanding. . Both in the quality of 

performance and in the range of application and needs, the surface coating technologies 

demands are on rise. Coating is commonly used to protect engineering structures and to 

decorate housing.  

 

Inorganic and organic materials can be used as a coating depending upon the 

applications and needs. The methods of coating technologies are widely studied, such as 

electroplating, electrodeposition, chemical vapor deposition, thermal spraying, dip-

coating, paint, spin coating, UV coating, etc [1–4]. Surface coating of substrates with 

inorganic materials and various types of organic polymers can be used in wide range of 

applications. In the past decades, surface coating of substrates have been used to achieve 

several different results [1–4]. For instance: 

- to change surface properties, include slipperiness, color, gloss, and appearance 
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- to increase the value of material, 

- to control electrical properties, 

- to prevent a substrate from corrosive environment,  

- to adjust surface wetability, 

- to improve thermal resistance, 

- to increases/decrease friction and wear resistance, etc. 

 

There are advantages and disadvantages for surface coating using inorganic and 

organic based materials. High temperature is required if ceramic coating is needed for 

metal substrates. However, such coatings offers high temperature resistance, low 

electrical conductivity, low wear resistance, high chemical resitance, etc. On the other 

hand, polymer based coating offers benefits due to low temperature requirements. 

However, most polymers are not capable to be used at high temperature because of 

thermal degradation. Polymer coating for inorganic substrates provide more features or 

functionality than inorganic coating for the original substrates.  

 

The properties of substrates can be controlled by choosing the type of polymers. 

Hydrophobic polymers, such as fluoropolymer, silicone polymer, epoxy resin, and acrylic 

resin, are likely to be used to decrease the moisture absorption and increase corrosion 

resistance. Hydrophilic polymers, such as amine and carboxylic moieties functionalized 

polymer, are commonly used to increase wetability of surface and provide advanced 

applications of the substrates. Combination of hydrophobic and hydrophilic surface 

coated substrates create sophisticated applications, such as drug delivery, cell targeting, 
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anti microbial devices, biosensors, enhance imaging capability, protein separation, and 

interface improvement [5–8].   

 

The mechanism of surface coating using polymeric material can be categorized 

into several types, and includes powder coating, sputtered thin film coating, paint, screen 

printing, water-borne coating, radiation curable coating, and in-situ polymerization 

(surface polymerization). In-situ polymerization results in an outstanding interface 

between the polymer coating agent and substrates because the polymer backbone is 

covalently bonded to the surface. On the other hand, coating agents only stick on the 

surface of the substrates for most of the polymeric coating methods. These kind of 

coating techniques have less benefit for long term applications.  

 

Surface polymerization based on controlled radical polymerization (CRP) offers 

various benefits, including uniform coating thickness due to controlled molecular weight 

and polydispersity index of polymer, the polymer coating is covalently bonded to the 

surface, various monomers can be polymerized directly on the surface, hydrophobic and 

hydrophilic polymer properties can be controlled, and multifunctionality of materials can 

be obtained.  Controlled radical polymerization techniques, such as atom transfer radical 

polymerization (ATRP) and reversible addition fragmentation chain transfer (RAFT) are 

discussed and used for surface grafting polymers onto inorganic substrates. The surface 

grafted polymer/inorganic materials can be used for various applications and fields, 

including renewable energy, intelligent materials, and bio-materials. 
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2. Fuel Cells (FCs) 

 

Fuel Cells are electrochemical devices that can be used for power generation and 

energy conversion from reactants (fuel and oxidant). Energy in the form of electricity and 

heat will be continuously generated by FCs as long the fuel is continuously supplied and 

it is unlike a battery that needs to be recharged. Others alternative energy sources such as 

wind, waves, and solar power generators have disadvantages as compared with FCs due 

to irregular energy generation  [9]. Hydrogen FCs are a candidate for replacement of 

fossil-fuel based power generation due to cost and the pollutant emissions. The emission 

of FCs is less than the cleanest combustion processes because FCs rely on 

electrochemical reactions and not combustion [10]. As a result, FCs will not emit NOx, 

SOx, CO2, and particulate matter. Several advantages of fuel cells as compared with 

other alternatives power sources and fossil-fuel based power plant relates to the unique 

principle of conversion of energy, that involves one step only, as follows [9, 11–13]: 

- Low to zero emission 

- High efficiency 

- High reliability / high quality power 

- Fuel flexibility 

- Security 

- Modularity / Scalability / Flexible Sitting 

- Lightweight/Long-lasting Battery Alternative 
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According to reported literature [9–15], fuel cells can be classified by electrolyte 

used, type of ion transferred through the electrolyte, type of reactants used, operating 

temperature, operating pressure, and reverse reaction (regenerative FCs). Several fuel 

cells type based on electrolyte used are following: 

- Proton Exchange Membrane Fuel Cells (PEMCs)  

- Alkaline Fuel Cells (AFC)  

- Solid Oxide Fuel Cells (SOFCs) 

- Phosphoric Acid Fuel Cells (PAFCs) 

- Molten Carbonate Fuel Cells (MCFCs)  

 

Figure 1 shows a summary of temperature operation range and the type of 

transferred ions within each of fuel cells type. Fuel cells consists of several components 

and each of the fuel cell types has strengths and weaknesses. The ability of fuel cells to 

store energy is quite low for small operating times as compared with a rechargeable 

battery. But, fuel cells will be able to store more energy after the cross-over point where 

the operating time is longer. These phenomena can be explained due to the low energy 

density of fuel cells at short times  and fuel cells have higher energy density at long 

period of operation time due to the continuous supply of fuel [15]. The energy storage as 

a function of operating time for fuel cells and rechargeable battery is shown in Figure 2. 

In addition, according to reported literature [16], as compared with batteries for 

generating 100 Wh energy, a fuel cell has lower cost by almost 2/3.. The cost comparison 

of batteries and fuel cells for generating 100 Wh energy is illustrated in Figure 3.  
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Figure 1 – The summary of several types of fuel cells [Adapted from Ref. 15]. 

 

 

Figure 2 – The energy storage for fuel cell and rechargeable battery as a function of 

operating time [Adapted from Ref. 15]. 
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Figure 3 - The cost comparison of battery and fuel cell for generating 100 Wh energy 

[Adapted from Ref. 16]. 

 

 

Proton exchange membrane fuel cells (PEMFCs),also called polymer electrolyte 

membrane fuel cells have high power density, they are compact, and they are lighter as 

compared to other fuel cells. PEMCs consist of solid polymer (permeable membrane) as 

an electrolyte, platinum catalyst deposited on the porous carbon electrodes, and bipolar 

plates. PEMFC is illustrated in Figure 4. The fuel sources are typically supplied using 

pure hydrogen from storage tanks or a primary system. PEMFCs need hydrogen, oxygen, 

and water to produce energy. Some researchers were working on PEMFCs with lower 

humidity (dry operation) without reducing the performance.  
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Figure 4 – The PEMFCs scheme. 

 

 

Fuel cellcomponentshavethe following functions: Electrode - electrochemical 

reactions take place, provides flow path area for electron transfer, and to collect the 

electrons. Catalyst - splitting the hydrogen gas (oxidation) to ionsand supports the 

reduction of oxygento water. The electrolyte acts as an ion transport media, to suppress 

the fuel crossover in direct methanol fuel cells, as electron insulator in order to prevent 

the electron migration through electrolyte that can cause electric shorting. The carbon 

monopolar plate fabricated at theUniversity of Nevada Reno is shown in Figure 5. 
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Figure 5 – Carbon monopolar plate at Polymer Science and Engineering Laboratory, 

University of Nevada Reno. 

 

In hydrogen fed FCs, hydrogen is delivered from a gas flow stream to the anode 

and the hydrogen molecule splits into two protons and two electrons and it is accelerated 

by a catalyst. The proton passes through the electrolyte to the cathode to be reunited with 

oxygen and forms molecules of water by a reduction reaction. Meanwhile, the electrons 

migrate through an external circuit and yield a current that can be utilized as electrical 

energy before returning to the cathode. Heat is also generated from this process. The 

following reactions take place at the cathode, and anode within acid based FCs [9–14]: 

Anode:  �� �� eHH 222   

Cathode:  OHeHO 22 22
2
1

��� ��  

Overall:  HeatWasteEnergyElectricOHHO ���� 2222
1
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PEMFCs can be used for portable power generation, vehicular applications and 

several stationary applications. As a portable power generator, PMFCs can be an energy 

source for laptops, cell phones, and small scale demonstrations for educational purposes. 

PEMFCs are suitable for vehicular applications, such as: passenger vehicles (cars and 

buses), due to the high power density, light weight, and fast startup time.  However, a 

significant problem using PEMFCs in vehicles is storage of hydrogen onboard. Pure 

hydrogen should be compressed at high pressure due to its low energy density and  

special materials are required for hydrogen tanks. In order to overcome this problem,a 

source of fuel that has higher energy density, such as: natural gas, liquid petroleum gas, 

methanol, and ethanol, can be used. But, the vehicles should be equipped with an onboard 

hydrogen reformer to convert the primary fuel into hydrogen. Figure 6 shows the facility 

for fuel cell research at the Polymer Science and Engineering Laboratory, University of 

Nevada Reno. 
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Figure 6 – The facilities at Polymer Science and Engineering Laboratory, University of 

Nevada Reno: a) Five stack fuel cells; b) Single test cell; and c) Fuel cells test system. 

 
 

According to the literature [17], current production costs of state of the art 

perfluorinated membranes, such as: Nafion®, BAM3G-SC (sulfonated copolymer), and 

BAM3G-HT (hydrolyzed terpolymer) are 50 – 100 €/kg or 5 – 10 €/m² at 100 g/m2 of 

area-specific weight. This type of membrane can be replaced with a hydrocarbon 

polymer-based, and the price can be reduced to ~€5/m² [17]. In 2005, a porous 

polyethylene film was produced by Ballard Power Systems with the commercial name 

Solupor® and patented by DSM. Victrex UK and Gharda Chemicals (India) have 
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produced high temperature sulfonated poly(ether ether ketone) (s-PEEK) and Celanese 

Ventures have produced polybenzimidazole (PBI). The mass-specific material cost of 

ionomer production is shown in Figure 7.  

 

Figure 7a - The mass-specific material cost of ionomer production [Adapted from Ref. 

17]. 

 

Since the first generation of fuel cells, they have been used as a power plant 

source. They were invented by W. R. Grove in 1839 [9, 12]. Fuel cells have been 

investigated and developed intensively after that period. In the 1950s to 1960s, NASA’s 

Gemini space shuttle was the first successful application of fuel cells in space exploration 

[9, 12, 18]. Many types of fuel cells have been developed and used for stationary 

applications, transportation, and portable applications. In 1993, the Partnership for a New 

Generation of Vehicles program (PNGV) has stimulated researchers to do R&D within 

the fuel cell field for portable power plant source [18, 19]. The assembly of onboard 
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PEMFCs by Honda FCX Clarity is shown in Figure 7. The car manufacturers, such as: 

GM, Hyundai, Daimler – Chrysler, Ford, Renault, Toyota, Nissan, and BMW, have used 

onboard PEMFCs and the vehicles have been tested and can travel approx. 410 km in 

distance. The electrical manufacturers, such as: Sanyo, Samsung, IBM, have also 

announced many different PEMFCs applications and the latest technologies utilizing 

PEMFCs. Some applications of PEMFCs are shown in Table 1.  

 

 

Figure 7b – Assembly of commercially sold Honda FCX Clarity  

[Adapted from Ref. 20, 21]. 
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Table 1 – Some applications of PEMFCs [Adapted from Ref. 19] 

Application Function Power output Fuel source 

Hybrid power bus Power source 50 kW 
Compressed H2 in 

cylinder 

Powered bicycle Power source 300 kW 
Hydrogen from 

metal hydrides 

Lightweight 

powered vehicle 
Power source 5 kW 

Compressed H2 in 

cylinder 

Sailing yacht 
Additional power 

source 
0.3 kW 

Hydrogen from 

LPG 

Stationary 

power generator 
Power source 5 kW 

Compressed H2 in 

cylinder 

Uninterrupted 

power supply 
Power source 2 kW 

Hydrogen from 

methanol 

Portable 

computer 
Power source 46 W 

Hydrogen from 

metal hydrides 
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2.1. Catalysts for PEMFCs 

 

In order to achieve maximum power, oxidation and reduction reactions at the 

anode and cathode must be efficient [22]. The high rate and efficient redox reactions 

which take place at each electrode require noble metal for the catalyst such as platinum 

(Pt). This kind of catalyst has unique properties which are capable of bonding H and O 

intermediates sufficiently, and release the intermediate to be a final product effectively 

[22]. For instance, on the oxidation of hydrogen on the anode side where hydrogen needs 

to be bonded to the platinum surface (not too strong or too weak) and to be released as 

hydrogen ion and release electron at the same time [22]. On the other hand, the cost of 

platinum and carbon monoxide poisoning are major drawbacks of platinum catalyst. 

Because of the drawbacks, the platinum alloys, such as: platinum/ruthenium, 

platinum/cobalt, platinum/nickel, and platinum/molybdenum, have been investigated as 

fuel cell catalysts [23]. The platinum alloys exhibited more tolerance to carbon 

monoxide, helped the conversion of carbon monoxide to carbon dioxide at low 

temperature, and decreased the adsorption energy of carbon dioxide relative to carbon 

monoxide which results in carbon monoxide removal from the system [23]. The reaction 

of ionization hydrogen molecules on the platinum surface is as follows [22, 24]: 

�� ����

���

eHPtHPt

HPtPtH

2222

222  
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2.2. Derivation of Open Circuit Voltage of Hydrogen/Oxygen PEMFCs at Ideal 

Conditions: 

 

The energy difference associated with thermodynamic functions of state in the 

hydrogen electrode reactions in chemical processes can be used to predict the maximum 

available voltage from hydrogen/oxygen fueled fuel cells. This difference can be 

expressed by the energy difference between the initial and final state of involved 

chemicals as follows [22]: 

22 2
1

OH �  (Initial state) 

OH 2   (Final state) 

The maximum cell voltage for the system above ( OHOH 222 2
1

�� ) can be derived from 

the Gibbs free energy at an identified temperature and pressure by using following 
equation [15, 22]: 
 

nF
G

E
�

���     

 

Where: 

� E is ideal maximum cell voltage. � G is Gibbs free energy. n is number of electrons 

released in the reaction per mole of hydrogen gas. F is Faraday’s constant for the 

transferred charge per mole of electrons, which is 96,487 J/volt (Coulombs). 

 

At standard pressure and temperature (STP) condition (1 atmosphere and 25oC), the 

change of Gibbs free energy in the fuel cells per mole hydrogen gas can be estimated 
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from the reaction at temperature (T = 25oC), and changes of enthalpy (� H) and entropy 

(� S) of the reaction. From the reported literature [22], the enthalpy and entropy changes 

for hydrogen are -285,800 Joules and -163.2 Joules/K, respectively. Hence, the Gibbs 

free energy is: 

Joules

K
Joules

xKJoules

STHG

200,237

)2.163()27325(800,285

��

��

	

�

� �����

�����

 

The ideal maximum cell voltage, � E, for hydrogen/oxygen fuel cells at standard pressure 

and temperature (STP) condition (1 atmosphere and 25oC) is calculated as follows: 

V
V

Joules
x

Joules

nF
G

E

23.1

487,962

200,237
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When the fuel cell is operated at 80oC (353 K) rather than at room temperature, 

the value of enthalpy and entropy do not increase significantly and can be assumed to be 

equal at 25oC. However, the operating temperature increases by 55o. So, the Gibbs free 

energy value decreases as temperature rises from room temperature to specified operating 

temperature (353K). Then, the Gibbs free energy at 353K is 

Joules

K
Joules

xKJoules

STHG

200,228

)2.163()27380(800,285
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Hence, the ideal maximum cell voltage, � E, for hydrogen/oxygen fuel cell at 1 

atmosphere and 80oC is calculated as follows: 

V
V

Joules
x

Joules

nF
G

E

18.1

487,962

200,228

�
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It can be seen that ideal maximum cell voltage decreases as the operating 

temperature increases. Additionally, according reported literature [22], the correction 

factor is required if the air is used as a fuel on cathode side instead of pure oxygen, and 

humidified system is introduced. At 1 atmosphere and 353K (80oC), the maximum cell 

voltage for hydrogen/air PEMFCs is reported to be 1.16 V [22].  
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3. Intelligent Materials 

  

The materials which exhibit significant change on one or more its properties by 

controlling external stimuli, such as magnetic field, temperature, pH, stress, and electric, 

can be categorized as intelligent materials. For instance, the properties of 

magnetorheological fluids and elastomers can be changed by exposing in external 

magnetic fields, piezoelectric can produce voltage by applying stress, and thermo-

responsive polymer exhibits change by introducing heat or cooling process. Intelligent 

materials can be used in various applications, such as: vibration damper in automotive 

and structural engineering, artificial muscle, valve, pump, pressure and force sensor, drug 

release and storage, actuator, and noise reduction system [25–35]. 

 

 

3.1. Magnetorheological fluids (MRFs) 

  

Magnetorheological Fluid (MRF) is an intelligent material which has controllable 

rheological properties. MRF consists of magnetic particles and carrier fluid which are 

dispersion medium for the magnetic particles. In the early 1940s, Jacob Rabinow at the 

U.S. National Bureau of Standards discovered and developed MRF [36]. Recently, MRF 

have achieved significant attention for their excellent mechanical and rheological 

properties which can be controlled using an external magnetic field. MRF have properties 

similar to Newtonian fluids in the off-state condition. Magnetic particles create chain-like 

structures within the MRF when external magnetic fields are applied and fluid flow is 
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then restricted. This fluid-like material then transforms into a pseudo-solid material. The 

MRF at off- and on state is illustrated in Figure 8. 

 

 

Figure 8 – MRF at off- and on-state. 

 

 Generally, MRF consists of three different components: magnetic particles (iron), 

carrier fluid and additives [34, 36, 37]. Carrier fluids act to suspend the iron particles and 

other components. Additives serve as stabilizers and protect the iron particle surface. This 

provides long operating life and prevents damage to the device during use. In addition, 

iron surface treatment prevents particle aggregating between the iron particles. MRF has 

several features including device non-abrasion, low settling, re-dispersibility, and a wide 

range temperature operation (typically -50oC – 150oC), chemical stability, high magnetic 

saturation, and excellent durability.  

 

The carrier fluid in MRF plays an important role due to issues of chemical 

resistance, operating temperature range, viscosity and vapor pressure. Mineral oil, 

poly(alfa olefins) (PAO), and silicone oil are common carrier fluids in ordinary grease 
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[38]. Settling of iron particles in MRF is a challenge. There are several ways to reduce 

iron particle settling in MRF. By adding thickeners, a high viscosity can be achieved, 

which is magnetorheological grease (MRG). This is one approach to reduce settling of 

iron particles. Additionally, appropriate additives provide a high yield stress and shear 

thinning behavior. Another way to reduce settling is by coating the iron surface using 

polymers [39]. Surface coating decreases the density of the iron particles. In addition, re-

dispersion is accomplished easily. Even though particle settling takes place only slight 

shearing is required to re-disperse the iron particles in the carrier fluid. Fuchs et al. also 

has investigated supramolecular polymers to coat iron particle using coordinated zinc 

terpyridine which offers better re-dispersion of iron particles in supramolecular 

magnetorheological polymer gels [40]. In addition, many additives can be incorporated in 

MRG, such as: anti-wear, anti-oxidant, surfactants, dispersion agents, thickeners and 

extreme pressure. 

   

An important issue in developing durable new materials which can be used in 

devices relates to maintaining the material’s viscosity independent of temperature. 

Viscosity - temperature dependence and off-state viscosity of the MRG is an important 

issue.  Several methodologies have been developed to address these issues. Temperature-

viscosity dependence of oil is characterized as the Viscosity Index (VI) [41]; the lower 

the change in viscosity over the temperature range, the higher VI value.  Additives that 

improve VI are known as Viscosity Index Improvers (VII).  Polymer additives have been 

studied extensively in this application [42–46].  Polymers added as a VI form tangled 

molecules which results in formation of a micelle in the carrier fluid.  As the temperature 
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increases the size of the polymer increases due to the increased solvation of the polymer 

in the carrier fluid.  This increases the size of the micelle, increasing the viscosity, 

counterbalancing the decrease in viscosity due to the rise in temperature [47].   

 

For engineering applications Rainbow investigated MR effects in the late 1950s. 

In the 1980s, MRFs were investigated extensively. Currently, several novel applications 

for MRF are being explored – these include: shock absorbers, engine mounts, clutches, 

seat dampers, exercise equipment, and optical lenses [29]. The application of MRFs in 

the “fail-safe” damper devices for bicycle, motorcycle, and land vehicles have been 

studied [33, 34]. Recently, MRF technology has been adapted to commercial vehicles, 

such as: Acura MDX type and Ferrari 599 GTB Fiorano [48, 49]. 
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3.2. Magnetorheological elastomers (MREs) 

 Magnetorheological Elastomers (MRE) are intelligent materials which are 

synthesized from a polymer matrix and magnetic particles. MRE have viscoelastic, 

magnetorestrictive and magnetoresistive properties which can be used for vibration 

damper and sensing devices. This is possible because of the alignment of the magnetic 

particles in the polymer matrix. Chainlike magnetic particles are formed by the induced 

magnetic field. These chains are locked in place during chemical cross linking of the 

elastomer. In addition, changes in the magnetostrictive and magnetoresistive properties 

are controlled by varying the magnetic field. Chain-like magnetic particles provide rapid 

time response of milliseconds [50]. MRE does not severe from iron particles settling 

problem as appear in MRF. 

 

Figure 9 illustrates the magnetostrictive effect of MRE. Magnetostrictive effect is 

caused by changing the distance between magnetic particles in the elastomer matrix 

under the influence of an external magnetic field. The magnetostrictive effect includes 

stiffness change and dimensional change in MRE. Under the influence of a magnetic field 

the MRE becomes stiffer due to decreased distance between the magnetic particles. This 

phenomenon is suitable for the vibration damper application.  

 

 



 24

 

Magnetic 
field

 

 

Figure 9 – Particles interaction in MRE when magnetic field is applied [51]. 

 

Figure 3 shows the electric properties of MRE are changed by deformation of the 

chain-like structure [51]. The MRE magnetostrictive effect is the most important feature 

for the vibration control application. Another phenomenon, the magnetoresistive effect, is 

important for sensor applications. The magnetoresistive effect is due to the change in 

electric impedance of the material. The impedance consists of a real and imaginary part. 

The real impedance represents the material resistance and the imaginary part represents 

the capacitance. The applied external magnetic field onto MRE only causes the 

magnetostrictive effect. The addition of an external force onto magnetized MRE will 

cause the deformation of the chain-like structure of magnetic particles.  
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 External Force

 

Figure 10 – The schematic of particle deformation in magnetized MRE caused by 

external force [51]. 

 

The optimum concentration of magnetic particles in MRE needs to be determined. 

There are two issues which need to be considered. As a vibration damper, the stiffness of 

the MRE should not be too high. However as a sensor it is possible that either high or low 

concentration of iron particles would work well. The durability of MRE is excellent 

because the magnetic particles are held in place by the polymer matrix. The MRE 

provides both sensing and stiffness control by adjustment of magnetic particles. Potential 

problems with MRE sensors include: oxidation, stiffness, elastomeric hysteresis and 

repeatability of sensing performance.  

 

The polymer matrix provides thermal oxidative and chemical resistance. Silicone 

and polyurethane are good candidates as polymer matrices which have good oxidation 
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resistance and mechanical properties [52]. Oxidation takes place when the MRE is in 

contact with air and a magnetic particle. This effect can be reduced by surface treatment 

of the carbonyl iron surface. “Bridging” between iron particles due to surface coating is 

an additional concern. Two approaches to deal with this “bridging” issue include: 1) 

using a hard polymer coating in which the particles do not agglomerate or 2) using a soft 

polymer coating with diluents in which the coated particles are maintained in liquid until 

they are added to the elastomer. In addition, the surface coating of iron particles increase 

the area which can improve the interface between iron particles and polymer matrix.  

 

Ginder et al. used MRE with carbonyl iron and natural rubber for automotive 

mounts [50]. Isotropic MRE using polyurethane / Si-rubber hybrid gave a higher MR 

effect than pure polyurethane or Si-rubber matrix [53]. Sheets of transparent polymer 

with dispersed and vertically aligned ferromagnetic spheres inside have been applied for 

touch-sensitive screens and other visual communication devices [54]. Tunable 

automotive bushings have been developed using MRE [55]. MRE has been used for 

displacement and force sensor, tunable automotive bushing to increase vehicle handling, 

and to reduce vibration and noise [56, 57]. Conductive polymers for interconnection 

(CPI) are prepared from a thin sheet with aligned magnetic particles. CPI has potential 

applications in device interconnection and circuit testing [58]. 
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4. Intelligent Materials for Biomedical Applications 

  

In the past decade up to today, the processing techniques and the traditional 

materials are still in use in the current technology for biomedical applications. The 

interaction between such devices based on traditional biomaterials and surrounding living 

tissues are not well established for specific interactions. In the process of developing new 

biomaterials, the concepts and examples can be found for different fields. There are ways 

to translate the concepts of materials to be used in healthcare fields. For example, the 

non-covalent interactions in nature which direct biomolecules toward precise self-

assembly and create hierarchical materials structures. Supramolecular self-assembly is 

the process by which molecules are directed to create highly structured materials in a 

novel manner.  In the self-assembly processes, molecules are driven by thermodynamics 

to form complex macromolecules.  This approach is important in the development of 

materials in many areas of technology including energy, biology, and the environment.  

 

 For specific application in biomedical, the complexity of materials is greater and 

the surfaces need to be engineered in order to fulfill the requirements. However, the 

research in intelligent materials for biomedical applications has increased significantly. 

The surface modification of substrates by using polymers is an example of intelligent 

materials in biomedical applications. This is also one of ways to increase the complexity 

and interactions between substrates and surrounding tissues. The polymers that can be 

used for surface coating must be capable of  responding to the external stimuli, such as 

temperature, light, chemical, and pH. Such stimuli-responsive hydrogel polymers can be 
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used for therapeutics needs in biomedical applications. Hydrogel polymers have several 

features including storage and release of bioactive agents into specifically designed areas. 

In addition, research can open new applications of hydrogel polymers to be used as 

targeting, imaging, and immune response biomaterials.   

  

 The application of iron particles for cancer treatment has been reported [6]. 

Magnetic hysteresis from iron particles can be produced by oscillating the magnetic field 

and results in significant heating. The generated energy (heat) can destroy the tumor by 

the hyperthermia process. However, the particles need to be placed by injection at tumor 

site. Preliminary studies reported that different amounts of ferromagnetic microspheres 

were injected into rabbit kidneys and the tissue temperature was monitored. By adjusting 

the microsphere concentration in the tumor tissue of 2.3mg per gram of tissue, the 

alternating magnetic field resulted in therapeutic tissue temperature increase of 42oC.        

 

 The core-shell structure based on superparamganetic nano-size iron oxide 

particles for biomedical application has been investigated [5]. The nano-size iron 

particles have been surface coated with polymer in order to create several functions, 

include biological activity, biocompatibility, and imaging capability via fluorescent 

markers. Such of materials have the potential to be applied for cancer therapy, drug 

storage and delivery, enzyme immobilization, targeting specific cell, hyperthermia, 

enhanced magnetic resonance imaging contrast agent, protein separation, and possibly 

biosensors.     
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 Poly(N-isopropylacrylamide) also known as poly(NIPAAm) is 

anenvironmentally-responsive hydrogel. Poly(NIPAAm) is a thermo-responsive hydrogel 

and hydrophilic polymer which undergoes significant phase change in their properties, 

such as: network structure, swelling behavior, thermal properties, and mechanical 

strength [59, 60]. Poly(NIPAAm) exhibits a phase transition temperature  at approx. 

33oC. [7, 59]. When the temperature is raised and the polymer undergoes phase change it 

is known as the lower critical solution temperature (LCST) [59, 61, 62]. The hydrogen 

bonds between the polymer and water are broken at the LCST and this results in an 

endothermic heat of phase separation. If further heating of thermo-responsive (above 

LCST) hydrogels occurs, phase separations are induced by formation of larger aggregates 

of the polymer molecules as a result of the interaction of intra/inter hydrogen bonding 

between the amide functional group of NIPAAm [59]. Because of the thermo-responsive 

property, poly(NIPAAm) is an excellent polymer candidate for drug delivery in 

biomedical application.   

 

 The grafting technique via atom transfer radical polymerization (ATRP) of 

thermo responsive poly(N-isopropylacrylamide) poly(NIPAAm) onto silica nanoparticles 

has been reported [63, 64]. Alcohol based solvent and copper as metal catalyst and tris(2-

(dimethylamino)ethyl)amine (Me6TREN) as ligand at mild condition were used for 

poly(NIPAAm) polymerization. The polydispersity index of synthesized thermo 

responsive polymer was 1.25. The unique phenomena of grafted poly(NIPAAm) related 

to phase transition was investigated and it showed that thermal phase transition occurs at 

two different ranges of temperature from 20 – 30 oC and above  30 oC. The first phase 
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transition was related to the change of an inner region and second phase was related to an 

outer region.        

 

 The synthesis of poly(NIPAAm) via chain transfer polymerization and the 

modification of poly(NIPAAm) with carboxyl group has been investigated [7]. The 

molecular weight of synthesized polymers was in the range of 5,000–19,000 and 

functionalized with carboxyl group at the end of chain. Carboxyl modified polymers have 

similar lower critical solution temperature (LCST) to the homopolymer of 

poly(NIPAAm), which is ~33oC. Poly(NIPAAm)-carboxyl functionalized polymer was 

used to conjugate enzyme. Trypsin was used as enzyme model.  The ratio of oligomer to 

enzyme has been studied. By thermally induced precipitation for each of 15 cycles, more 

than 95% trypsin can be recovered by using poly(NIPAAm)-carboxyl functionalized at 

the pH solution of 8.5–9.0.  

 

 Hoare et. al. reported carboxylic acid functionalized poly(N-

isopropylacrylamide)-based microgels for drug storage and release [8]. The distribution 

of carboxylic acid in poly(NIPAAm) influenced the amount of drug uptake and release 

properties. The bulk carboxylic functionalized poly(NIPAAm) showed higher cationic 

drug (dopamine) storage. In addition, the neutral drug (acetaminophen) was stored in 

larger amount than functionalized polymer at low acidity (pH 4). It was suggested that 

the hydrophobic partition of polymer has a major role for regulating drug storage and 

release.  
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5. Controlled Radical Polymerization (CRP) 

  

Polymers are built up by multiple repeat units of monomer. The research and 

publications on controlled radical polymerizations has increased significantly [61, 65, 

66]. The process of grafting polymers on to the surface of substrates is called surface 

polymerization. Polymerization can be divided into two major categories: step and radical 

polymerization based on the polymerization mechanism. The radical polymerization 

mechanism involves initiation of monomer by initiator, propagation of polymer chains, 

and termination of polymer chains [61, 66]. Since a few years ago, several controlled 

radical polymerizations have been investigated, such as: ionic polymerization, emulsion 

polymerization, nitroxide radical polymerization (NMP), ring opening polymerization 

(ROP), atom transfer radical polymerization (ATRP), and reversible addition 

fragmentation chain transfer (RAFT). Each of controlled radical polymerization has its 

own strengths and weaknesses [61].  

 

 

5.1. Atom Transfer Radical Polymerization (ATRP) 

 

Atom transfer radical polymerization (ATRP) is one of the well known controlled 

radical polymerization techniques which involves organic halide initiator and metal 

halides, e.g.: cuprous halide, as a catalyst and ligand to improve the solubility metal salt 

in the organic reaction system [61]. ATRP is discovered by Sawamoto, Matyjaszewski, 
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and Wang in 1995 [61]. ATRP involves reversible reduction-oxidation of metal halides 

catalyst process. The released electron initiates the organic halide initiator on the 

initiation stage. In the propagation stage, the active radical will initiate the monomer and 

monomer will propagate becoming an active polymer. The polymer will be terminated 

and encapped by halide group on the termination stage [61]. The general reaction 

mechanism in ATRP is shown in Figure 11. 

 

R Br + CuBr(L)
ka

kd

R + CuBr2(L)

M

RMn

CuBr2(L)

RMn Br CuBr(L)+  

 

Figure 11 – ATRP mechanism [Adapted from Ref. 61]. 

 

Where organic halide initiator activation and deactivation rate constants are represented 

by ka and kd [61, 67, 68]. L is a ligand. The considered organic halide initiator for surface 
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polymerization must be covalently bonded onto the surface of substrate. For instance, 

silane based surface initiator yields silanol group once react with hydroxyl group from 

surface of substrate [67, 68]. Various metal catalysts have been investigated, such as 

copper, iron, ruthenium, chromium, nickel, palladium, and molybdenum [61, 67, 69–74]. 

The organic ligand have important role in ATRP related to increase the solubility of 

metal catalyst in the solvent and controlling the redox potential of metal catalyst [67, 69, 

75].  

 

According to reported literature [69], polymer with controlled topologies, 

functionalities, molecular composites, and composition can be synthesized using ATRP. 

It is shown in Figure 12. Wide range of monomers can be polymerized using ATRP 

either at mild condition or elevated temperature. Polymer that synthesized using ATRP 

has narrow polydispersity index due to the high ratio of dormant species to active species 

[61, 67–74]. ATRP is more flexible in terms of monomers variety. On the other hand, the 

weakness of ATRP is the undesired color stained on the polymer which caused by metal 

catalyst. ATRP can not be used for polymerizing monomer that has carboxylic acid 

functional group and halogenated alkenes [61, 67–74]. Additional cost should be 

allocated in order to remove the catalyst on the polymer [75]. 
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Figure 12 – ATRP capabilities in polymer synthesis [Adapted from Ref. 69]. 

 

 

Fuchs et. al. investigated the application of ATRP for surface polymerization of 

iron particles- poly(butyl acrylate) [68]. The iron particles have been successfully well 

coated. 2-(4-chlorosulfonylphenyl)-ethyltrichlorosilane was used as organic halide 

initiator. CTCS has been covalently bonded onto surface of iron via silanol functional 

group. Copper based metal and sparteine were used as metal catalyst and ligand 

respectively. Surface modified iron particles were applied in magnetorheological fluid 

(MRF) application. As a result, MRF with surface coated particles exhibited better 

performance as compared with traditional MRF. The scheme of ATRP for surface 

polymerization of iron particles is shown in Figure 13. 
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Figure 13 – ATRP for surface polymerization by Fuchs et. al. [Adapted from Ref. 68]. 

 

 

The thermo responsive poly(N-isopropylacrylamide) poly(NIPAAm) has been 

grafted onto silica nanoparticles using ATRP [70, 71]. The polymerization of 

poly(NIPAAm) was conducted in alcohol as a solvent and copper as a catalyst and tris(2-

(dimethylamino)ethyl)amine (Me6TREN) as a ligand at mild condition. The 

polydispersity index of poly(NIPAAm) has been found to be 1.25. The unique 
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phenomena of grafted poly(NIPAAm) related to phase transition was investigated and it 

showed that thermal phase transition occurs at two different range of temperature from 20 

– 30 oC (relates to the change of inner region) and above  30 oC(relates to the change of 

inner region).  

 

ATRP has been used for surface polymerization of block polymer poly(styrene-b-

methyl methacrylate) (PS-b-PMMA) and polystyrene (PS) on silica at 110 oC under 

nitrogen environment [72]. 3-(2-bromo-2-methylacryloxy) propyltriethysiliane (MPTS-

Br), copper metal, and 2,2�-bipyridine have been used as organic halide surface initiator, 

catalyst, and ligand, respectively. The glass transition temperature (Tg) of surface grafted 

polystyrene (133 °C) was found to be higher than non-grafted polystyrene (102 °C). This 

was caused by covalent bond of polystyrene with surface of particles. As a result, 

polystyrene molecules mobility is limited and need higher energy to pass transition 

phase.  

 

The fabrication of poly(methyl methacrylate) hollow sphere using ATRP has been 

investigated [73]. Monomers, 3-ethyl-3-(methacryloyloxy) methyloxetane (EMO) and 

methyl methacrylate (MMA), were polymerized on the surface of silica at 60 oC under 

argon using copper based/ 4,4’-Dinonyl-2,2’-bipyridine (dNbypi) as catalytic system. The 

silane based initiator, (2-bromo-2-methyl)propionyloxyhexyltriethoxysilane, was 

immobilized and covalently bonded onto the surface of silica.  

 



 37

The combination of ATRP and click chemistry for surface polymerization of 

polystyrene on silica particles has been investigated [74]. The styrene monomer was 

polymerized using ATRP with propargyl 2-bromoisobutyrate as organic halide initiator 

and CuBr/PMDETA (N,N,N’,N’,N” – penta methyl diethylene triamine) as catalytic 

system. The surface initiator, 3-bromopropyltrichlorosilane, was covalently bonded on 

the surface of silica particles and reacted with sodium azide at 80 oC in order to create 

silica – azide functionalized particle. Finally, the polystyrene – alkyne terminated was 

reacted with silica – azide functionalized through click chemistry. 

 

 

5.2 Reversible Addition Fragmentation Chain Transfer (RAFT) 

 

RAFT was discovered by Rizzardo et. al. from Commonwealth Scientific & 

Industrial Research Organization (CSIRO) on the latest 1990s [76, 77]. A propagating 

chain for the RAFT technique is controlled by reversible chain [61]. In RAFT 

polymerization, initiator is more flexible, commonly used is peroxide base (e.g.: benzoyl 

peroxide) or azobisisobutyronitrile (AIBN). The chain transfer agent (CTA) has 

important role for RAFT polymerization [76, 78–85]. The general mechanism of RAFT is 

shown in Figure 14.  

 

The initiator (I2) can be converted into radical using heat or light and the formed 

radicals initiate monomer (M) and followed by propagation or chain growth (Pm�) in the 

initiation and propagation stages. Active chain growth reacts with chain transfer agents 
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(S=C(Z) – S – R) through addition and fragmentation reaction, and yields new radical 

(R�) on the pre – equilibrium stage. The new radical (R�) initiates the monomer (M) and is 

followed by second propagation (Pn�) where propagated monomer reacts with chain 

transfer agent through addition and fragmentation on the chain equilibrium stage. Finally, 

the active chain growth polymers (Pm� and Pn�) are terminated on the termination stage 

[76, 78–85].  

 

 

 

Figure 14 – Scheme of RAFT polymerization [Adapted from Ref. 78]. 
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RAFT has been used for wide range of monomers polymerization, such as: 

monomer that has tertiary amine, carboxylic acid, hydroxyl, amides, vinyl acetate, etc. 

[75]. The commonly used chain transfer agents, include: dithioester (1), trithiocarbonate 

(2), dithiocarbamate (3), and xanthate (4) [78], are limited availability on the market at 

present [75]. The chemical structure of general chain transfer agents (stabilizing group is 

denoted by Z and radical leaving group is denoted by R) is shown in Figure 15. The 

stabilizing group (Z) has roles to control CTA ‘bulk’ reactivity and it has two basic 

contribution; determines C = S bond reactivity toward addition of radical and maintain 

the lifetime of intermediate radical (C=S radical species) [86]. The ability of RAFT to 

create an effective of polymerization and well control on the overall reactivity is 

determined by leaving group (R). The leaving group must be outstanding free radical 

agent and initiate the polymerization easily [86].  

 

1 2 3 41 2 3 4  

 

Figure 15 – Chemical structure of general chain transfer agents [Adapted from Ref. 78]. 
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The application of RAFT for surface polymerization of poly(methyl methacrylate) 

on flat silicon substrate has been investigated [80]. Initially, (11 – (2 – bromo – 2 – 

methyl) propionyloxy) undecyltrichlorosilane was reacted and covalently bonded via the 

silanol functional group on silicon surface. Bromide functionalized silicon was reacted 

with chain transfer agent, cumyl dithiobenzoate (CDTB), with the presence of 

CuBr/Cu(0)/PMDETA at 85 oC for 48 hrs. The azobisisobutyronitrile (AIBN) was used 

as initiator. Well defined and narrorw polydispersity index diblock copolymer has been 

synthesized from the following monomers: (methyl methacrylate), 2-

(dimethylamino)ethyl methacrylate, and styrene. As a result, the thickness polymer 

coating up to 15.3 nm has been achieved [80].  

 

Another surface coating of silicon wafer has been accomplished using RAFT [81]. 

The surface of silicon wafer was modified using 3-aminopropyl trietoxysilane which was 

covalently bonded to silicon surface. 4-(4-cyanopentanoic acid) dithiobenzoate (CPAD), 

was used as chain transfer agent. CTA was initially reacted with N-hydroxysuccinimide 

through condensation reaction. Succinimide terminated CPAD was reacted with amine 

modified silicon surface and linked through amide bond. The monomer, methyl 

methacrylate, and initiator, azobisisobutyronitrile (AIBN), were polymerized at 70 oC 

under free oxygen environment.  

 

The combination of RAFT and click chemistry reaction for creating star 

polymers, surface polymerization, and telechelic functional groups has been investigated 

[74, 82, 83]. First of all, one of compound must be functionalized with azide and alkyne 
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on the tandem molecule in order to link two molecules through click chemistry. In the 

surface polymerization, the azide functional group was introduced through the reaction of 

sodium azide and bromine from halide organo silane, 3-bromopropyltrichlorosilane. The 

chlorine species reacts with hydrogen from hydroxyl group on the surface of the substrate 

which yields the silanol linkage [74]. On the other hand, the monomer was initiated using 

AIBN as initiator and coupled with alkyne functionalized group at one side and reacted 

with chain transfer agent on the other side.  Finally, the alkyne and azide group were 

reacted by the click reaction [74]. The mechanism of RAFT for modification silicon 

surface is shown in Figure 16. 

 

Basically, the similarity of RAFT with ATRP include narrow PDI of polymer, 

well defined building block, and controlled molecular weight. But, the RAFT 

polymerization technique offers an alternative polymerization route where ATRP can not 

be applied [61, 75, 76, 78–85]. For instance, the reaction of monomer contains carboxylic 

acid functional group [75]. On the other hand, the weakness of RAFT is chain transfer 

agent is not commercially available or limited. 
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Figure 16 – RAFT mechanism for silicon surface modification [Adapted from Ref. 74]. 
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CHAPTER II 

 

Novel Composite Proton Exchange Membrane for Fuel Cells 

 

 

Abstract 

Novel composite proton exchange membranes have been prepared from non–fluorinated 

polymer and non- and surface coated heteropoly acids (HPA) using atom transfer radical 

polymerization (ATRP). Polyether sulfone (PES) and poly(ether ether ketone) (PEEK) 

were used as a polymer matrix. Phosphotungstic acid (PWA), phosphomolybdic acid 

(PMoA) and silicotungstic acid (SiWA) were used as HPA. It was found that the SiWA 

has a higher conductivity compared with PWA, at the same concentration. In addition, 

zirconium sulfate (ZrSO4) was also investigated for inorganic proton conductor. 

Composite membrane ZrSO4/SPEEK was synthesized. PES and PEEK were sulfonated 

using chlorosulfonic acid. The highest conductivity for sulfonated PES with 60 wt.% 

PWA was 1.7 x 10-2 S/cm. In order to increase the compatibility between SiWA and PES, 

the SiWA was surface coated. Surface coated SiWA particles can be added to the 

polymer matrix up to 50 wt.% to form a homogeneous membrane. This route also has the 

potential to increase the conductivity by sulfonation of grafted polymer backbone, and to 

avoid “washing out” of HPA in the fuel cell.  

Keywords: Proton exchange membrane, heteropolyacids, ATRP, surface grafting, 

composite membrane 
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1. Introduction 

 

Proton exchange membranes (PEMs) play a central role in fuel cell operation. 

Fuel cells have great promise as environmentally friendly power sources and efficient 

energy systems. The fuel cell system consists of the following components: anode, 

catalyst, PEMs, and cathode shown in Figure 1. In the fuel cell PEMs provide three main 

contributions: as ion transfer media, for separating reactant gases (hydrogen and oxygen) 

which react at the cathode and anode, and as a catalyst support (1). Proton exchange 

membranes with high ion conductivity, low gas permeability, and high mechanical 

strength are desirable (1). 

 

Nafion™ (E. I. Du Pont de Nemours and Company) is the current state of the art 

PEM. Hydrated NafionTM membrane has high proton conductivity and is used at 

temperatures up to 80 oC. Above that temperature it will release water and the proton 

conductivity will decrease. Because of the limitations of Nafion™ researchers have been 

developing non-perfluorosulfonic membranes. Some of these limitations include: high 

cost, low conductivity due to water loss at high temperature, low humidity and high 

permeability to methanol (2). Many PEMs have been developed based on styrene, 

poly(imide)s, polyphosphazene, polybenzimidazole (PBI) and polybenzoxazole (PBO).  
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Figure 1 – Proton exchange membrane. 

 

Polyether sulfone (PES) have been blended with polymers such as 

polyvinylidenefluoride (PVDF), polyacrylonitrile, polyurethane, chitosan, cellulose 

acetate, sulfonated poly(ether ether ketone) (SPEEK) and poly(amide-imide) (PAI). The 

PAI blends with PES have been synthesized to be used for ultrafiltration membranes (3). 

Blended membranes were formed from SPEEK and PES and thermal degradation studies, 

glass transition temperature, proton conductivity and water uptake were studied for these 
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blended membranes (4). Blends have also been made with polybenzimidazole (PBI) and 

sulfonated partially fluorinated poly (arylene ether sulfone) (5). PBI has no proton 

conductivity but it has excellent chemical and mechanical stability with a glass transition 

temperature of approximately 420 oC (6). There are several modifications to use PBI as a 

proton exchange membrane, e.g: acid doping, synthesizing a composite with an inorganic 

proton conductor, and direct synthesis from sulfonated monomer. Nanocomposite 

membranes – these may include heteropolyacids or montmorillonite which have been 

reported to increase the membrane mechanical properties while maintaining high proton 

conductivity (8 – 9).  

 

The sulfonated polyether can be synthesized from two ways; first of all, 

sulfonation of polyether monomer followed by polymerization (10). The sulfonation can 

be achieved by reacting the fluorophenyl group with fuming sulfuric acid (10). Second of 

all, the sulfonation can be achieved by reacting the sulfonic acid group on the polymer 

backbone. Polyether sulfone (PES) was sulfonated using chlorosulfonic acid and the 

membrane characteristics were investigated (11). Polyether sulfone (PES) was also 

sulfonated using sulfur trioxide (12). SPEEK membranes have also been prepared by 

sulfonation by chlorosulfonic acid in dichloroethane (13). It has been investigated that for 

PES, three sulfonating agents can be used; oleum, chlorosulfonic acid, SO3 or its 

complexes (11).   

 

Atom transfer radical polymerization (ATRP) involves organic halide initiator 

and metal halides, e.g.: cuprous halide, as a catalyst and ligand to improve the solubility 



 54

metal salt in the organic reaction system (14). The metal halides will react based on a 

reversible redox process and the released electron will initiate the organic halide initiator 

in the initiation stage. In the propagation stage, the active radical will initiate the 

monomer and the monomer will propagate becoming an active polymer. The polymer 

will be terminated and end capped by halide group in the termination stage (14). The 

general reaction mechanism in ATRP is shown in Figure 2. 

 

R Br + CuBr(L)
ka

kd

R + CuBr2(L)

M

RMn

CuBr2(L)

RMn Br CuBr(L)+  

 

Figure 2 – ATRP mechanism (14). 

 

Where ka and kd are organic halide initiator activation and deactivation rate 

constants (14–16). L is a ligand. The organic halide initiator that can be used for surface 

polymerization and should be covalently bonded onto the surface of the substrate. For 

instance, the silanol group was created from the reaction of chloro silane and hydroxyl 

group from the surface of the substrate (14–16). The application of ATRP for surface 
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polymerization of iron particles has been investigated by Fuchs, et. al (16). The iron 

particles have been coated using poly(butyl acrylate). Organic halide initiator, 2-(4-

chlorosulfonylphenyl)-ethyltrichlorosilane (CTCS), has been covalently bonded onto the 

surface of iron via a silanol functional group. ATRP has several advantages which 

include; formation of polymers with controlled topologies, functionalities, narrow 

polydispersity index, and composition. ATRP is also more flexible in terms of possible 

monomers. A wide range of monomers can be polymerized using ATRP either at mild 

conditions or elevated temperature (14–22).   

 

Zirconium sulfate is one of example from inorganic proton conductor. Zirconium 

sulfate can be synthesized from zirconium oxide and sulfuric acid (or ammonium sulfate) 

and followed by thermal treatment at around 600°C (22a). Because of the simple and 

environmentally friendly synthesis and high acidity properties, sulfated zirconia has been 

used as solid-acid catalyst (22a). Sulfated zirconia composite membranes using Nafion® 

have been investigated before, and exhibited an increase in water uptake along with 

higher conductivities at higher temperatures (22b). Sulfated zirconia added to Nafion™ 

has been described in the literature, in which 5 wt.% sulfated zirconia was added to 

Nafion™ resulting in improvements when tested at low relative humidities and high 

temperatures (22c). Super acid zirconia-doped Nafion™ has been investigated as well; 

this membrane shows consistently high conductivity at a wide range of temperatures 

(22d). It has been found that sulfated zirconia nanoparticles added to Nafion™ yields a 

higher water uptake rate than Nafion™ by itself (22e).  
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In the present work, composite membranes have been prepared from 

polyethersulfone (PES), sulfonated polyethersulfone (SPES), with various concentrations 

of heteropolyacid (HPA). The HPA includes silicotungstic acid (SiWA) and 

phosphotungstic acid (PWA). In addition, surface grafted polymer–SiWA has been 

investigated as a novel composite membrane. This route offers enhancement of 

compatibility between polymer matrix and HPA, to avoid “washing out” of HPA, and the 

possibility of enhanced conductivity because of the addition of sulfonation on the surface 

grafted polymer backbone, as well as the polymer matrix (e.g.: sulfonated PES).  

Composite membranes were synthesized from sulfonated PEEK (SPEEK) and zirconium 

sulfate (ZrSO4). Composite membranes were made using 5 wt.%, 20 wt.%, 30 wt.%, and 

50 wt.% of ZrSO4. Membrane electrode assembly (MEA) has been fabricated from 

sulfonated poly(ether ether ketone) (SPEEK)/zirconium sulfate composite membrane. 

The performance of the composite membrane was characterized using a single cell to 

generate the polarization curve.  
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2. Experimental Section 

 

2.1. Materials and Synthesis 

Chemical Structure Supplier 

Poly(ether ether ketone) 

(PEEK) 

O O C

O

x  

Solvay Advanced 

Polymer 

Poly(ether sulfone) (PES) S

O

O

O

 

Solvay Advanced 

Polymer 

Silicotungstic acid (SiWA) 

 

Ref: www.chemicalbook.com 

Sigma Aldrich 

Phosphomolybdic acid (PMoA) 
 

Ref: www.chemicalbook.com 

Sigma Aldrich 

Phosphotungstic acid (PWA) 
 

Ref: www.chemicalbook.com 

Sigma Aldrich 
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Divinylbenzene CH2H2C

 
Sigma Aldrich 

Sparteine 
 

Sigma Aldrich 

Sodium 4-vinyl benzene 

sulfonate (S4VBS) 

H2C
SO3Na

 

Sigma Aldrich 

Neutral alumina 

Al

O

Al

O

 

Ref: www.chromatography-

online.org 

Selecto Scientific 

Copper (I) Bromide Cu–Br Sigma Aldrich 

Copper (II) Bromide Cu–Br2  

Toluene anhydrous 
 

Sigma Aldrich 

Chlorosulfonic acid (98%) ClSO3H Sigma Aldrich 

Sulfuric acid (85%) H2SO4 Sigma Aldrich 

Methanol CH3OH Sigma Aldrich 

2-4(-chlorosulfonylphenyl)-

ethytrichlorosilane (CTCS) 
Cl Si

Cl

Cl

(CH2)8 S

O

O

Cl

 

Gelest, Inc. 

Ethanol C2H5OH Sigma Aldrich 



 59

Octyl pyrollidone 

 

Sigma Aldrich 

Zirconium sulfate ZrSO4 Sigma Aldrich 

 

Polyether sulfone (PES) RADEL A–200 (MW = ~ 45,000) was donated by 

Solvay Advanced Polymer. Heteropolyacids; silicotungstic acid (SiWA), 

phosphomolybdic acid (PMoA), and phosphotungstic acid (PWA), were purchased from 

sigma Aldrich and used as received. Divinyl benzene, methanol, octyl pyrollidone, CuBr, 

CuBr2, sparteine, toluene, chlorosulfonic acid (98%), and sulfuric acid (85%) were 

purchased from Aldrich and used as received, ethanol was purchased from AAPER, 2-4(-

chlorosulfonylphenyl)-ethytrichlorosilane (CTCS) was supplied by Gelest Inc. 

 

 

2.1.1. Preparation of Silicotungstic Acids (SiWA) and Grafting Polymer Onto SiWA 

Surface Using ATRP 

 

Silicotungstic acid (16 g) was dried in the vacuum oven at 100oC overnight and 

stored in a desiccator. SiWA was then pulverized manually using a mortar and pestle and 

sieved using 270 mesh sieves. Dried SiWA particles (12 g) were added and reacted at 85 

oC with 2-4(-chlorosulfonylphenyl)-ethytrichlorosilane (CTCS, 4 g)) for 36 hours in 

anhydrous toluene (110 g) as a solvent in inert gas (nitrogen). The mixture was then 

filtered and washed with anhydrous toluene in order to remove excess CTCS. The residue 
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(SiW-CTCS) was dried in a vacuum oven at low temperature (50 °C) for 24 hours. 

Functionalized SiW-CTCS (6 g) was reacted with CuBr (0.06 g), CuBr2 (0.03 g), Spartein 

(0.06 g), and monomer (divinylbenzene) in anhydrous toluene (60 g) at 85 oC for 24 

hours under nitrogen. Finally, the mixture was filtered, washed several times with 

anhydrous toluene and dried in a vacuum oven at low temperature (50 °C) prior to use. 

The scheme of surface polymerization of SiWA using ATRP is shown in Figure 3. 

 

 

2.1.2. Sulfonation of PES and PEEK 

 

5 g of PES and PEEK were dissolved in 60 ml 85 % sulfuric acid at room 

temperature under constant stirring. A clear solution was formed after complete 

dissolution. The PES solution temperature was kept at 0oC in an ice bath prior to 

sulfonation reaction. Then, 20 ml chlorosulfonic acid was added drop-wise into the PES 

solution. The reaction was allowed for 3 hours. The sulfonated PES (SPES) and PEEK 

(SPEEK) were poured slowly and isolated in DI water. The un-reacted chlorosulfonic 

acid in polymer solution was washed using DI water until the pH was 7. Finally, the 

polymer was dried in a vacuum oven overnight prior to use. The sulfonation reaction 

mechanism is shown in Figure 4 (11, 23). 
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Figure 3 – The scheme of ATRP surface polymerization on SiWA. 

 

S

O

O

O + S OH
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O
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O
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H2SO4

0 0C
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Figure 4 – Sulfonation reaction mechanism. 
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2.1.3. Preparation of SPES/HPAs Composite Membranes 

 

Sulfonated PES was weighed and dissolved in dimethylacetamide (DMAc) and 

followed by adding and mixing of HPAs at 50-60oC. The mixing process was completed 

within 2 hours in order to obtain uniform SPES/HPAs solution. Then, the solution was 

poured in the mold and followed by solvent vaporization in a vacuum oven at 80–100oC 

overnight.  

 

 

2.1.4. Preparation of PES/Surface Coated SiWA Composite Membranes 

 

 PES pellets were weighed and dissolved in dimethylacetamide (DMAc) and 

followed by adding and mixing of surface coated SiWA at room temperature (25oC). The 

mixing process was completed within 2 hours in order to obtain uniform PES/surface 

coated SiWA solution. Then, the solution was poured in the mold and followed by 

solvent vaporization in a vacuum oven at 80–100oC overnight.  

 

 

2.1.5. Preparation of SPEEK/ZrSO4 Composite Membranes 

 

The synthesis of the composite membrane with 5 wt.%, 20 wt.%, 30 wt.%, and 50 

wt.% ZrSO4 entailed dissolving 0.9 g SPEEK (sulfonated with 15 mL chlorosulfonic acid 
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in sulfuric acid as a solvent) in 40 mL dimethylacetamide. After all of the SPEEK had 

dissolved, 0.9 g ZrSO4 was added. This mixture was placed in a sonicator for 1 hour until 

all of the particulate matter had been agitated throughout the solution. This was the key 

step in creating a uniform film. This aqueous solution was then poured into a 10 cm x 10 

cm mold where it was placed in an oven at 60°C overnight. The purge valve was opened 

all the way while a very low amount of vacuum was placed on the oven. This same 

procedure was conducted for the membrane with 5 wt.%, 20 wt.%, and 30 wt.%, ZrSO4, 

except the sonication time. 

 

 

2.1.6. Fabrication of Membrane Electrode Assembly (MEA)  

 

MEA was initially fabricated from composite SPEEK/ZrSO4 (50 wt.%) and 

commercial gas diffusion electrode (GDE) which has platinum content of 0.5mg/cm2. A 

composite membrane was cut into 7 cm x 7 cm and sandwiched in between GDE. The 

GDE (5 cm x 5 cm) was painted with additional Nafion solution and catalyst up to 

approximately 0.7-0.8 mg/cm. Then, the GDE/membrane layer was hot pressed at 1200-

1250 lbf at 90-100oC for few minutes using a mechanical compression device equipped 

with an aluminum block which has a heater inside. Finally, the resistance between the 

anode and cathode was measured to make sure there was no short circuit. The fabricated 

MEA was then placed in a single fuel cell tester which consists of monopolar plates 

which have serpentine channels, a gold plated current collector, and stainless steel plates 

as support.  
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2.2. Characterization 

 

The proton conductivity was determined using Princeton Instruments 2273 

electrochemical impedance spectroscopy (EIS) and Bekktech four point conductivity cell. 

The surface grafted polymer–silicotungstic acid particles FTIR spectra were recorded 

using Perkin-Elmer Spectrum 2000 FTIR spectroscopy. The thermal properties of the 

polymer for surface coated silicotungstic acid particles were characterized using Perkin-

Elmer Pyris-1 DSC. The ion exchange capacity (IEC) of the sulfonated composite 

membrane was determined by an acid – base titration technique. The size and shape of 

HPA were characterized using a Nikon optical microscope and scanning electron 

micrcrosope – X-ray energy dispersive spectrum (SEM-XEDS) by Hitachi S-4700 

equipped with an Oxford EDS System. 

 

 

2.2.1. Proton Conductivity Measurements  

 

Membrane resistance and conductivity were measured using an electrochemical 

impedance spectrometer with a frequency range from 1 Hz to 1 MHz. A membrane was 

placed on the conductivity cell, having 25 cm2 of effective membrane area, which 

consists of four platinum wires, a membrane clamp, and a Teflon support block. The two 

outer sides of platinum wires connect the working (W) and counter (C) electrodes which 

feeds the current to the membrane. The inner platinum wires, 0.425 cm apart, were 

connected to the reference (R) and sense (S) electrodes and measured voltage drop. This 
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method provided a Nyquist plot which showed both real and imaginary resistances of the 

membrane from low frequency (1 Hz) to high frequency (1 MHz). The conductivity 

measurement was carried out at room temperature and 100% humidity (immersed in high 

purity water, 18.2 M� .cm in resistance at 25oC). The Bekktech four point conductivity 

cell schematic is shown in Figure 5. The conductivity was determined from the real 

resistance using the following equation: 

sR
l
�

��                  Equation [1] 

 

Where �  is conductivity (S/cm), l is the distance between reference and sense electrodes 

(0.425 cm), R is the real resistance (ohm), and s is cross sectional area of membrane 

(cm2).  
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Figure 5 – Bekktech four point conductivity cell schematic. 

 

 

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR) 

 

Surface modified silicotungstic acid particles were characterized using Perkin-

Elmer Spectrum 100 FTIR spectroscopy. The sample of uncoated silicotungstic acid 

(SiWA), immobilized surface initiator silicotungstic acid particles (SiWA–CTCS), and 

grafted polymer–silicotungstic acid particles (SiWA–CTCS–poly(divinylbenzene)) were 

scanned from 4000 cm-1 – 400 cm-1 at room temperature. The samples were dried in a 
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vacuum oven at 60oC for 24 hours and stored in desiccator. The sample was mixed 

uniformly with KBr powder with the ratio 1:10 by weight prior to FTIR scan.  

 

 

2.2.3. Differential Scanning Calorimetry (DSC) 

 

Thermal properties (glass transition temperature, Tg) of the surface coated 

silicotungstic acid particles was characterized using Perkin-Elmer Pyris-1 DSC. Two 

pans placed in the DSC were used for holding the sample and reference. The samples 

were dried in a vacuum oven at 60oC for 24 hours and stored in desiccator prior to 

characterization. The surface coated silicotungstic acid particles (19.2 mg) were placed in 

the sample pan and scanned from 50 oC to 350 oC with a heating rate 10 oC/min.  

 

 

2.2.4. Ion Exchange Capacity (IEC) 

 

The IEC measurement was done for sulfonated PES only because the HPAs in the 

composite membrane may interfere the measured titrated base amount. The proton 

conductivity of sulfonated polymer in a membrane correlates to the IEC of the polymer. 

The IEC of the sulfonated membrane was determined by a simple acid–base titration 

technique (meq of SO3H
- per gram of dry membrane). The membranes were washed 

several times with high purity DI water after the sulfonation process. A known weight of 

membrane was soaked in 2 M NaCl solution for 20 hours. The solution was then filtered 
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and the ion exchange solution was titrated against 0.1 M NaOH solution using 

phenolphthalein indicator. The IEC is defined as ratio of consumed NaOH volume 

(VNaOH) at specific concentration (NNaOH) to the polymer weight. The membrane ion 

exchange capacity (IEC) was determined from the titration data using the following 

equation (24–25): 

 

(g)polymer dry  ofweight 
(meq/mL) NaOH ofmolarity  x (mL) consumed NaOH of volume

�IEC      Equation [2] 

 

 

2.2.5. Optical Microscopy 

 

The size reduction of heteropolyacids was carried out by manual grinding. The 

size of ground hetropolyacids was then measured using an optical microcope. The 

microscope resolution can be used to measure up to 1 micron in diameter of the particles. 

The image of heteropolyacids was captured using bright field mode.  

 

 

2.2.6. Scanning Electron Microscopy Equipped With X-ray Energy Dispersive 

Spectrum (SEM-XEDS) 

 

The surface morphologies of grafted polymer–silicotungstic acid particles and 

chemical analysis of surface coated silicotungstic acid particles were characterized using 
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scanning electon micrcrosope – X-ray energy dispersive spectrum (SEM-XEDS) by 

Hitachi S-4700 equipped with an Oxford EDS System. The number of atomic carbon 

after surface polymerization of poly(divinylbenzene) is expected to  increase as compared 

with un-coated silicotungstic acid particles. 

 

 

2.2.7. Single Test Cell for Polarization Curve 

 

For generating the polarization curve (I-V Curve), a single fuel cell tester was 

connected to the main test machine (Scribner 850e) which has a humidifier for oxygen 

and hydrogen, flowmeter, and automated temperature controller. Then, the hydrogen flow 

was set up to 200 mL/min and oxygen flow was set up to 300 mL/min. For first run, the 

cell, anode and cathode gas temperature were set at 25oC and with various backpressures 

(0, 5, 10, and 15 psi). The fuel cell was run over the range of current until maximum limit 

which the half potential cell was close to zero. 
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3. Results and Discussion 

 

3.1. Proton Conductivity Measurements 

 

The effectiveness of proton exchange membrane is characterized by their proton 

conductivity. The proton conductivity measurement method involves a either a two point 

or four point probe impedance spectroscopy technique. For characterizing proton 

exchange membranes which have low resistance and high frequency the two point 

method is suitable because separation of the membrane resistance from interfacial 

capacitance is possible. Especially at the high frequency range, the measurement can be 

affected by other instrument electric fields (26). In contrast, the four point method 

provides more accurate measurement because this method eliminates the contact 

resistance present in the two point probe and it employs two separate electrodes to supply 

current to the cell, and two additional voltage sensing electrodes measure potential 

directly from the cell. The impedance measurements are made using an electrochemical 

impedance spectrometer with a frequency range from 1 Hz to 1 MHz. The frequency scan 

data is represented by Nyquist plot which consist of real and imaginary impedances. The 

typical Nyquist plot is shown in Figure 6. 
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Figure 6 – Nyquist plot of composite membrane SPES – 60 wt.% PWA. 

 

In preliminary measurements, the conductivities of PES/HPA composite 

membrane were measured at room temperature and 100% relative humidity. The 

conductivity was found to increase with the HPA concentration. The highest conductivity 

of composite membrane without the sulfonation process of the polymer matrix (PES) was 

achieved by PES/SiWA 50wt.%. In addition, SiWA composite membrane (PES/SiWA 

50wt.%) has better conductivity as compared with PWA composite membrane which has 

higher concentrations (PES/PWA 60wt.%, PES/PWA 70wt.%, PES/PMoA 70wt.%). It 

can be concluded that SiWA particles have better conductivity than other HPAs, 

including: silicomolybdic acid (SiMoA). The results are in agreement with previous work 

that have been done by: Henga, Herring and Ramani (27–29). On the other hand, with the 

Low freq. 
�  1 Hz 

High freq. 
>100 kHz 



 72

same concentration of HPA, the conductivity of surface coated SiWA composite 

membranes was lower than for non-surface coated membranes. This phenomena was 

reasonable because the grafted poly(divinyl benzene) was not a proton conductor. 

Moreover, the polymer coating restricts the proton transport using SiWA particles in the 

membrane. However, a higher concentration of SiWA can be added to the polymer 

matrix (PES) by surface coating the SiWA particles. 

 

Sulfonation of the polymer matrix has been carried out in order to increase the 

overall composite membrane conductivity. The sulfonation process has been conducted 

using chlorosulfonic acid as sulfonating agent which will attach at the ortho position of 

the PES aromatic ring (30). The sulfonic acid group on the PES backbone provided 

additional proton transport media. As a result, sulfonated composite membrane (60 wt.% 

PWA – SPES) has better conductivity as compared with non-sulfonated PES with the 

same PWA concentration.  

 

The mechanism of proton conduction through the membrane can be described by 

two models; the Grotthuss mechanism (proton “hopping”) and vehicular mechanism 

(bulk ion transport (29, 31). In the Grotthuss mechanism, the proton moves from one 

sulfonic acid functional group which can be described as the “transport molecule” to 

another sulfonic acid group. In this case, the “transport molecules” are stationary (29). 

Grotthuss mechanism may occur predominantly under low humidity or anhydrous 

condition (32). On the other hand, “vehicle molecules”, such as water, diffuse through the 

ionic channels carrying attached protons. The translational motion of the “vehicle 
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molecules” is caused by a driving force which is generated by buildup of a concentration 

gradient on one side of the ionic channel in which the “vehicle” is generated (29). The 

vehicular mechanism generally occurs when the membrane is humidified (32). The 

summary of composite membrane conductivities is listed in Table 1.      

 

Table 1 – The summary of membranes conductivity. 

Composite membrane Conductivity (S/cm) 

60 wt.% PWA – SPES Type 3 1.7 x 10-2 

30 wt.% SiWA – SPES Type 3 6.1 x 10-3 

70 wt.% PMoA – PES 0.8 x 10-3 

70 wt.% PWA – PES 5.1 x 10-3 

60 wt.% PWA – PES 4.3 x 10-3 

50 wt.% SiWA (non-coated) – PES 6.7 x 10-3 

50 wt.% SiWA (coated) – PES 1.4 x 10-3 

SPES Type 3 3.6 x 10-3 

SPES Type 2 8.1 x 10-4 

SPES Type 1 6.9 x 10-4 

PES (pure) 3.2 x 10-5 
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3.2. Fourier Transform Infrared Spectroscopy (FTIR) 

 

The grafted surface initiator and polymer on the SiWA particle was characterized 

using FTIR. The sample was scanned from 400 to 4000 cm-1. Transmission data of infra 

red spectra for uncoated SiWA particles, SiWA particles – CTCS, and SiWA particles – 

CTCS – poly(divinyl benzene) are shown in Figure 7. Comparing the curves of SiWA 

and SiWA – CTCS, a peak of silanol stretch bond (Si – O) exists at about 1100 cm-1 and 

the peak is shifted at 1400 cm-1 which represents the sulfur dioxide bond stretch (SO2) 

from the surface initiator (CTCS). On the SiWA – CTCS – poly(fluorostyrene) infra red 

spectra, another peak appears at about 1600 cm-1 represents double bond (C = C) of 

poly(divinyl benzene). By comparing the infra red spectra among SiWA, SiWA particles 

– CTCS, and SiWA particles – CTCS – poly(divinyl benzene), it can be concluded that 

the polymer has been successfully covalently bonded on the surface of SiWA particles 

through silane based surface initiator.   
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Figure 7 – FTIR spectra of grafted poly(divinyl benzene) on the surface of SiWA 

particles using CTCS as surface initiator. 

 

 

3.3. Differential Scanning Calorimetry (DSC) 

 

The glass transition temperature (Tg) of grafted polymer on the surface of SiWA 

particles were characterized using DSC. A standard method has been used for 

temperature scanning from 50ºC to 350ºC at a heating rate of 10 ºC/min. The temperature 

scanning has been done under high purity nitrogen purge with volumetric flow rate of 20 

ml/min. The grafted poly(divinyl benzene) on the SiWA surface showed the thermal 
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transition temperature at 192.6ºC. The poly(divinyl benzene) synthesized in our 

laboratory has higher thermal transition temperature than the bulk poly(divinyl benzene) 

which has thermal transition temperature of 150–158ºC (33). Higher glass transition 

temperature for grafted polymer is due to the covalently bonded polymer onto the surface 

that restricts the mobility of molecules (34). As a result, higher energy is required to 

achieve the glassy state of the grafted polymer before reaching glass transition 

temperature. The DSC curve for grafted poly(divinyl benzene) on the SiWA particles is 

shown in Figure 8. 

 

 

 

Figure 8 – DSC Curve of grafted poly(divinyl benzene) on the surface of SiWA particles. 

 

 

 

 



 77

3.4. Ion Exchange Capacity (IEC) 

 

Ion exchange capacity is correlated directly to proton conductivity of the 

membrane and depends on the amount of reacting sulfation agent (chlorosulfonic acid). 

The IEC was found to increase with the amount of chlorosulfonic acid added. The 

phenolphthalein indicator was used for acid–base titration and it has effective working 

range about pH 7. The pH of DI water was measured, it showed pH ~ 5.5, and pretreated 

using dilute base solution in order to achieve pH 7 prior to use in IEC measurement. This 

step allowed the correct measurement of IEC sulfonated PES. The IEC of sulfonated PES 

is listed in Table 2. 

   

Table 2 – The summary of sulfonated PES IEC. 

Type of 

sulfonated PES 

Chlorosulfonic acid 

amount (mL) 

IEC  

(meq/g) 

Type 1 10 0.12 

Type 2 15 0.20 

Type 3 20 0.67 
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3.5. Optical Microscopy 

  

The reduced size of grinded SiWA particles was measured using optical 

microscopy. The average diameter of SiWA particles was about 2.50 – 3.50 � m. Size 

reduction of SiWA particles was aimed for novel composite membrane by grafted 

polymer on the surface of SiWA particles before composite membrane preparation. The 

particle size distribution is shown in Figure 9 (a). As mentioned earlier in section 3.1., by 

surface coating the SiWA particles, higher concentration of SiWA can be added into 

polymer matrix (PES) without any compatibility issue, i.e.: saturated concentration of 

HPA in polymer matrix may be achieved at 50 wt.% without polymer coating. In 

addition, the mechanical properties of surface grafted polymer composite membrane was 

maintained and the “washing out” of HPAs, because the HPAs are hydrophilic, under 

humidified conditions would be possible to avoid. However, the conductivity of surface 

coated SiWA composite membrane was lower than non-surface coated. The picture of 

surface-coated and non-surface-coated SiWA composite PES membranes (50 wt.%) is 

shown in Figure 9 (b). 
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Figure 9 – (a) Captured image of reduced sized SiWA particles, (b) Surface-coated (left) 

and non-surface-coated (right) SiWA composite PES membranes (50 wt.%). 

 

 

3.6. Scanning Electron Microscopy Equipped With X-ray Energy Dispersive 

Spectrum (SEM-XEDS) 

 

Characterization and identification of SiWA particles, SiWA particles – CTCS, 

and SiWA particles – CTCS – poly(divinyl benzene) were performed with a high – 

resolution scanning electron microscope equipped with X-ray energy dispersive spectrum 

(SEM-XEDS) by Hitachi S-4700 equipped with an Oxford EDS System. Samples were 

subjected to platinum sputter coating, prior to observation, to prevent the charging of the 

organic compound, to distribute the effects of heating, and to increase the intensity of 

secondary and back-scattered electrons at high resolution. Appropriate selection of the 

electron beam acceleration voltage is required to avoid thermal degradation of sample, 
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especially organic material, and to achieve accurate element quantification. The electron 

beam acceleration voltage used during this observation was 20 keV. The SiWA particles 

shape were not spherical and the size distribution was as expected, under 10 � m. The 

SiWA particles were agglomerate after immobilization of surface initiator (CTCS). 

However, the surface grafted poly(divinyl benzene) – SiWA particles were in the smaller 

distribution particles size. It may caused by polymerization process which poly(divinyl 

benzene) prevented the aggregation of SiWA particles. The SEM micrograph of SiWA 

particles, SiWA with surface immobilized CTCS, and the grafted poly(divinyl benzene) 

on the surface of SiWA particles, is shown in Figure 10. 
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(a) (b) 

(c) 
 

Figure 10 – SEM micrographs of; (a) SiWA particles, (b) SiWA with surface 

immobilized CTCS, and (c) The grafted poly(divinyl benzene) on the surface of SiWA 

particles. 

 

 

3.7. Elemental Analysis with X-ray Energy Dispersive Spectrum (XEDS) 

 

Quantitative elemental analysis was recorded by x-ray energy dispersive 

spectrograms and Oxford XEDS System. During scanning, x-ray peaks were generated 



 82

and used to record the elements that existed on the SiWA and SiWA modified particles. 

The elemental maps for the identified elements were also generated automatically during 

the scanning time. The electron beams may penetrate only a few nanometers in depth of 

sample surface. Because of that limitation, XEDS analysis was aimed only to determine 

the occurrences of immobilization of surface initiator (CTCS) and the polymerization of 

poly(divinyl benzene) on the SiWA particles. The XEDS spectrograms are shown in 

Figure 11.  The number of carbon atoms increased from SiWA particles, SiWA with 

surface immobilized CTCS, and the grafted poly(divinyl benzene) on the surface of 

SiWA particles. These results confirmed that the immobilization of surface initiator 

(CTCS) and the polymerization of poly(divinyl benzene) on the SiWA particles occurred. 

Immobilization was also supported by decreasing the number of tungsten atoms after 

SiWA surface modification which means the SiWA particle was covered by surface 

initiator (CTCS) and poly(divinyl benzene) as coating. The weight percentage of each 

element for SiWA particles, SiWA with surface immobilized CTCS, and the grafted 

poly(divinyl benzene) on the surface of SiWA particles from x-ray energy dispersive 

spectrograms is listed in Table 3. 
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Figure 11 – Energy dispersive X-ray analysis of; (a) SiWA particles, (b) SiWA with 

surface immobilized CTCS, and (c) The grafted poly(divinyl benzene) on the surface of 

SiWA particles. 
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Table 3 – Element analysis from X-ray energy dispersive (X–EDS). 

Element 
Weight % 

SiWA SiWA – CTCS SiWA – CTCS – poly(divinyl benzene) 

C 22.00 42.36 72.98 

O 34.39 31.04 24.70 

Si 1.64 1.03 0.01 

S 0.00 0.74 2.30 

W 41.97 24.83 0.02 

Total 100.00 100.00 100.00 

 

 

3.8. Discussion of Composite membranes SPEEK/ZrSO4 

 

Uniform and highly flexible composite membranes 50 wt.% ZrSO4 have been cast 

successfully and have undergone a series of performance tests. The measured 

conductivity was around 0.02 S/cm and the thickness was about 100 micron. Figure 12 

(a), reveals the uniform dispersion of ZrSO4 (50 wt.% ZrSO4) throughout the membrane. 

On the other hand, Figure 12 (b) shows agglomeration of ZrSO4 particles (5 wt.% ZrSO4) 

which can be seen on the top right corner of the membrane. This can be remedied by 

leaving the ZrSO4 and SPEEK solution in the sonicator for a longer period of time. 
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Figure 12 – Composite membranes of: (a) 50 wt.%, and (b) 5 wt.%. 

 

The composite membranes (50 wt.% ZrSO4) were cut and analyzed using 

scanning electron microscopy (SEM) in order to determine the particles size and interface 

between ZrSO4 particles and polymer matrix (SPEEK). From Figure 13, it can be seen 

that the particles have a very uniform diameter of 1-3 µm even though the concentration 

of ZrSO4 is up to 50 wt.%. The dispersion process (sonication time) was important to 

prevent the agglomeration. In addition, there was a problem at the interface between the 

polymer matrix and the ZrSO4 where there is an air gap leading to a compatibility issue. 

It might be solved by surface coating ZrSO4 particles with sulfonated polymer which can 

be used to maintain the conductivity while possibly overcoming the compatibility issue. 

The prepared MEA from 50 wt.% ZrSO4 composite membrane has a higher range of 

current density than 20 wt.% ZrSO4. This result can be related to the amount of inorganic 
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proton conductor of composite membrane which promotes a lower resistance.  Also, the 

thermal stress from the hot press process may lead to the MEA defect and it can be seen 

on the bottom corner of the MEA. The MEA picture is shown in Figure 13 (c). 

 

 

Figure 13 – SEM images of: (a) composite membrane cross sectional, (b) interface of 

ZrSO4 and SPEEK, and (c) MEA from 50 wt.% ZrSO4/SPEEK. 
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From the single test fuel cell, the SPEEK/ZrSO4 (20 wt.%) composite membrane 

showed the highest power density reached up to 5.5 mW/cm2 (25oC and 0 psi 

backpressure). At higher temperature and higher back pressure, 50oC and 5 psi, the 

highest power density was 11.5mW/cm2, as compared with the test at 25oC and 0 psi 

backpressure. These phenomena may relate to the higher amount of water concentration 

at higher pressure, and the reaction rate is faster at higher temperature. The single test 

fuel cell result of SPEEK(5mL CSA)/ZrSO4 (20 wt.%) composite membrane for different 

temperature and backpressure is shown in Figure 14. 
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Figure 14 – single test fuel cell result of SPEEK (5mL CSA)/ZrSO4 (20 wt.%) composite 

membrane for different temperature and backpressure. 
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The SPEEK/ZrSO4 composite membrane (50 wt.%) showed the highest power,  

up to 1.4 Watts at 25oC and 15 psi backpressure. From single test fuel cell, the power 

output was found to increase with the backpressure. From the Figure 15, it can be seen 

that the MEA performance was not significantly different for the backpressure of 10 and 

15 psi. The fuel cell test might be limited to 10 psi backpressure in the following test to 

avoid MEA failure. The single test fuel cell result of SPEEK/ZrSO4 (50 wt.%) composite 

membrane for different backpressures is shown in Figure 15. 

 

 

Figure 15 - Single test fuel cell result of SPEEK/ZrSO4 composite membrane for 

different backpressure. 
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4. Future Work 

 

Polymer coating on the SiWA particles is a non–conductive polymer. As a result, 

the proton transport among SiWA particles is resticted and the composite membrane 

conductivity is relatively low. The sulfonation of surface grafted poly(divinyl benzene) 

should be done in order to enhance the conductivity of composite membrane. Sulfonated 

poly(divinyl benzene) on the SiWA particles would give additional proton transport 

media through an attached sulfonic acid group on the polymer backbone.   

 

The surface coating for ZrSO4 needs to be studied further. ZrSO4 can be 

functionalized using silane terminated sulfonic acid in order to increase the proton 

conductivity. The reaction shown below in Figure 16 is novel, and may work in creating 

a new composite membranes. 
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  Figure 16 – The grafting mechanism of silane terminated sulfonic acid to mesoporous 

material. 

  

In addition, ZrSO4 can also be surface coated using RAFT polymerization 

technique in order to provide high quality composite membranes. Benzyl 4-

methoxydithiobenzoate will be used as chain transfer agent (CTA). The CTA will be 
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synthesized from the reaction of benzyl mercaptan and 4-methoxybenzoic acid with the 

presence of phosphorus pentasulfide as a catalyst, and anhydrous toluene as a solvent. 

The reaction will be carried out at temperature range of 90-95oC for approximately 10 

hours under nitrogen in a laboratory hood. The product will then be cooled at room 

temperature. The CTA will be purified using a chromatography column with neutral 

alumina and anhydrous toluene will be used as an eluent. After evaporation of toluene, 

CTA will be collected as red colored oil [35]. Surface initiator, CTCS, will be covalently 

bonded onto surface of ZnSO4 via the silanol (Si–O) bond. ZrSO4 and CTCS will be 

reacted in anhydrous toluene as solvent and refluxed at 85oC and stirred for 24 hours 

under nitrogen. The product will be filtered, washed using toluene several times to 

remove excess CTCS, and dried in vacuum oven at 50oC for 24 hours [16, 36]. Then, 

surface initiated ZrSO4/CTCS will be reacted with CTA through atom transfer addition 

(ATA) reaction prior to polymerization [37]. Surface polymerization of poly(sodium 4-

vinylbenzene sulfonate) on the surface of ZrSO4 via RAFT will be carried out as follows: 

ZrSO4/CTCS funtionalized CTA, sodium 4-vinylbenzene sulfonate, CTA, 

azobisisobutyronitrile, and toluene will be added into a three-neck flask (reactor), 

mechanically stirred and reacted at 85oC for 20 hours under nitrogen. The product will be 

filtered, washed with toluene and then dried in a vacuum oven at 50oC for 24 hours. 

Surface polymerization of poly(sodium 4-vinylbenzene sulfonate) on the ZrSO4 via 

RAFT and ion exchange mechanism is shown in Figure 17. 
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Figure 17 – The mechanism of surface polymerization of poly(sodium 4-vinylbenzene 

sulfonate) on ZrSO4 via RAFT and ion exchange. 

 

 

5. Conclusions 

 

Novel composite proton exchange membranes have been prepared from non–

fluorinated polymer and non-surface coated and surface coated heteropoly acids (HPA). 

Composite membranes were successfully prepared from PES and various HPAs. It was 

found that SiWA has the highest conductivity as compared with PWA and PMoA at the 

same concentration or even higher. Atom transfer radical polymerization (ATRP) has 

been successfully used in the grafting of poly(divinyl benzene) on the surface of SiWA 

particles. The SiWA was added to the PES to up to 30 wt.%. In order to increase the 

compatibility between SiWA and PES, SiWA was surface coated. Surface coated SiWA 
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particles can be added to the polymer matrix up to 50 wt.% to form a homogeneous 

membrane. The characterization of surface polymerized poly(divinyl benzene) on the 

SiWA particles have been carried out. This route also has the potential to increase the 

conductivity by sulfonation of grafted polymer backbone, and to avoid “washing out” of 

HPAs in the fuel cell. The grafted polymer backbone on the SiWA particles should be 

sulfonated in order to increase the conductivity of the composite membrane. PES was 

also sulfonated using chlorosulfonic acid in order to enhance the conductivity. The 

highest conductivity of sulfonated PES with 60 wt.% PWA was 1.7 x 10-2 S/cm.  
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CHAPTER III 

 

Composite Membranes by Surface Modification of Silicotungstic Acids 

and Their Characterization for Proton Exchange Membrane Fuel Cells 

(PEMFCs) 

 

Abstract 

Novel composite proton exchange membranes have been prepared by surface 

modification of heteropolyacids (HPA), namely: silicotungstic acid (SiWA), and 

sulfonated poly(ether ether ketone) (SPEEK) as the polymer matrix. Atom transfer 

radical polymerization (ATRP) has been used for surface polymerization of sodium 4-

vinyl benzene sulfonate (S4VBS) on SiWA. PEEK has been sulfonated using 

chlorosulfonic acid. The major outcome of this work was the surface coating of SiWA–

poly(S4VBS) which resulted in homogenous composite membranes as compared with 

non-surface coated SiWA. The thermal properties of surface polymerized S4VBS have 

been characterized using differential scanning calorimetry and thermogravimetric 

analysis. The molecular weight of poly(S4VBS) has been determined using gel 

permeation chromatography. The SiWA particles and cross section of the composite 

membrane have been imaged using DSC. Composite membrane conductivity has been 

characterized using electrochemical impedance spectroscopy. This approach provides a 

membrane with high proton conductivity because of the presence of sulfonic acid groups 
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on the grafted polymer backbone, avoids “washing out” of HPA particles, and retains the 

bound water in HPA up to 350oC.  

 

 

1. Introduction 

 

Proton exchange membranes (PEMs) play a central role in fuel cell operation. In 

the fuel cell,  PEMs provide three main contributions: as ion transfer media, for 

separating reactant gases (hydrogen and oxygen) which react at the cathode and anode, 

and as a catalyst support [1]. Proton exchange membranes with high ion conductivity, 

low gas permeability, and high mechanical strength are desirable [1]. Nafion™ (E. I. Du 

Pont de Nemours and Company) is the current state of the art PEM. Hydrated NafionTM 

membrane has high proton conductivity and is used at temperatures up to 80 oC. Above 

that temperature it will release water and the proton conductivity will decrease. Because 

of the limitations of Nafion™ researchers have been developing non-perfluorosulfonic 

membranes. Some of these limitations include: high cost, low conductivity due to water 

loss at high temperature, low humidity and high permeability to methanol [2]. Many 

PEMs have been developed based on polystyrene, polyethersulfones (PES), poly(ether 

ether ketone) (PEEK), polyphosphazene, and polybenzimidazole (PBI). Fuel cells have 

great promise as environmentally friendly power sources and efficient energy systems. 

The fuel cell system consists of the following components: anode, catalyst, PEMs, and 

cathode shown in Figure 1.  
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Figure 1 – Proton exchange membrane fuel cells assembly. 

 

For ionomeric membranes, thermal degradation, glass transition temperature, 

proton conductivity and water uptake have all been investigated for blended SPEEK and 

PES membranes [3]. An ionomeric membrane blend has also been synthesized with 

polybenzimidazole (PBI) and sulfonated partially fluorinated poly (arylene ether sulfone) 

[4]. There are several modifications to allow use of hydrophobic polymers as proton 

exchange membranes, e.g: acid doping, synthesizing a composite with an inorganic 
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proton conductor, and direct synthesis from sulfonated monomers. Composite 

membranes – which may include heteropolyacids or montmorillonite have been reported 

to increase the membrane mechanical properties while maintaining high proton 

conductivity [5–6]. PEEK is one example of a hydrophobic polyether polymer. In order 

to use PEEK as a PEM, it has to be modified by sulfonation. The sulfonated PEEK can be 

synthesized in two ways; first, sulfonation of polyether monomer followed by 

polymerization [7]. The sulfonation can be achieved by reacting the fluorophenyl group 

with fuming sulfuric acid [7]. Second, sulfonation can be achieved by reacting of the 

sulfonic acid group on to the polymer backbone. Several post-sulfonation polymer 

techniques have been investigated. PES and PEEK membranes were sulfonated using 

chlorosulfonic acid and the membrane characteristics were investigated [8–10]. It has 

been demonstrated that for PES, three sulfonating agents can be used; oleum, 

chlorosulfonic acid, SO3 or its complexes [8].   

 

A composite membrane, a mixture of inorganic substrate, i.e: heteropolyacids 

(silicotungstic acid, phosphotungstic acid, phosphomolybdic acid, and silicomolybdic 

acid), and a polymer matrix, may experience severe failures due to incompatibility at the 

interface. This problem can be overcome by surface coating of the inorganic substrate. 

Atom transfer radical polymerization (ATRP) is a well known technique to graft polymer 

on the substrate. ATRP involves a reduction-oxidation reaction of an organic halide 

initiator (R-Br) and metal halides (CuBr). The presence of a ligand (L) improves the 

solubility of metal salt in the organic reaction system [11]. During the initiation stage, the 

released electron from the redox process initiates the organic halide initiator. The active 
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radical will initiate the monomer and the monomer will propagate becoming an active 

polymer. Then, polymer will be terminated and end capped by a halide group in the 

termination stage [11–13].  

 

The organic halide initiator should be covalently bonded onto the surface of 

inorganic substrate. For instance, chloro silane as an organic halide initiator will react 

with a hydroxyl group from the surface of the substrate. This reaction results in silanol 

group formation [11–13]. The application of ATRP for surface polymerization of 

inorganic substrates has been investigated by Fuchs, et. al [13, 14]. The silicotungstic 

acid and iron particles have been coated using poly(divinyl benzene) and poly(butyl 

acrylate), respectively. Both surface coating processes involved an organic halide 

initiator, 2-(4-chlorosulfonylphenyl)-ethyltrichlorosilane (CTCS), to covalently bond the 

polymer onto the surface of the silicotungstic acid and iron via a silanol functional group. 

A uniform composite membrane was obtained from surface coated SiWA particles and 

SPES as a polymer matrix [14]. ATRP has several advantages which include: formation 

of polymers with controlled topologies, functionalities, narrow polydispersity index, and 

composition. ATRP is also more flexible in terms of possible monomers. A wide range of 

monomers can be polymerized using ATRP either at mild conditions or elevated 

temperature [11–20].   

 

In the present work, a novel and homogenous composite membrane has been 

prepared from surface coated SiWA particles with poly(4SVBS) and PEEK at various 

concentrations of SiWA particles. ATRP was used for the surface polymerization 
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technique. This route offers several advantages, i.e.: to enhance compatibility between 

the polymer matrix and SiWA, to minimize the possibility of mechanical failures and 

“washing out” of SiWA particles due to interface incompatibility, and to enhance the 

membrane conductivity because of the presence of sulfonic acid groups on the surface of 

grafted polymer backbone, as well as the polymer matrix (sulfonated PEEK).   
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2. Experimental Section 

 

2.1. Materials and Synthesis 

Chemical Structure Supplier 

Poly(ether ether ketone) 

(PEEK) 
O O C

O

x  

Solvay Advanced 

Polymer 

Silicotungstic acid (SiWA) 

 

Ref: www.chemicalbook.com 

Sigma Aldrich 

N,N,N�,N��,N��-

pentamethyldiethylenetriamine 

(PMDETA)  
Sigma Aldrich 

Sodium 4-vinyl benzene 

sulfonate (S4VBS) 

H2C
SO3Na

 
Sigma Aldrich 

Neutral alumina 

Al

O

Al

O

 

Ref: www.chromatography-

online.org 

Selecto Scientific 

Copper (I) Bromide Cu–Br Sigma Aldrich 
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Hydrochloric acid (HCl) H–Cl  Sigma Aldrich 

Toluene anhydrous 
 Sigma Aldrich 

Chlorosulfonic acid (98%) ClSO3H Sigma Aldrich 

Sulfuric acid (85%) H2SO4 Sigma Aldrich 

2-4(-chlorosulfonylphenyl)-

ethytrichlorosilane (CTCS) 
Cl Si

Cl

Cl

(CH2)8 S

O

O

Cl

 

Gelest, Inc. 

 

 

 

2.1.1. Preparation of Silicotungstic Acids (SiWA) and Grafting Polymer Onto SiWA 

Surface Using ATRP [14, 21]  

 

Silicotungstic acid (30 g) was dried in the vacuum oven at 100oC for 8 hours and 

stored in a desiccator. SiWA was then pulverized manually using a mortar and pestle and 

sieved using 270 mesh sieves. Dried SiWA particles were added and reacted at 85 oC 

with 2-4(-chlorosulfonylphenyl)-ethytrichlorosilane (CTCS, 12.6 g)) for 36 hours in 

anhydrous toluene (60 mL) as a solvent in inert gas (nitrogen). The mixture was then 

filtered and washed with anhydrous toluene in order to remove excess CTCS. The residue 

(SiW-CTCS) was dried in a vacuum oven at low temperature (50 °C) for 24 hours. 

Functionalized SiW-CTCS (6 g) was reacted with CuBr (0.34 g), PMDETA (1.05 g), and 

monomer (sodium 4-vinyl benzene sulfonate, 10.31 g) in anhydrous toluene (25 mL) at 
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85 oC for 24 hours under nitrogen. Finally, the mixture was filtered, washed several times 

with anhydrous toluene and dried in a vacuum oven at low temperature (50 °C) prior to 

use. The scheme of surface polymerization of SiWA using ATRP is shown in Figure 2. 
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O
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O
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NN
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O

(CH2)8 S

O

O

*
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Figure 2 – The scheme of ATRP surface polymerization on SiWA. 

 

 

2.1.2. Sulfonation of PEEK 

 

Five grams of PEEK were dissolved in 100 ml concentrated sulfuric acid at room 

temperature under constant stirring (400 rpm for 24 hours). A clear solution was formed 
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after complete dissolution. The PEEK solution temperature was kept at room temperature 

prior to the sulfonation reaction. Then, chlorosulfonic acid was added drop-wise to the 

PEEK solution. The reaction was allowed to proceed for 24 hours. The sulfonated PEEK 

(SPEEK) was poured slowly into DI water and isolated. The un-reacted chlorosulfonic 

acid in the polymer solution was washed using DI water until the pH was 7. Finally, the 

polymer was dried in a vacuum oven 24 hours prior to use. The chemical composition of 

the PEEK sulfonation process is listed in Table 1. The sulfonation reaction mechanism is 

shown in Figure 3 [8, 22]. 

 

O O C

O

x

SCl OH

O

O

PEEK Chlorosulfonic acid

O O C

O

x

SO3H

Concentrated H2SO4
24 hours
Room temperature

Sulfonated PEEK  

 

Figure 3 – Sulfonation reaction mechanism [8, 22]. 
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Table 1 – Composition of PEEK sulfonation process. 

SPEEK PEEK Chlorosulfonic acid 

Type 1 5 g 5 mL 

Type 2 5 g 15 mL 

Type 3 5 g 25 mL 

 

 

 

2.1.3. Preparation of SPEEK/SiWA Composite Membranes 

 

SPEEK 15mL CSA was weighed and dissolved in dimethylacetamide (DMAc) 

and followed by adding and mixing SiWA (30 wt.% and 40 wt.%) at room temperature. 

Then, the mixing process was continued using a sonicator for an additional 30 minutes in 

order to obtain a uniform SPEEK/SiWA solution. Then, the solution was poured into the 

mold followed by solvent evaporation in a vacuum oven at 70–80oC 24 hours. 

 

 

2.1.4. Ion Exchange of SPEEK/Surface Coated SiWA Composite Membranes 

 

SPEEK/surface coated SiWA composite membranes were soaked in 3 M HCl 

solution for 12 hours. The composite membrane was washed with DI water to remove 

excess HCl. Then, the membrane was characterized in 100% relative humidity at room 

temperature. The ion exchange reaction mechanism is shown in Figure 4. 
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Figure 4 - Ion exchange reaction mechanism. 
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2.2. Characterization 

 

2.2.1. 1H Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

1H nuclear magnetic resonance spectroscopy was used to confirm the 

polymerization after 24 hours. The NMR spectrum was recorded using Agilent NMR 400 

(1H at 400 MHz) in DMSO-d6 at 25oC.  

 

 

2.2.2. Gel Permeation Chromatography (GPC) 

 

Shimadzu DGU-20A3 degasser, LC-20AD pump, CTO-20AC column oven, RID-

10A refractive index detector, CBM-20A controller, and single Phenogel 5� m 104 

Angstrom column which have effective molecular weight 5,000-500,000 g/mol was used 

to determine the molecular weight of poly(S4VBS). The mobile phase was N,N-

dimethylformamide 99.9% HPLC grade with a flow rate of 0.8 mL/min, column 

temperature was set at 35oC, and 20 � L of polymer solution was injected through 

column. A calibration curve was generated with near monodisperse polystyrene standards 

purchased from Sigma Aldrich (certified by Scientific Polymer Product, Inc.). Molecular 

weight averages and polydispersity index (Mw/Mn) of synthesized polymer was 

calculated against polystyrene standards by using LabSolutions software. 
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2.2.3. Fourier Transforms Infra Red (FTIR) Spectroscopy  

 

Perkin-Elmer Spectrum 100 Fourier transforms infra red spectroscopy was used to 

analyze the chemical bond of poly(S4VBS), grafted poly(S4VBS)–SiWA, immobilized 

surface initiator silicotungstic acid particles (SiWA–CTCS), and uncoated SiWA 

particles. Samples were dried in a vacuum oven at 60oC for 24 hours and stored in a 

desiccator prior to characterization. The samples were uniformly mixed with KBr powder 

at a weight ratio of 1:50, before mechanically pressing them to form moisture-free KBr 

pellets. All samples were scanned from 4000 cm-1 – 400 cm-1 at room temperature with 

resolution of 4 cm-1. 

 

 

2.2.4. Thermogravimetric Analysis (TGA)  

 

Perkin-Elmer STA6000 thermogravimetric analysis was used to characterize the 

thermal properties of poly(S4VBS), grafted poly(S4VBS)–SiWA, immobilized surface 

initiator silicotungstic acid particles (SiWA–CTCS), and uncoated SiWA particles. The 

analysis was performed on samples in nitrogen with a flow rate of 20 mL/min. Initially, 

the sample was held at temperature of 30oC for 5 minutes, followed by scanning the 

sample at a rate of 10oC/min from 30oC to 800oC, and held at 800oC for 5 minutes. 
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2.2.5. Differential Scanning Calorimetry (DSC) 

 

The thermal properties of the polymer for surface coated silicotungstic acid 

particles were characterized using Perkin-Elmer Pyris-1 differential scanning calorimetry. 

The samples were dried in a vacuum oven at 60oC for 24 hours and stored in a desiccator 

prior to characterization. Then, surface coated SiWA particles (37.86 mg) were weighed 

and placed in the DSC sample pan. The sample was then scanned isothermally at 50oC 

for 3 minutes, followed by temperature scanning from 50oC to 350oC with a heating rate 

of 10 oC/min, and temperature hold at 350oC for 3 minutes. This characterization was 

done under nitrogen purge of 20 mL/min.   

 

 

2.2.6 Scanning Electon Micrcrosopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) 

 

The surface morphologies of grafted poly(S4VBS)–SiWA particles, cross section 

of the membranes, and chemical analysis of surface coated SiWA particles were 

characterized using scanning electon micrcrosopy – X-ray energy dispersive spectrum 

(SEM-XEDS) by Hitachi S-4700 equipped with an Oxford EDS System. The sample was 

magnified from 800X to 35,000X at an accelerating potential of 20kV. EDS 

microanalysis was performed on the samples at magnifications ranging from 10,000X to 

30,000X and an accelerating potential of 20kV. SEM samples were placed on carbon 

tapes adhered to an aluminum SEM sample holder. The mounted samples were then 
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coated with a thin layer of platinum using an argon plasma sputtering system. The 

platinum coating was done at an approximate rate of 25–30 nm/min with 85mA current.  

 

 

2.2.7. Electrochemical Impedance Spectrometer (EIS) 

 

The proton conductivity was determined using a Princeton Instruments 2273 

electrochemical impedance spectrometer (EIS) and a Bekktech four point conductivity 

cell. A membrane was cut and placed on the conductivity cell, having 25 cm2 of effective 

membrane area. The conductivity cell consists of four platinum wires, a membrane 

clamp, and a Teflon support block. The two outer platinum wires connect the working 

(W) and counter (C) electrodes which feeds the current to the membrane. The inner 

platinum wires, 0.425 cm apart, were connected to the reference (R) and sense (S) 

electrodes and measured voltage drop. This method provided a Nyquist plot which 

showed both real and imaginary resistances of the membrane from low frequency (1 Hz) 

to high frequency (1 MHz). The conductivity measurement was carried out at room 

temperature and 100% humidity (immersed in high purity water, 18.2 M� .cm in 

resistance at 25oC). The conductivity was determined from the real resistance using the 

following equation: 

sR
l
�

��                  Equation [1] 
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Where �  is conductivity (S/cm), l is the distance between reference and sense electrodes 

(0.425 cm), R is the real resistance (ohm), and s is cross sectional area of the membrane 

(cm2).  
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3. Results and Discussion 

 

3.1. 1H Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

 

Figure 5 – 1H spectrum of poly(S4VBS) at 25oC recorded in DMSO-d6.   

 

Figure 5 shows the 1H spectrum of poly(S4VBS) after 24 hours of reaction in 

DMSO-d6. According to the reported literature [23], the chemical shift of vinylic 

hydrogen in the pure monomer of sodium 4-vinyl benzene sulfonate is at 6.4 ppm and it 

was reported that a high conversion has been achieved in only 120 minutes. Hence, the 
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disappearance of the double bond of the vinyl peak of the monomer can be seen in Figure 

5 which corresponds to polymer formation after 24 hours. The polymerization of S4VBS 

using ATRP takes place quickly at 80oC and the molecular weight increases linearly. 

Figure 6 shows the weight average molecular weight (MW) over the reaction time where 

the MW of poly(S4VBS) reaches 73,600 g.mol-1 with a polydispersity index ~ 1. The 

rapid polymerization of S4VBS is in agreement with reported literature [23] where 

controlled radical polymerization, namely reversible addition fragmentation chain 

transfer (RAFT), was also used and the experiment was carried out at lower temperature 

(70oC) than this work.       
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Figure 6 – Evolution of MW for poly(S4VBS) using ATRP at 80oC. 

 

 



 117

3.2. Fourier Transforms Infra Red (FTIR) Spectroscopy 
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Figure 7 – FTIR spectra of: SiWA (above), SiWA–CTCS (middle), and SiWA–

CTCS–poly(S4VBS) (bottom). 

 

The grafted poly(S4VBS)–SiWA, immobilized surface initiator silicotungstic acid 

particles (SiWA–CTCS), and uncoated SiWA particles are shown in Figure 7. From 

SiWA and SiWA-CTCS spectra, the hydroxyl stretch was shown by a peak at 3500 – 

3400 cm-1[24, 25]. The peaks, SiWA-CTCS and SiWA–CTCS–poly(S4VBS) spectra, in 

the range of 1490 – 1580 cm-1 [24, 26–28] are assigned to a double bond (C=C) stretch of 

the benzene ring of surface initiator and poly(S4VBS). The O=S=O stretching vibrations 

bond, from the surface initiator and sodium sulfonate groups, is represented by peaks at 

1100 – 1250 cm-1 [24, 27, 29, 30]. The peaks shifted at 680 – 700 cm-1 and 570 – 580 cm-
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1 are caused by stretching bonds of S–O and C–S groups of sodium benzene sulfonate, 

respectively [28, 30, 31].  

 

 

3.3. Thermogravimetric Analysis (TGA) 

(a)

(b)

(c)

(d)

 

Figure 8 – Thermogravimetric curves for: (a) SiWA; (b) SiWA–CTCS; (c) SiWA–

CTCS–poly(S4VBS); (d) Poly(S4VBS). 

 

Figure 8 shows the thermal stabilities of SiWA, SiWA–CTCS, SiWA–CTCS–

poly(S4VBS), and poly(S4VBS) as function of weight loss in the range of 50–800oC. 

From the SiWA and SiWA–CTCS TGA profiles, it can be seen that 4.8% mass loss of 

water occurs from 150–225oC which corresponds to bound water in SiWA particles. The 
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slow degradation of surface initiator (CTCS) takes place in the temperature range of 475–

625oC. The amount of grafted surface initiator can be determined by subtracting SiWA 

and SiWA–CTCS TGA curves at 625oC which is 4.2 wt.%. From the SiWA–CTCS–

poly(S4VBS) curve, it can be concluded that surface grafted polymer provides a benefit 

by retaining bound water in SiWA particles up to 350oC. As a result, surface grafted 

SiWA particles offer an advantage at high temperature by maintaining the water content 

which is associated with maintaining constant conductivity. By comparing the SiWA–

CTCS–poly(S4VBS) and poly(S4VBS) curves over the temperature range of 250–750oC, 

it can be seen that surface grafted polymer on inorganic substrate increases  stability. This 

phenomenon may caused by the covalent bond between polymer and inorganic substrate 

via surface initiator.    

 

From reported literature [32], it is suggested that poly(S4VBS) experiences  four 

stages of thermal degradation. In the literature cited, the first stage accounts for 5.4 % 

weight loss which occurs in the temperature range of 225–300oC. The 8.3% weight loss 

(second stage) is observed in the temperature range of 375–475oC. The third stage of 

thermal degradation occurs at 500–600oC where the polymer loss its 15.6% weight. The 

additional weight loss (40% residual weight) occurs at the final scan temperature of 

750C.  

 

The thermal degradation process of poly(S4VBS) is initialized by bonds breaking 

between carbon from the benzene ring and sulfur from the sulfonate group, resulting in 

sodium sulfonate (•SO3Na) and styryl (•C6H6~) radicals. These radicals will attack and 
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degrade the rest of polymer chains 32]. The degradation products of poly(S4VBS) may 

contain water, sulfur dioxide, methyl styrene, toluene, benzene, styrene, and carbon 

monoxide [32].                    

 

 

3.4. Differential Scanning Calorimetry (DSC)  

 

Figure 9 presents the DSC thermogram of non- and surface coated SiWA particles 

at a heating rate of 10ºC/min. For non-coated SiWA particles, the thermal transition 

shown in the DSC thermogram was caused by an endothermic peak which appeared in 

the ranges of 200ºC to 240ºC. On the other hand, the endothermic peak disappeared after 

coating with poly(S4VBS) and shifted in the range of 280ºC to 335ºC. This resulted in 

better thermal properties of the SiWA particles. In addition, by comparing the DSC 

thermograms of non- and surface coated SiWA particles, the endothermic peak of surface 

coated poly(S4VBS) appeared in the range of 176ºC to 182ºC. The grafted poly(S4VBS) 

which has been synthesized in our laboratory has higher thermal transition temperature 

than the bulk poly(S4VBS) which has a thermal transition temperature of 100–140ºC [33] 

depending upon the sulfonate concentration. A higher energy is required to achieve the 

glassy state of the grafted poly(S4VBS) before reaching the thermal transition 

temperature because poly(S4VBS) was covalently bonded to the SiWA particles surface 

which restricts the mobility of molecules [18].  
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Figure 9 – DSC Curve of SiWA particles (dash line) and grafted poly(S4VBS) on the 

surface of SiWA particles (solid line). 

 

 

3.5. Scanning Electon Micrcrosopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) 

 

The particle size of ground SiWA particles was imaged using SEM. It was 

observed that particle size decreased from 500–1000 microns to 1–3 microns after 

grinding. Prior to observation, samples were subjected to platinum sputter coating in 

order to prevent the charging of the organic compound, to distribute the effects of 
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heating, and to increase the intensity of secondary and back-scattered electrons at high 

resolution. Appropriate selection of the electron beam acceleration voltage is required to 

avoid thermal degradation of sample, especially organic material, and to achieve accurate 

element quantification. The electron beam acceleration voltage used during this 

observation was 20 keV. The SiWA particle shapes were not spherical and exhibited a 

wide size distribution. From the captured SEM images, the SiWA particles appeared to 

agglomerate after immobilization of the surface initiator (CTCS) and the surface coating 

because the size of the particles increased. The color change from white powder (SiWA) 

to brown colored powder represented the occurrence of the grafting reaction of CTCS 

onto the SiWA particles. In addition, the SiWA particles turned into green powder after 

surface polymerization of S4VBS. The SiWA particles size distribution and shape, before 

and after surface polymerization,are shown in Figure 10.  

 

 

 



 123

�

(a) (b) (c)  

Figure 10 – Optical (above) and SEM (bottom) images of: (a) SiWA particles, (b) SiWA 

with surface immobilized CTCS, and (c) The grafted poly(S4VBS) on the surface of 

SiWA particles. 

 

 

From the reported literature [14], by surface coating the SiWA particles, a higher 

concentration of SiWA can be added to polymer matrix (PES) without any compatibility 

issues, i.e.: a saturated concentration of HPA in the polymer matrix may be achieved at 

50 wt.% without polymer coating. Figure 11 represents the cross section of SPEEK and 

SPEEK/SiWA composite membranes. The surface coated SiWA particles provided a 

more uniform composite membrane and better interface compatibility between the SiWA 

particles and SPEEK matrix up to 40 wt.% concentration. However, poor bonding 

between non-coated SiWA particles and polymer resulted. By surface coating SiWA 
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particles excellent compatibility resulted. Moreover, the polymer coating backbone 

(styrene group), which is relatively hydrophobic prevents “washing out” of SiWA 

particles under a humidified environment because the SiWA paricles are hydrophilic in 

nature.  
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(b)

(a)

(d)

(c)

 

Figure 11– The cross sectional SEM micrographs of: (a) SPEEK, (b) SPEEK/non-coated 

SiWA 30 wt.%, (c) SPEEK/coated poly(S4VBS) 30 wt.%, and (d) SPEEK/coated 

poly(S4VBS) 40 wt.%. 
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Figure 12 represents the XEDS spectrograms of SiWA and SiWA modified 

particles. The electron beams may penetrate only a few nanometers in depth of the 

sample surface in elemental analysis with XEDS. Because of that limitation, XEDS 

analysis was aimed only to determine the occurrences of immobilization of surface 

initiator (CTCS) and the polymerization of poly(S4VBS) on the SiWA particles. The x-

ray peaks were generated and used to record the elements that existed on the SiWA and 

SiWA modified particles during scanning. The elemental maps for the elements were also 

generated automatically during the scan. By comparing the number of carbon, silicon, 

and sulfur atoms between SiWA and SiWA–CTCS, a higher weight percentage of 

carbon, silicon, and sulfur atoms on SiWA–CTCS was observed for the CTCS 

compound. These results confirmed that immobilization of the surface initiator (CTCS) 

occurred. Moreover, this result was supported by decreasing the number of tungsten 

atoms after SiWA surface modification which means the SiWA particle was covered by 

the surface initiator (CTCS) as a coating. The occurrence of surface polymerization 

poly(S4VBS) was shown by increasing the weight percentage of carbon, and sulfur atoms 

from SiWA–CTCS to SiWA–CTCS–poly(S4VBS). It was also supported by drastically 

decreasing the weight percentage of tungsten atoms from SiWA to SiWA–CTCS–

poly(S4VBS) due to coating of poly(S4VBS) on SiWA particles.  The weight percentage 

of each element for SiWA particles, SiWA with surface immobilized CTCS, and the 

grafted poly(S4VBS) on the surface of SiWA particles from x-ray energy dispersive 

spectrograms is listed in Table 2. 
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Figure 12 – Energy dispersive X-ray analysis of; (a) SiWA particles, (b) SiWA with 

surface immobilized CTCS, and (c) The grafted poly(S4VBS) on the surface of SiWA 

particles. 
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Table 2 – Element analysis from X-ray energy dispersive (X–EDS). 

Element 
Weight % 

SiWA SiWA–CTCS SiWA–CTCS–poly(S4VBS) 

C 16.79 18.44 52.66 

O 33.02 34.63 33.66 

Si 0.73 1.41 0.08 

W 49.47 44.33 1.36 

S - 1.18 5.97 

Na - - 6.28 

Total 100.00 100.00 100.00 

 

 

 

3.6. Electrochemical Impedance Spectrometer (EIS) 

 

The membrane resistances were measured using a four point electrochemical 

method. The four point method consists of two separate probes to supply current to the 

cell, and two additional voltage sensing probes to measure the potential across the cell. 

As compared with the two point method, the four point method has higher accuracy, 

especially at the high frequency range when electrical fields from surrounding instrument 

may affect the measurement [34]. The membranes were scanned at a frequency range of 
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1 Hz to 1 MHz and the scan data is represented by a Nyquist plot which consists of real 

and imaginary impedances. A typical Nyquist plot is shown in Figure 13. 

  

Figure 13 – Nyquist plot of SPEEK Type 2 membrane. 

 

The membrane conductivity of the SPEEK/SiWA composite membranes was 

calculated using Eqn. 1 and measured at room temperature and 100% relative humidity. 

PEEK is well known as a hydrophobic polymer which has excellent properties as an 

insulator. Thus, sulfonation of the polymer matrix has been carried out in order to 

increase the overall composite membrane conductivity. The sulfonation process has been 

conducted using chlorosulfonic acid as sulfonating agent which attaches at the ortho 

position of the PEEK aromatic ring [35]. For SPEEK, the conductivity was found to 

increase with the amount of sulfonating agent (chlorosulfonic acid) added. In addition, 
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the conductivity of the SPEEK/SiWA composite membranes was also found to increase 

with the mass of surface coated SiWA particles. In contrast, the conductivity was found 

to decrease by comparing SPEEK Type 2 and SPEEK Type 2/SiWA composite (30 wt.% 

and 40 wt.%) which may have been caused by the amount of SO3H
- on the backbone of 

the surface polymerized poly(S4VBS) which was lower than the amount of SO3H
- on the 

SPEEK backbone.  

 

According to reported literature for sulfonated membranes, the mechanism of 

proton conduction can be represented by two models; vehicular mechanism (bulk ion 

transport [36, 37] and Grotthuss mechanism (proton “hopping”). In the vehicular 

mechanism, “vehicle molecules”, such as water, diffuse through the ionic channels 

carrying attached protons. The translational motion of the “vehicle molecules” is caused 

by a driving force which is generated by buildup of a concentration gradient across the 

ionic channel in which the “vehicle” is generated [36]. The vehicular mechanism 

generally occurs when the membrane is humidified [38]. On the other hand, the Grotthuss 

mechanism is associated to the proton movement from one sulfonic acid functional group 

which can be described as the “transport molecule” to another sulfonic acid group. In this 

case, the “transport molecules” are stationary [36]. The Grotthuss mechanism occurs 

predominantly at low humidity or anhydrous conditions [38]. A summary of composite 

membrane conductivities is listed in Table 3.      
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Table 3 – The summary of membranes conductivity. 

Composite membrane Conductivity (S/cm) 

SPEEK Type 1 4.4 x 10-2 

SPEEK Type 2 4.8 x 10-2 

SPEEK Type 3 5.6 x 10-2 

Composite 30 wt.% SiWA-poly(S4VBS) 2.3 x 10-2 

Composite 40 wt.% SiWA-poly(S4VBS) 3.5 x 10-2 
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4. Conclusions 

 

Novel composite proton exchange membranes have been prepared from sulfonated 

poly(ether ether ketone) and surface coated silicotungstic acid. Atom transfer radical 

polymerization has been successfully used for the surface polymerization of 

poly(S4VBS) on the surface of SiWA particles. The surface polymerization of 

poly(S4VBS) has been characterized using a variety of instrumentation, including: 1H 

nuclear magnetic resonance spectroscopy, Fourier transform infra red spectroscopy, and 

elemental analysis. The thermal properties of surface grafted poly(S4VBS)–SiWA 

particles have been characterized using differential scanning calorimetry and 

thermogravimetric analysis Novel composite proton exchange membranes may offer 

several advantages, i.e.: the enhancement of the polymer matrix and silicotungstic acid 

particle interface compatibility, increased proton conductivity due to sulfonic acid groups 

on the grafted poly(S4VBS) backbone, minimization of “washing out” of SiWA particles 

in the fuel cell device, and retention of bound water in SiWA up to 350oC. Poly(ether 

ether ketone) has been sulfonated using chlorosulfonic acid. The proton conductivity was 

found to increase with the amount of sulfonating agent and surface coated SiWA particles 

concentration. The highest proton conductivity achieved was 5.6x10-2 S/cm.  
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CHAPTER IV 

 

Surface Coated Iron Particles via Atom Transfer Radical 

Polymerization (ATRP) for Thermal–Oxidatively Stable High Viscosity 

Magnetorheological Fluid (HVMRF) 

 

 

Abstract 

 A surface grafting technique for poly(2-fluorostyrene) onto iron particles via 

atom transfer radical polymerization (ATRP) is described. Grafted poly(2-fluorostyrene)–

iron particles were synthesized by immobilizing 2-4(-chlorosulfonylphenyl)-

ethytrichlorosilane to the iron particles through the covalent bond of a silanol group,  

followed by the polymerization of 2-fluorostyrene monomer. The grafted polymer–iron 

particles showed a higher thermal transition temperature compared to bulk polymer 

because the covalent bond between the polymer backbone and the surface of the iron 

particles restricts the molecular mobility. The molecular weight of synthesized poly(2-

fluorostyrene) has been measured and it has a narrow molecular weight distribution 

(Mw/Mn < 1.1). From thermogravimetric analysis, the thermal stability of poly(2-

fluorostyrene) was superior to polystyrene. Also, the high viscosity magnetorheological 

fluid (HVMRF) prepared from surface coated iron particles has excellent thermo–

oxidative stability, having nearly constant viscosity.  These materials exhibit high change 

in shear yield stress for off- and on-state compared to a benchmark HVMRF and non-
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surface coated iron particles HVMRF. In addition, this type of fluid eliminates iron 

particle settling which is a common problem found in traditional magnetorheological 

fluids (MRF).   
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1. Introduction 

 

Atom transfer radical polymerization (ATRP) was introduced by Matyjaszewski’s 

group and was widely used to synthesize polymers that have controlled topologies, 

functionalities, and compositions [1]. This polymerization technique involves an organic 

halide initiator, metal halides as catalyst and a ligand to improve the solubility of metal 

halides in the organic reaction system [1, 2]. ATRP provides more flexibility in terms of 

the variety of monomers available. A wide range of monomers can be polymerized using 

ATRP either at mild conditions or elevated temperature. The polymers that have been 

synthesized using ATRP have a narrow polydispersity index due to the high ratio of 

dormant species to active species [1 – 5]. 

 

The grafting technique of thermo-responsive poly(N-isopropylacrylamide) 

(poly(NIPAAm)) onto silica nanoparticles using ATRP has been investigated [4, 5]. 

ATRP has been used for the polymerization series of substituted styrenes [6]. It has been 

shown that these polymers have polydispersities that are relatively low (Mw/Mn < 1.5). 

Surface polymerization of block co-polymer -  poly(styrene-b-methyl methacrylate) (PS-

b-PMMA) and polystyrene (PS) with polydispersity index (PDI) of 1.29 on silica 

particles using ATRP has been investigated [7]. The properties of composite materials, 

such as magnetorheological fluids (MRF) which consist of an inorganic substrate can be 

improved by introducing a polymer coating on the inorganic substrate. ATRP can be used 

as a tool to covalently graft various polymers onto the inorganic surface.  
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MRF is an intelligent, composite material which has controllable rheological 

properties. MRF consists of magnetic particles and a carrier fluid which is the dispersion 

medium for the magnetic particles. MRFs have excellent mechanical and rheological 

properties which can be controlled using an external magnetic field. MRFs also have 

properties similar to Newtonian fluids in the off-state condition (without magnetic field). 

Magnetic particles create chain-like structures within the MRF when external magnetic 

fields are applied and fluid flow is then restricted. This fluid-like material then transforms 

into a pseudo-solid material.  

 

 Generally, a MRF consists of three different components: magnetic particles 

(iron), carrier fluid and additives. Carrier fluids act to suspend the iron particles and other 

components, while additives serve as stabilizers and protect the iron particle surface. This 

provides a long operating life and prevents damage to devices which are used with these 

fluids. In addition, iron surface treatment prevents aggregation between the iron particles. 

MRF has several features including: low device abrasion, low settling, re-dispersibility, a 

wide range of operating temperatures (typically -50oC – 150oC), chemical stability, high 

magnetic saturation, and excellent durability.  

 

 Preventing settling of iron particles in MRF is a challenge. There are several ways 

to reduce iron particle settling. By adding thickeners, settling of iron particles is reduced, 

resulting in a high viscosity magnetorheological fluid (HVMRF). Another way to reduce 

settling is by coating the iron surface using polymers. Surface coating decreases the 

density of the iron particles, and re-dispersion is accomplished easily. Even though 
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particle settling takes place, only slight shearing is required to re-disperse the iron 

particles in the carrier fluid. Fuchs et al. has also investigated supramolecular polymers to 

coat iron particles using coordinated zinc terpyridine which offers better re-dispersion of 

iron particles [8]. The settling behavior between MRF and HVMRF as a function of 

elapsed time is shown in Figure 1. 

 

 

Figure 1 – The settling behavior between MRF (left) and HVMRF (right) as function of 

elapsed time; (a) 0 min, (b) 1 min, (c) 3 min, and (d) 30 min. 
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The carrier fluid in HVMRF plays an important role due to issues of chemical 

resistance, operating temperature range, viscosity, and vapor pressure. Mineral oil, 

poly(alfa olefins) (PAO), and silicone oil are common carrier fluids in  HVMRF [9]. The 

thickeners used in most high viscosity fluid (HVF) are made from metal-salt soaps, 

generally from one of the following types: “aluminum, aluminum complex, calcium, 

calcium complex, lithium, lithium complex, polyurea, and clay” [9]. The cause of 

degradation in greases is the metal-salt soap catalyzed reaction between the hydrocarbons 

and oxygen. The oxidative stability of esters was improved through addition of 

phosphorus derivatives [10]. Improvement in the stability of magnetorheological fluid 

has been investigated using viscoelastic medium that involves mixing vacuum grease and 

silicone oil as carrier fluids and magnetic nanoparticle additives ~30 nm in diameter 

(CrO2 particles) [11]. An oil-soluble cadmium dipropyldithiophosphate has been 

synthesized. The soft cadmium layer deposits played an important role in improving anti-

wear and load carrying capability [12]. Four rare earth hexadecylate (La, Pr, Sm, Gd) 

complexes are used as additives in lithium HVF.  

 

For engineering applications, Rabinow investigated MR effects in the late 1950s. 

In the 1980s, MRFs were investigated extensively. Currently, several novel applications 

for HVMRFs are being explored – these include: shock absorbers, engine mounts, 

clutches, seat dampers, exercise equipment, and optical lenses [13]. The application of 

MRFs in the “fail-safe” damper devices for bicycle, motorcycle, and land vehicles has 

been investigated [14].  
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 In the present work, grafting of poly(2-fluorostyrene) onto iron particles via 

ATRP polymerization and then characterization are reported. Thermo-oxidatively stable 

HVMRF is synthesized from PAO (carrier fluid), surface coated iron particles served as 

magnetic particles, and additives for improved durability. The concentration of magnetic 

particles is 80 wt.%.. Poly(2-fluorostyrene) has a narrow polydispersity index which 

implies that the thickness of the surface coating on the iron particles is uniform. In 

addition, the viscoelastic properties of HVMRF, properties of the surface coated polymer, 

and the thermal–oxidative effect on the viscoelastic properties of HVMRF are 

characterized and compared to a benchmark HVMRF. To the best of our knowledge, this 

is the first time that surface coated iron particles using poly(2-fluorostyrene) have been 

used for a thermal–oxidativey stable HVMRF application. 
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2. Experimental 

 

2. 1. Materials 

 

The chemicals used in these studies were used as received. Carbonyl iron powder 

CN (3–7 microns, BASF), 2-fluorostyrene (Aldrich), methanol (Aldrich), ethanol 

(AAPER), 1-octyl-2-pyrrolidone (Aldrich), CuBr (Aldrich), CuBr2 (Aldrich), sparteine 

(Aldrich), toluene (Aldrich), 2-4(-chlorosulfonylphenyl)-ethytrichlorosilane (CTCS) 

(Gelest Inc.), poly(alfa olefin) (PAO) (CP Chem), mineral oil  (PTI Process Chemicals), 

sorbitan monooleate (Span 80) (Aldrich), modified smectite clay (Claytone), poly BD�  

R-45 HTLO (Sartomer company), PAPI 27 (Dow), stearic acid (Alfa Aesar), lithium 

hydroxide (Alfa Aesar), boric acid (Alfa Aesar), tris(nonylphenyl) phosphite (Aldrich). 

 

 

2. 2. Synthesis 

 

2. 2. 1. ATRP of 2-fluorostyrene for iron particles surface coating 

 

The procedures for surface coating of iron particles using poly(2-fluorostyrene) 

via ATRP were as follows: 400 grams of iron particles were washed with distilled water 

and followed by ethanol. Then, they were dried in a vacuum oven at 50oC and under 

nitrogen purge for 24 hours and cooled down. Dried iron particles were added and 

reacted at 85oC with 6 grams CTCS for 24 hours under nitrogen with 110 grams of 
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toluene as a solvent. The mixture was filtered and washed with methanol in order to 

remove excess CTCS.  

 

The residual (Fe-CTCS) was dried in a vacuum oven at 40oC for 24 hours. 2-

fluorostyrene (monomer) 1.5 grams, 120 grams of functionalized Fe-CTCS were reacted 

with 0.1 grams CuBr, 0.05 gram CuBr2, and 0.1 grams spartein in 65 grams octyl 

pyrrolidone at 85oC in a four port reactor flask for 24 hours under nitrogen. Finally, the 

mixture was filtered, washed several times with methanol, and dried in a vacuum oven at 

40oC prior to use. Synthesis of poly(2-fluorostyrene) via ATRP and surface grafted 

poly(2-fluorostyrene) on iron particles is shown in Figure 2. The molecular weight of the 

surface grafted polymer was determined by reaction of a similar composition without the 

presence of iron particles. The poly(2-fluorostyrene) was isolated in acetone and washed 

several times.    

CuBr, CuBr2, Sparteine, 85oC

CH2

O Si

O

O

(CH2)2

F
Cl

F
n
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Fe

Grafted poly(2-fluorostyrene)

S

O

O

Cl

F
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Figure 2 – Synthesis of poly(2-fluorostyrene) via ATRP and surface grafted poly(2-

fluorostyrene) on iron particles. 
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2. 2. 2. Benchmark HVMRF 

 

The benchmark HVMRF was synthesized based on the literature [15]. The iron 

particle content was maintained at 80 wt.%. A HVF was prepared using mineral oil as the 

carrier fluid. Initially, mineral oil was added to a beaker that was equipped with 

mechanical stirring and heating plate. The mineral oil was then heated up to 70oC, 

followed by gradually adding stearic acid until the oil is fully dissolved. The remaining 

chemicals: lithium hydroxide and boric acid, were added slowly while being mixed at 

200–500 rpm. The temperature of the mixing process was decreased to 40oC and the 

mixing process was continued for 48 hours. Benchmark HVMRF was synthesized by 

mixing lithium based HVF and pristine iron particles (80 wt.%). The iron particles were 

added slowly to lithium based HVF while stirred at 200 rpm until a uniform mixture was 

obtained. The composition of benchmark HVF is listed in Table 1. 

 

Table 1 – Composition of benchmark HVF [15]. 

Component Weight % 

Mineral oil 79.6 

Lithium hydroxide, LiOH · H2O 3.8 

Boric acid, H3BO3 2.4 

Stearic acid, CH3(CH2)16CO2H 14.2 
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2. 2. 3. HVMRF 

 

Two different types HVMRF were prepared: Type I was synthesized using 

surface coated iron particles/poly(2-fluorosyterene), and Type II was prepared using non–

surface coated iron particles. Poly(alfa olefin) (PAO) was used as a carrier fluid of 

HVMRF. The iron particle content was maintained at 80 wt.%. First, the preparation of 

PAO based HVF was performed as follows; PAO was weighed at a specified amount and 

added into beaker glass equipped with a mechanical stirring and heating plate system. 

PAO was then heated up to 40oC and followed by adding all ingredients (sorbitan 

monooleate, modified smectite clay, tris(nonylphenyl) phosphate, and liquid 

polyurethane) slowly. The mixture was stirred at 200–500 rpm until a homogenous 

mixture was obtained. Liquid polyurethane was prepared by reacting hydrocarbon polyol 

(Poly BD�  R-45 HTLO) and polymeric MDI isocyanate (Dow PAPI 27). The weight 

ratio of polyol to isocyanate was 8.4 to 1. Second, HVMRFs preparation were as follows; 

non-coated and coated iron particles/poly(2-fluorostyrene) were added to PAO based 

HVF until 80 wt.% HVMRF was obtained, followed by mixing until HVMRF mixture 

was uniform. The composition of HVMRF Type I and Type II is listed in Table 2. 
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Table 2 – Composition of HVMRF. 

Component 
Weight % 

Role 
Type I Type II 

PAO 16.33 16.33 Carrier fluid 

Sorbitan monooleate 2.04 2.04 Dispersant 

Modified smectite clay 1.02 1.02 Thickener [9] 

Tris(nonylphenyl) phosphate 0.41 0.41 Anti-oxidant [9] 

Polyurethane 0.20 0.20 Thickener 

Iron particles 
80.00 

(coated) 

80.00 

(non-coated) 
Magnetic particles 
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2.3. Characterization 

 

2. 3. 1. Oxidation Test 

 

A thermo-oxidative study of HVMRF was performed to accelerate the oxidation 

and degradation of the HVMRF components at high temperature and pressure. The 

HVMRF was oxidized using a high pressure and high temperature stainless steel reactor 

equipped with inlet and outlet gas ports, thermometer port, and pressure gauge. The 

samples were placed in petri dishes and inserted on the aluminum rack within the reactor. 

The thermal oxidation study conditions were set 70 – 80oC and 50 psi of pressurized air 

for 48 hours [16–18].  

 

 

2. 3. 2. Fourier Transform Infrared (FT-IR) Spectroscopy 

 

The grafted poly(2-fluorostyrene)/iron particles were characterized using a 

Perkin-Elmer Spectrum 100 FTIR spectroscopy. The grafted poly(2-fluorostyrene)/iron 

particles were dried in a vacuum oven at 60oC for 24 hours and stored in a desiccator 

prior to characterization. The following samples were prepared: grafted poly(2-

fluorostyrene)/iron particles (Fe – CTCS – poly(2-fluorostyrene)), immobilized surface 

initiator iron particles (Fe – CTCS), and uncoated iron (Fe). The samples were uniformly 

mixed with KBr powder at a weight ratio of 1:50, before mechanically pressing them to 
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form moisture-free KBr pellets. All samples were scanned from 4000 cm-1 – 400 cm-1 at 

room temperature.  

 

 

2. 3. 3. Gel Permeation Chromatography (GPC) 

 

The molecular weight of poly(2-fluorostyrene) was characterized using a 

Shimadzu DGU-20A3 degasser, LC-20AD pump, CTO-20AC column oven, RID-10A 

refractive index detector, CBM-20A controller, and single Phenogel 5� m 104 angstrom 

column which has effective molecular weight 5,000-500,000 g/mol. The mobile phase 

was N,N-dimethylformamide 99.9% HPLC grade with a flow rate of 1 mL/min, column 

temperature was set at 35oC, and 20 � L of polymer solution was injected through 

column. A calibration curve was generated with nearly monodisperse polystyrene 

standards purchased from Sigma Aldrich (certified by Scientific Polymer Product, Inc.). 

Molecular weight averages and polydispersity index (Mw/Mn) of the polymer was 

calculated against polystyrene standards by using LabSolutions software.  

 

 

2. 3. 4. Thermogravimetric Analysis (TGA) 

  

The thermal stability of the poly(2-fluorostyrene) and polystyrene were analyzed 

by Perkin-Elmer STA6000 thermogravimetric analysis (TGA). The analysis was 

performed on samples in a nitrogen atmosphere with a flow rate of 20 mL/min. Initially, 
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the sample was held at a temperature of 30oC for 5 minutes, followed by scanning the 

sample at a rate of 10oC/min from 30oC to 700oC, and held at 700oC for 5 minutes. 

 

 

2. 3. 5. Scanning Electron Microscopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) 

 

The surface morphologies of grafted poly(2-fluorostyrene)/iron particles and 

chemical analysis of surface grafted poly(2-fluorostyrene)/iron particles were 

characterized using scanning electon micrcrosopy – X-ray energy dispersive 

spectroscopy (SEM-XEDS) with a Hitachi S-4700 equipped with an Oxford EDS System 

at magnifications from 400X to 15,000X at an accelerating potential of 20kV. EDS 

microanalysis was performed on the samples at magnifications ranging from 3,000X to 

15,000X and an accelerating potential of 20kV. SEM samples were prepared by placing 

surface grafted poly(2-fluorostyrene)/iron particles onto carbon tapes adhered to an 

aluminum SEM sample holder. The mounted surface grafted poly(2-fluorostyrene)/iron 

particles samples were then coated with a thin layer of platinum using an argon plasma 

sputtering system. The platinum coating was done at an approximate rate of 25–30 

nm/min with 85mA. The number of atomic carbon after surface polymerization of 

poly(2-fluorostyrene) is expected to increase as compared with un-coated iron particles. 

Also, the presence of fluorine atoms providess evidence of the presence of poly(2-

fluorostyrene) on the iron particles surfaces. 
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2. 3. 6. Differential Scanning Calorimetry (DSC) 

 

The thermal properties of the grafted poly(2-fluorostyrene) on the iron particles 

surfaces were characterized using Perkin-Elmer Pyris-1 DSC. Two pans placed in the 

DSC, one containing the sample and the otherholding a reference sample. The grafted 

poly(2-fluorostyrene)/iron particles were dried in a vacuum oven at 60oC for 24 hours 

and were stored in a desiccator prior to characterization. 17.3 mg of poly(2-

fluorostyrene)/iron particles were placed in the sample pan and scanned from 50oC to 

350oC with a heating rate of 10oC/min under a high purity nitrogen purge with a 

volumetric flow rate of 20 ml/min. 

 

 

2. 3. 7. Rheological Measurements 

 

The rheological properties of HVMRF, viscosity and shear stress, were 

investigated using a parallel-plate MR fluid rheometer (Paar Physica model MCR 300 

and MRD180). The rheometer schematic is given in Figure 3 (a). For this study, parallel 

plates with a diameter of 20mm were used to obtain rheological properties of HVMRF 

under the application of a magnetic field (on-state; 0.282Tesla and 0.529Tesla). The MR 

rotational rheometer could provide absolute quantitative measurements of viscosity and 

viscoelasticity of HVMRF samples at a range of temperatures from 10oC–80oC. A sample 

mass of approximately 0.315mL was filled in a constant gap of 1.0mm between two 
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parallel plates during the experiment. Results obtained have a possible error of ±0.05mL 

due to the difficulty in filling the gap with HVMRF. A constant shear rate over the range 

of 1–400 s-1 was applied, and shear stress and shear viscosity were obtained and plotted. 

In addition, the MR fluid rheometer system was equipped with an MR cell having a 

parallel-plate configuration. The schematic of the MR cell is given in Figure 3 (b).  

 

 

Figure 3 – (a) MR rheometer system; (b) MR cell system [19]. 

 

MCR 300 has a JULABO F25 temperature control unit equipped with a circulator 

head and a cooling machine with a bath tank, and it has been designed for heating and 

cooling of liquids in the bath tank. An electronic proportional temperature control 

regulates the heat supplied to the bath. The rheology study was carried out for 

temperatures of 20oC and 60oC (for off-state) with an accuracy of ±0.01oC in the 

measurements. Error analysis of experiment, 95% confidence interval (CI) was used, and 

was performed based on three experimental measurements for data taken (each achieved 

(a) (b) 
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value at 400 s-1 of shear rate for viscosity and each value of extrapolated data for shear 

stress at 0 s-1 of shear rate for shear stress). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 155

3. Result and Discussion 

 

3. 1. Fourier Transform Infrared (FT-IR) Spectroscopy 

 

The comparison of the FT-IR spectra of iron particles, immobilized surface 

initiator on the iron particles, and grafted poly(2-fluorostyrene)–iron particles are 

investigated. The hydroxyl stretch is shown by a peak at 3500 – 3400 cm-1[20, 21]. The 

double bond (C = C) stretch of the benzene ring of surface initiator and poly(2-

fluorostyrene) is shown in the range of 1650 – 1600 cm-1 [20, 22, 23] and the peak shift at 

2950 – 2850 cm-1 [24] is caused by the C – H bond stretching and bending of the surface 

initiator. In addition, the presence of the surface initiator and grafted poly(2-

fluorostyrene) is also confirmed by the presence of a C – F and SO2 stretching bond and a 

C – Cl bond which occurs at peaks at 1000 – 1250 cm-1 [20, 23, 25] and 800 – 600 cm-1 

[20, 23, 24, respectively. It can be concluded that the poly(2-fluorostyrene) is 

successfully covalently bonded on the surface of the iron particles using a silane based 

surface initiator by comparing the three infrared spectra. 

 

 

3. 2. Gel Permeation Chromatography (GPC) 

 

The GPC analysis shows that the polydispersity index (PDI) of poly(2-

fluorostyrene) is narrow (Mw/Mn < 1.1), and the weight average molecular weight is 

48,400. The addition of Cu-(II) bromide results in a narrow molecular weight distribution 
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of polymer because it acts as a deactivator which leads to the reduction of the growing 

chain rate (converting the propagating polymer chain into the dormant species) and 

reduction of the polymerization rate. In addition, the long polymerization time and the 

high temperature of the reaction allow most of the monomer to be converted to polymer 

and it leads to the narrow PDI [1, 26, 27]. The molecular weight distribution of poly(2-

fluorostyrene) is shown in Figure 4. 

 

4.55 4.60 4.65 4.70 4.75 log(M.W.)

%

 

Figure 4 - Molecular weight distribution of poly(2-fluorostyrene). 
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3. 3. Thermogravimetric Analysis (TGA) 

 

TGA of the polystyrene and poly(2-fluorostyrene) is measured in order to 

demonstrate that the thermal stability of poly(2-fluorostyrene) is higher than polystyrene. 

This is shown in Figure 5. The residual weight of polystyrene decreases drastically in 

comparison with poly(2-fluorostyrene) in the small temperature range between 350 – 

450oC. Poly(2-fluorstyrene) undergoes two different degradation stages. The first 

degradation takes place in the temperature range of 300 – 400oC which may relate to the 

degradation of the silane compound from the organic initiator [28]. The second 

degradation (which is slower) happens from the temperature range of 400 – 700oC in 

which the fluorinated aromatic ring and polymer backbone bond are broken. The fluorine 

atom on the benzene ring may decrease the degradation rate because the C – F bond 

reduces the structures overall energy and the bond is chemically inert as compared with 

polystyrene [28, 29]. This results in higher stability of the polymer. The 50% residual 

weight (T50%) for polystyrene and poly(2-fluorostyrene) is shown at approximate 

temperatures of 400oC and 545oC. At 600oC, the residual weight percentage of poly(2-

fluorostyrene) still remains at 40 wt.%. 
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Figure 5 - TGA weight loss profiles of poly(2-fluorostyrene) and polystyrene. 

 

 

3. 4. Scanning Electron Microscopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) 

 

ATRP is a controlled living polymerization which has significant advantages as 

compared with the regular radical polymerization process because the polymer is 

covalently bonded on the iron surface through a surface initiator (which is silane based), 

and uniform molecular weight of the polymer results [1–5, 30]. This results in a uniform 

coating thickness on the particles surfaces. Also, another advantage of ATRP is controllable 
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polymer architecture [1–5]. In this work, surface coating iron particles resulted in uniform “hairy” 

like polymer architecture. The “hairy” like surfaces of coated iron particles and the spherical 

shape of iron particles was maintained as is shown in the SEM images. The SEM images of 

non- and surface coated iron particles are shown in Figure 6.    

 

Figure 6 - SEM and images of non- and surface coated iron particles. 

 

The presence of fluorine atoms on the polymer backbone of grafted poly(2-

fluorostyrene)–iron particles is confirmed by quantitative elemental analysis which is 

recorded by x-ray energy dispersive spectroscopy. The samples are platinum sputter 

coated prior to observation. This platinum coating prevents the charging of the organic 

compound, distributes the effects of heating, and increases the intensity of secondary and 

back-scattered electrons at high resolution. Appropriate selection of the electron beam 

acceleration voltage is required to avoid thermal degradation of the sample, especially 

organic material, and to achieve accurate elemental quantification. The electron beam 

acceleration voltage used during this observation is 15 keV. During the scanning process, 

x-ray peaks are generated and used to record the elements that existed on the iron and 
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iron modified particles. The elemental maps for the identified elements are also generated 

automatically during the scanning time.  

 

The electron beams are only able to penetrate a few nanometers deep in to the 

sample surface. Because of this limitation, X–EDS analysis is used only to determine the 

presence of the grafted poly(2-fluorostyrene) on the iron particles. The X–EDS 

spectrograms are shown in Figure 7. The number of carbon atoms increase from pristine 

iron particles to the grafted poly(2-fluorostyrene)–iron particles. These results confirm 

that the polymerization of poly(2-fluorostyrene) on the iron particles is occurred. The 

presence of polymer on the particle surface is also supported by measurement of the 

weight fraction of iron particle after surface grafting poly(2-fluorostyrene). The weight 

fraction of iron decreases after coating.  This means the iron particle is covered by 

poly(2-fluorostyrene) coating. The weight percentage of each element for pristine iron 

particles, and the grafted poly(2-fluorostyrene) on the surface of iron particles from x-ray 

energy dispersive spectrograms is listed in Table 3. 

 

Figure 7 – Energy dispersive X-ray analysis of; (a) Uncoated iron particles, and (b) The 

grafted poly(2-fluorostyrene) on the surface of iron particles. 

(a) (b) 
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Table 3 – Element analysis from X-ray energy dispersive (X–EDS). 

Element 
Weight % 

Uncoated iron Fe – poly(2-fluorostyrene) 

Fe 100.00 61.48 

C 0.00 37.04 

F 0.00 1.48 

Total 100.00 100.00 

 

 

 

3. 5. Differential Scanning Calorimetry (DSC) 

 

The glass transition temperature (Tg) of grafted polymer on the surface of iron 

particles is characterized using DSC. The grafted poly(2-fluorostyrene)–iron particles 

shows the glass transition temperature at 160.5 ºC and another thermal transition 

temperature at 221.8 ºC. For comparison, pristine iron particles are scanned at the same 

temperature and no thermal transition resulted. In addition, grafted poly(2-

fluorostyrene)–iron particles synthesized in our laboratory has a higher thermal transition 

temperature than grafted polystyrene on a silica surface, which has a thermal transition 

temperature of 133 ºC [31]. From the reported literature, the bulk polystyrene and poly(2-

fluorostyrene)  have glass transition temperature of 102 ºC  [31] and 96 ºC [32], 
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respectively. The higher thermal transition temperature for the grafted polymer is due to 

the covalently bonded polymer on the surface through silanol group that restricts the 

mobility of the molecules [31]. As a result, additional energy is required to achieve the 

rubbery state of the grafted polymer. The DSC thermogram of iron particles and grafted 

poly(2-fluorostyrene)–iron particles is shown in Figure 8. 
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Figure 8 – The DSC thermogram of iron and grafted poly(2-fluorostyrene)–iron particles. 
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3. 6. Rheological Measurements 

 

HVMRF of composite magnetic iron particles at a concentration of 80 wt.% in 

oils is prepared, and the rheological properties under various temperatures are 

investigated. From HVMRF shear stress–shear rate behavior, it can be seen that shear 

stress (� ) is not a linear function of shear rate (
�

� ). This is shown in Figures 9 and 10.  It 

demonstrates non–Newtonian fluid type behavior because with increasing shear rate, the 

slope, which is equivalent to shear stress, decreases. The HVMRF rheology tends to 

follow the Bingham model. In addition, from the figures of HVMRF shear viscosity–

shear rate, HVMRF shows shear thinning behavior which is represented by decreasing 

the slope which is equivalent to the shear viscosity with increasing shear rate. According 

to the Bingham model, the yield stress of MRF can be found by extrapolating the shear 

stress curve at zero shear rates. For instance, from Figure 9, at experiment temperature 

20oC, the yield stress at 0 Tesla, the shear stress and shear viscosity of MRF are about 

369Pa (± 2%) and 2.21Pa.s (± 2%). In general, when the shear stress is smaller than the 

yield stress, the HVMRF behaves like a solid.  
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Figure 9 (a) – Benchmark HVMRF shear viscosity as function of shear rate (off–state; 0 

Tesla) at different temperature of 20oC (blue), 40oC (pink), and 60oC (green). 
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Figure 9 (b) – Benchmark HVMRF shear stress as function of shear rate (off–state; 0 

Tesla) at different temperature of 20oC (blue), 40oC (pink), and 60oC (green). 
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On the other hand, HVMRF begins to flow when the applied shear stress is 

greater than the yield stress. This behavior has also been reported for MRF and 

electrorheological (ER) fluids [33, 19, 34, 35]. Figure 9 also demonstrates the 

dependency of HVMRF's shear viscosity and shear stress on temperature for off–state 

(without applied magnetic field). The experiment is conducted at three different 

temperatures; 20oC, 40oC, and 60oC.  Shear viscosity and shear stress is plotted as a 

function of shear rate up to 400s-1. Both shear viscosity and shear stress of HVMRF 

decrease significantly with increasing temperature, which is in agreement with the results 

previously reported in the literature [19, 36]. The Bingham model is expressed as follow 

[37, 38]: 

�

�� ���� 0y  

Where: 

 �  is shear stress of HVMRF. 

 � y is yield stress of HVMRF. 

 � 0 is the viscosity at off–state. 

 
�

�  is shear rate. 

 

The dependency of HVMRF's shear viscosity and shear stress on the temperature 

are also investigated for the on–state (with applied magnetic field, 0.282 Tesla). Figure 

10 (a) and (b) demonstrate similar HVMRF rheological properties (shear viscosity and 
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shear stress) behavior at the off–state conditions when it was characterized at different 

temperatures; 20oC, 40oC, and 60oC. When shear viscosity and shear stress are plotted as 

a function of shear rate up to 400s-1, the results show both shear viscosity and shear stress 

of HVMRF decrease significantly with increasing temperature, which is also in 

agreement with results previously reported in the literature [19]. As a comparison, the 

shear viscosity values of HVMRF Type 1 at 20oC, 40oC, and 60oC (0.282Tesla and 400s-

1) are 37.5Pa.s, 35.7Pa.s, and 31.3Pa.s (± 2%), respectively. Also, the shear stress values 

of HVMRF Type 1 at 20oC, 40oC, and 60oC (0.282Tesla and 400s-1) are 11.4kPa, 

10.3kPa, and 9.2kPa (±2%), respectively. The approximate change of HVMRF 

rheological properties is 20–25% from 20oC to 60oC.  
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Figure 10 (a) – HVMRF Type 1 shear stress as function of shear rate (on–state; 0.282 

Tesla) at different temperature of 20oC (blue), 40oC (green), and 60oC (red). 
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Figure 10 (b) – HVMRF Type 1 shear stress as function of shear rate (on–state; 0.282 

Tesla) at different temperature of 20oC (blue), 40oC (green), and 60oC (red). 

 

 

 HVMRF of composite magnetic iron particles with a concentration of 80 wt.% in 

oil is prepared, and the rheological properties under various applied magnetic fields 

(0Tesla, 0.282Tesla, and 0.529Tesla) is investigated and illustrated in Figure 11 (a) and 

(b). The rheological properties of all HVMRFs change drastically when it is exposed to 

magnetic fields. The yield stress of HVMRFs increases as the magnetic density is 

increased by applying higher magnetic fields, exhibiting distinguishable MR effects. As 

is expected, the MR effect is proportional to the applied magnetic field because the 

application of higher magnetic fields resulted in higher magnetic forces between iron 
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particles in the HVMRFs. The investigated rheological properties in this work show 

reproducible results and very consistent because of the spherical shape and high purity of 

the iron particles are used. Similarly, the shear viscosity of HVMRF increases with 

increasing applied magnetic fields. The MR effect is calculated using following equation: 

 %100
_

__ xEffectMR
offy

offyony

�

�� �
�  

Where � y_on is yield stress of HVMRF at on–state and � y_off is yield stress of HVMRF at 

off–state.  
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Figure 11 (a) – Benchmark HVMRF shear viscosities as function of shear rate at 20oC 

with different applied magnetic field of 0Tesla, 0.282Tesla, and 0.529Tesla. 
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Figure 11 (b) – Benchmark HVMRF shear stress as function of shear rate at 20oC with 

different applied magnetic field of 0Tesla, 0.282Tesla, and 0.529Tesla. 

 

 From Table 4, the MR effect of HVMRFs, Type I and Type II, are higher than 

benchmark HVMRF because the off–state yield stress of HVMRFs is lower than the 

benchmark. In addition, by comparing HVMRF Type I and Type II, it can be concluded 

that surface coated iron particles in HVMRF Type II decrease the MR Effect because the 

grafted poly(2-fluorostyrene) is not magnetizable and it reduces the magnetic 

permeability of the iron particles.    
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Table 4 – The summary of HVMRF MR Effect. 

Magnetic field 

[Tesla] 

HVMRF MR Effect 

Benchmark Type I Type II 

0 0 0 0 

0.282 3,583 40,201 29,793 

0.529 6,017 72,042 50,572 

 

 

 Figure 12 (a) to (d) shows the effect of oxidation tests on the rheological 

properties of HVMRF. By comparing shear stress and shear viscosity of benchmark 

HVMRF and HVMRF before and after the oxidation test, HVMRFs (Type I and Type II) 

exhibit higher consistency than benchmark HVMRF. The thermo-oxidative stability of 

HVMRF is related to the carrier fluid, polyalphaolefin, which has a higher boiling point 

than mineral oil. In addition, the additives of HVMRFs, such as phosphate based 

antioxidant [10], and surface coating of iron particles using poly(2-fluorostyrene) 

contribute to the  HVMRF's oxidative stability. At the off–state and 400s-1 shear rate, the 

shear viscosity of the benchmark HVMRF before and after the oxidation test increase by 

a factor 1.9. On the other hand, the HVMRF Type I and Type II increase by factor of 1.5 

and 1.2, respectively.  This demonstrates that the HVMRFs are less subject to oxidative 

degradation than the benchmark material.  
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Figure 12 (a) – The oxidation effect on HVMRF viscosity at off–state (0Tesla) for: Type 

I (red); Type II (green); and Benchmark (blue) (before–color filled; after–color blank) 
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Figure 12 (b) – The oxidation effect on HVMRF shear stress at off–state (0Tesla) for: 

Type I (red); Type II (green); and Benchmark (blue) (before–color filled; after–color 

blank) 
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Figure 12 (c) – The oxidation effect on HVMRF viscosity at on–state (0.529Tesla) for: 

Type I (red); Type II (green); and Benchmark (blue) (before–color filled; after–color 

blank) 

 



 174

0

8,000

16,000

24,000

32,000

40,000

0 100 200 300 400
Shear rate [1/s]

S
h

ea
r 

st
re

ss
 [P

a]

 

Figure 12 (d) – The oxidation effect on HVMRF shear stress at on–state (0.529Tesla) for: 

Type I (red); Type II (green); and Benchmark (blue) (before–color filled; after–color 

blank) 

 

 Surface grafted poly(2-fluorostyrene) on the surface of iron particles helps to 

maintain the thermo-oxidative stability of HVMRF Type I. Poly(2-fluorostyrene) has 

unique properties result in from the contribution of fluorine atoms which has a high 

electronegative nature and strong electron–withdrawing. The presence of the fluorine 

provides greater thermo-oxidative stability to the poly(2-fluorostyrene) coating.  [28, 39–

42]. The summary of shear viscosity of HVMRFs before and after the oxidation test is 

listed in Table 5.   
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Table 5 – The percentage increased of shear viscosity before and after oxidation test. 

Magnetic field 

[Tesla] 

Shear viscosity change (%) 

Benchmark Type I Type II 

0 94.57 18.97 53.97 

0.282 18.56 2.13 10.83 

0.529 30.11 0.15 12.62 
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4. Conclusions 

Surface grafting of poly(2-fluorostyrene) on the iron particles is achieved by 

using the atom transfer radical polymerization (ATRP) technique which results in a 

polymer covalently bonded onto the iron particles surfaces through the silanol group of 

the surface initiator. The molecular weight distribution of poly(2-fluorostyrene) is narrow 

(Mw/Mn < 1.1). Thermogravimetric analysis (TGA) of the polystyrene and poly(2-

fluorostyrene) is done to show that the thermal stability of poly(2-fluorostyrene) is 

superior to polystyrene. The fluorine atom on the benzene ring reduces the degradation 

rate because C – F decreases the structures overall energy and is more chemically inert 

than polystyrene. The grafted poly(2-fluorostyrene)–iron particles shows a higher thermal 

transition temperature as compared to bulk polymer because the covalent bond between 

the polymer backbone and the iron particles surface through the silanol group restricts the 

molecules mobility. In addition, it is found that a HVMRF containing surface coated iron 

particles have excellent thermo–oxidative stability as measured by viscosity as compared 

with benchmark HVMRF and non-surface coated iron particle HVMRF.  
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CHAPTER V 

 

Multifunctional Materials for Biomedical Applicatio ns From Surface 

Grafted Poly(N-isopropylacrylamide) and Poly(Carboxylic Acid) – Iron 

Particles via Atom Transfer Radical Polymerization and Reversible 

Addition Fragmentation-Chain Transfer 

 

 

Abstract 

This research relates to the preparation and characterization of surface grafted poly(N-

isopropylacrylamide) and poly(carboxylic acid)–micron-size iron particles via atom 

transfer radical polymerization (ATRP). The surface grafted polymers–iron particles 

result in multifunctional materials which can be used in biomedical applications. The 

functionalities consist of cell targeting, imaging, drug delivery, and immunological 

response. The multifunctional materials are synthesized in two steps. First, surface 

grafting is used to place polymer molecules on the iron particles surface. Second, the bio-

molecules are conjugated onto the polymer backbone. Fourier transform infrared (FTIR) 

spectroscopy and scanning electron microscopy were used to confirm the presence of 

polymers on the iron particles. The thickness of the grafted polymers and glass transition 

temperature of the surface grafted polymers were determined by transmission electron 

microscopy (TEM) and differential scanning calorimetry (DSC). The covalent bond 

between grafted polymers and iron particles caused higher glass transition temperature as 
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compared with non-grafted polymers. The ability to target the bio-molecule and provide 

fluorescent imaging was simulated by conjugation of rat immunoglobulin and fluorescein 

isothiocyanate (FITC) labeled anti-rat. The fluorescence intensity was determined using 

flow cytometry and conjugated IgG-FITC anti-rat on iron particles which was imaged 

using fluorescence microscopy. In addition, reversible addition fragmentation chain 

transfer (RAFT) polymerization is also investigated for surface grafting poly(N-

isopropylacrylamide) and poly(carboxylic acid)–micron-size iron particles. 

Keywords: ATRP, RAFT, poly(N-isopropylacrylamide), poly(carboxylic acid), iron 

particles 
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1. Introduction 

  

The applications of iron particles, with various composition, shapes, and size, in 

the biomedical fields have attracted worldwide attention the past few years [1–3]. Non-

functionalized iron particles only have limited applications. However, surface 

modification provides a wide range of applications, such as cell targeting, biomolecule 

separation, hyperthermia, magnetic resonance imaging (MRI), drug delivery, and 

magneto-immune response. The iron particles surface modification can be done by 

coating with biocompatible inorganic (e.g. silica oxide and gold) or organic materials. 

The organic layer on the surface of the iron particles can be adjusted from a few layers of 

atoms up to the nanometer scale by coating with small organic molecules or polymers. 

The surface functionalized iron particles with thin organic layers are commercially 

available, such as Feridex (dextran associated iron oxide) for contrast enhanced MRI [4], 

and carboxylic acid functionalized for bio-molecules separation [5]. For hyperthermia 

applications, the heat generated from iron particles by magnetic hysteresis effects result 

from on-off switching of the magnetic field [1–3]. Hence, high magnetic saturation 

properties of the iron particles must be maintained if the particles are subjected to surface 

coating.  

 

 The stimuli from external conditions, such as temperature and pH, which result in 

a molecular property change, can be used to create a stimuli-responsive polymer. For 

instance, poly(N-isopropylacrylamides) (poly(NIPAAm)) is a thermo-responsive polymer 

that exhibits reversible property change in hydropobic-hydrophilicity when it is exposed 
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to a temperature gradient. The poly(NIPAAm) dissolved in aqueous media is well known 

to experience a lower critical solution temperature (LCST) at approx. 32oC [6]. In 

addition, the well defined copolymer of NIPAAm architecture has been investigated and 

provides an adjustable phase change temperature [7]. The controlled phase change of 

poly(NIPAAm) based on temperature stimuli allows controlled drug delivery. The 

carboxylic acid moiety can be used to bind the bio-molecules through the carbodiimide 

linkage. A copolymer of poly(carboxylic acid) with poly(NIPAAm) can be used as 

multifunctional polymers for drug delivery, targeting specific cells, and bio-molecules 

separation.  

 

 Controlled radical polymerization (e.g. atom transfer radical polymerization 

(ATRP)) is one of the techniques used to synthesize copolymers with well defined 

architecture. ATRP was developed by Matyjaszewski et. al. in 1995 [8] and offers 

advantages for synthesis, such as wide range of monomers, mild and elevated 

polymerization temperatures, narrow polydispersity index, controlled topologies, 

functionalities, and composition of polymers [9–17]. ATRP involves redox reactions 

between the organic halide initiator, metal halides (e.g. copper bromide) as a catalyst, and 

ligand to improve the solubility of metal salts in the organic reaction system [9]. The 

copper bromide releases electrons and initiates the organic halide initiator. The active 

radical initiates the monomer. The polymer is terminated and encapped by the halide 

group on the termination stage which may be used further as a macroinitiator [9]. The 

thermo-responsivity of poly(N-isopropylacrylamides-co-N-hydroxymethylacrylamide) in 

water has been developed using ATRP [7]. The use of ATRP to synthesize temperature- 
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and pH-sensitive copolymers of NIPAAm and sodium acrylate has been investigated 

[18]. Poly(NIPAAm) has been successfully coated on the surface of silica nanoparticles 

and iron nanoparticles [8, 13, 14]. 

  

In this research, a synthesis technique and characterization of multifunctional 

materials based on micron-size iron particles is reported. Multifunctional materials were 

prepared using two steps. First, surface grafting of poly(NIPAAm-co-AA) on iron 

particles using ATRP at mild temperature in the presence of copper (II) bromide was 

carried out. Second, conjugation of rat immunoglobulin as a bio-molecule model for 

targeting FITC anti-rat was accomplished. The glass transition temperatures of grafted 

polymers were investigated and found to be higher than non-grafted polymers because of 

a covalent bond formed between the polymer chain and the inorganic substrate. To the 

best of our knowledge, this is the first time that the grafting technique of poly(NIPAAm-

co-AA) using ATRP on the micron-size iron particles was used to prepare 

multifunctional materials.  
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2. Experimental 

 

2. 1. Materials 

 

Carbonyl iron powder CN (3–7 microns, BASF), methanol (Aldrich), ethanol 

(AAPER), 1-octyl-2-pyrrolidone (OP) (Aldrich), copper (I) bromide (CuBr) (Aldrich), 

copper (II) bromide (CuBr2) (Aldrich), sparteine (Aldrich), toluene (Aldrich), 2-4(-

chlorosulfonylphenyl)-ethytrichlorosilane (CTCS) (Gelest Inc.), dimethylformamide 

(DMF) (Aldrich), dimethylsulfoxide (DMSO) (Aldrich), N-isopropylacrylamide 

(NIPAAm) (Aldrich), sodium acrylate (Aldrich), micro iron particles functionalized 

carboxylic acid (Polysciences, Inc.), ChromPure rat immunoglobulin (IgG), whole 

molecule (Jackson ImmunoResearch Laboratories, Inc.), fluorescein (FITC)-conjugated 

affinipure F(ab’)2 fragment goat anti-rat IgG (Jackson ImmunoResearch Laboratories, 

Inc.), fetal bovine serum (FBS) buffer, PolyLink protein coupling kit for COOH 

microspheres (Polysciences, Inc.): Polylink coupling buffer (50mM MES, pH 5.2, 0.05% 

Proclin® 300), Polylink wash/storage buffer (10mM Tris, pH 8.0, 0.05% bovine serum 

albumin, 0.05% Proclin® 300), and Polylink EDAC (carbodiimide). Benchmark iron 

particles functionalized carboxylic acid (benchmark Fe-COOH) (Polysciences, Inc.). 

NIPAAm was purified by recrystallization in methanol. 
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2. 2. Synthesis 

 

2. 2. 1. Iron Particles Surface Grafting Via ATRP  

 

2. 2. 1. 1. Surface Grafting Poly(N-isopropylacrylamide) 

 

The procedure for immobilization of a surface initiator onto iron particles was as 

follows [19]: 300g of iron particles were washed with distilled water and ethanol 

respectively. Then, the iron particles were dried in a vacuum oven at 50 oC for 8 hours 

and cooled down. Iron particles and 100g toluene were added to the reaction flask. Five 

grams of CTCS was added to the reactor and the reaction was carried out at 85 oC for 24 

hours under nitrogen. The mixture was then filtered and washed with methanol in order 

to remove excess CTCS. The residual (Fe-CTCS) was dried in a vacuum oven at 40-50°C 

for 24 hours.  

 

The procedure for surface coating iron particles using poly(NIPAAm) via ATRP 

was as follows: 50g functionalized Fe-CTCS, 0.06g CuBr, 0.03g CuBr2, 0.06g Spartein, 

and 14.2g NIPAAm monomer, and 60mL DMSO were added to the reaction flask. The 

mixture was reacted at 25–30 oC for 24 hours under nitrogen. Finally, the mixture was 

filtered, washed several times with ethanol and dried in a vacuum oven at 40-50°C prior 

to use [19]. The ATRP mechanism for surface polymerization is shown in Figure 1. 
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2. 2. 1. 2. Surface Grafting Poly(Acrylic Acid)  

 

The procedure for surface coating iron particles using poly(AA) via ATRP was as 

follows: 50g functionalized Fe-CTCS, 0.06g CuBr, 0.03g CuBr2, 0.06g Spartein, and 

9.4g sodium acrylate monomer, and 60mL DMSO were added to the reaction flask. The 

mixture was reacted at 25–30 oC for 24 hours under nitrogen. Finally, the mixture was 

filtered, washed several times with ethanol and dried in a vacuum oven at 40-50°C prior 

to use [19]. The substitution of sodium with hydrogen atom was accomplished by 

dispersing 1g surface coated poly(sodium acrylate)–iron particles in 40mL mixture of 

water:ethanol (50:50 %v/v). The suspension was then sonicated for 10 minutes. The iron 

particles were separated, washed with a mixture of water:ethanol, and dried in a vacuum 

oven at 60oC in a nitrogen environment. The mechanism of substitution of sodium with 

hydrogen atom is shown in Figure 2.  

 

 

2. 2. 1. 3. Surface Grafting Poly(N-Isopropylacrylamide-co-Acrylic Acid) 

 

The procedure for surface coating iron particles using poly(NIPAAm-co-AA) via 

ATRP was as follows: 40g functionalized Fe-CTCS, 0.06g CuBr, 0.03g CuBr2, 0.06g 

Spartein, and 9.4g sodium acrylate and 11.3g NIPAAm monomers, and 60mL OP were 

added to the reaction flask. The mixture was reacted at 25–30 oC for 48 hours under 
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nitrogen. Finally, the mixture was filtered, washed several times with ethanol and dried in 

a vacuum oven at 40-50°C prior to use [19]. The substitution of sodium with hydrogen 

atom was accomplished by the method described in the previous section. The molecular 

weight of poly(NIPAAm-co-AA) was determined by setting up another batch of reaction 

without the presence of iron particles while maintaining the same  composition for each 

reactant and DMSO was used as a solvent. 
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Figure 1 – Surface polymerization of various polymers:  poly(NIPAAm), poly(AA), and 

poly(NIPAAm-co-AA) on the iron particles using ATRP technique. 
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Figure 2 – The mechanism of substitution of sodium with hydrogen atom. 

 

 

2. 2. 2. Conjugation of Rat Immunoglobulin on to Iron Particles 

 

12.5mg of surface coated iron particles, that contain the acrylic acid functional 

group (poly(NIPAAm-co-AA), poly(AA)), were weighed and placed into a vial. Polylink 

coupling buffer (0.4mL) was added into the vial and the suspension was mixed for 1 

minute. The suspension was then separated using a magnet to attract the iron particles 

and supernatant was then removed. This step was repeated three times. Iron particles 

were suspended in 0.17mL Polylink coupling buffer and 20µl of the EDAC solution 

(200mg/ml) was added. 200µg ChromPure rat immunoglobulin (IgG) was added to the 

suspension and was mixed gently for 8 hours at room temperature. After the incubation 

process, the iron particles were separated using a magnet and washed twice with 0.4mL 

Polylink wash/storage buffer to remove the excess IgG. The conjugated IgG-iron 
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particles were stored in 1mL Polylink wash/storage buffer prior to use. The mechanism of 

conjugation of IgG on to polymer coated iron particles is shown in Figure 3. 
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Figure 3 – The mechanism of conjugation of IgG onto polymer coated iron particles. 

 

 

2. 2. 3. Conjugation of FITC Anti-Rat onto Iron Particles 

  

Fifty�� L conjugated IgG–polymer coated iron particles suspension (12.5mg/mL) 

was transferred into a vial and washed with 2 mL fetal bovine serum (FBS) buffer. The 

suspension was centrifuged at 1200 rpm for 10 minutes. The supernatant was then 

removed. The conjugated IgG–polymer coated iron particles were then re-suspended in 

100� L FBS buffer and mixed gently. 0.8mL of FBS buffer was injected to FITC anti-rat 
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bottle and mixed for 1 minute to dissolve the powder completely. 100� L of solution was  

transferred into a vial and diluted 100 times. 10� L of diluted FITC anti-rat solution was 

added to the conjugated IgG–polymer coated iron particles suspension and mixed for 1 

minute. The mixture was incubated for 30 minutes at room temperature. The excess FITC 

anti-rat was removed by washing with FBS buffer. The mechanism of conjugation of 

FITC–anti rat onto polymer coated iron particles is shown in Figure 4.   

 

O Si

O

O

(CH2)8 S

O

O
n

Cl
CH

C

OHN

CH

CH3H3C

CH

CO

NH

Mixing 30 minutes; 25oC
Fetal bovine serum buffer

O Si

O

O

(CH2)8 S

O

O
n

Cl
CH

C

OHN

CH

CH3H3C

CH

CO

NH


��
���������

 

 

Figure 4 – The mechanism of conjugation of FITC–anti rat onto polymer coated iron 

particles. 
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2.3. Characterization 

 

2. 3. 1. Proton Nuclear Magnetic Resonance (1H NMR) 

 

 The polymerized NIPAAm-co-AA was characterized using 1H nuclear magnetic 

resonance spectroscopy. The NMR spectrum was recorded using Agilent NMR 400 (1H 

at 400 MHz) in DMSO-d6 at 25oC.  

 

 

2. 3. 2. Gel Permeation Chromatography (GPC) 

 

The molecular weight of poly(NIPAAm-co-AA) was determined using a 

Shimadzu LC-20AD pump, CBM-20A controller, DGU-20A3 degasser, RID-10A 

refractive index detector, CTO-20AC column oven, and single Phenogel 5� m 104 

angstrom column which has effective molecular weight of 5,000-500,000 g/mol. The 

GPC column was calibrated against nearly monodisperse polystyrene standards 

purchased from Sigma Aldrich (certified by Scientific Polymer Product, Inc.). The 

mobile phase was N,N-dimethylformamide 99.9% HPLC grade with a flow rate of 0.8 

mL/min, column temperature was set at 35oC, and 20 � L of polymer solution was 

injected through the column. Molecular weight averages and polydispersity index 

(Mw/Mn) of the polymer were calculated by using LabSolutions software. 
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2. 3. 3. Fourier Transform Infrared (FT-IR) Spectroscopy 

 

The spectra of uncoated iron, immobilized surface initiator iron particles, and 

grafted poly(NIPAAm-co-AA)/iron particles were analyzed using Perkin-Elmer 

Spectrum 100 Fourier transforms infra red spectroscopy. The samples were dried in a 

vacuum oven at 60oC for 24 hours and stored in a desiccator prior to characterization. 

The particles were uniformly mixed with KBr powder at a weight ratio of 1:50, before 

mechanically pressing them to form moisture-free KBr pellets. The spectra were scanned 

and recorded from 4000 cm-1 – 400 cm-1 at room temperature with resolution of 4 cm-1.  

 

 

2. 3. 4. Differential Scanning Calorimetry (DSC) 

 

Perkin-Elmer Pyris-1 DSC was used to characterize the thermal properties of the 

grafted polymers on the iron particles surfaces. All samples were dried in a vacuum oven 

at 60oC for 24 hours and stored in a desiccator prior to characterization. Two pans were 

placed in the DSC sample holder, one containing the sample and the other holding a 

reference. Then, surface coated iron particles were weighed and placed in the DSC 

sample pan. The sample was then scanned from 50oC to 350oC with a heating rate of 10 

oC/min. This characterization was done under nitrogen purge of 20 mL/min.   
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2. 3. 5. Scanning Electron Microscopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) 

 

SEM-XEDS samples were prepared by placing surface grafted polymers–iron 

particles on to carbon tapes attached to an aluminum SEM sample holder. A thin layer 

coating of platinum was applied on the mounted samples using an argon plasma 

sputtering system. The platinum coating was done at an approximate rate of 25–30 

nm/min with 85mA. A Hitachi S-4700 equipped with an Oxford EDS System was used 

for characterization of the surface morphologies of grafted polymers–iron particles, and 

chemical analysis of the surface coated iron particles. The samples were magnified from 

800X to 35,000X at an accelerating potential of 20kV. EDS microanalysis was performed 

on the samples at magnifications ranging from 10,000X to 30,000X and an accelerating 

potential of 20kV.  

 

 

2. 3. 6. Transmission Electron Microscopy (TEM)  

 

The polymer coating thickness was characterized using FEI Titan 80-300 TEM 

system equipped with an 80-300 Kv field emission electron source, 0.8 Angstrom 

resolution in TEM modea and 1.4 Angstrom STEM resolution, and bright field/dark field 

and high angle annular dark field (HAADF) STEM imaging capability. The polymer 
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surface coated iron particles were dispersed in ethanol and drop cast on a copper TEM 

grid.  

 

 

2. 3. 7. Flow Cytometry  

  

The fluorescent intensity of conjugated FITC anti-rat with IgG–polymer coated 

iron particles was characterized using a flow cytometer BD LSR II equipped with four 

lasers (405nm, 488nm, 561nm, and 640nm) with a total of 18 fluorescence detectors. The 

sample was prepared by dispersing the conjugated FITC anti-rat with IgG–polymer 

coated iron particles in FBS buffer, and non-conjugated FITC anti-rat with IgG–polymer 

coated iron particles were used as a control. The suspension was analyzed at room 

temperature and the flow rate was adjusted (12, 35, and 60 µL/min) depending upon 

sample concentration.  

   

 

2. 3. 8. Fluorescent Microscopy 

  

The fluorescent images of conjugated FITC anti-rat with IgG–polymer coated iron 

particles were taken using a Zeiss LSM510 confocal and fluorescence microscope. The 

suspension of non- and conjugated FITC anti-rat with IgG–polymer coated iron particles 

were dispersed on to a microscope slide and put on the sample holder. The image was 
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taken at 40X magnification in two different modes; differential interference contrast 

(DIC) and fluorescence.   
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3. Result and Discussion 

 

3. 1. 1H NMR and Gel Permeation Chromatography (GPC) 

  

The presence of the NIPAAm-co-COONa functional group is identifed by 1H 

NMR spectra. The signals peak at about 1.0ppm from the iso-propyl CH3 groups of 

NIPAAm and chemical shift of CH-Me2 protons adjacent to the amine moiety of 

NIPAAm are shown with the peaks at about 3.9ppm [18, 20–23]. The multiple peaks at 

about 2.0–3.0ppm are associated with methyl on the main chain of copolymer [21]. The 

broad peaks around 3.3-3.5ppm are derived from the CH2 proton from CTCS [22]. The 

proton chemical shift at 7.1 and 7.4 derived from the methylene proton in benzene ring of 

CTCS [21]. In addition, Figure 5 shows that the vinyl group chemical shift at around 5.5-

6.5ppm disappeared which confirmed that the polymer is relatively pure after 48 hours 

reaction at room temperature and impurities removal by passing through alumina column. 

The polymerization of NIPAAm-co-COONa at mild temperature in dimethylsulfoxide 

using ATRP results in a copolymer with molecular weight (Mw) of 5.95x104 g/mol with 

polydispersity index of 1.1. Synthesized poly(NIPAAm-co-COONa) has high molecular 

weight and narrow dispersity index which results from the presence of copper (II) 

bromide. According to the literature [10, 23, 24], copper (II) bromide plays a role in the 

control of the kinetics of reaction by reducing the growing chain rate and converts the 

propagating polymer chain into a dormant species.    
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Figure 5 – 1H NMR spectra of poly(NIPAAm-co-AA)in DMSO-d6 at 25oC. 

 

 

3. 2. Fourier transforms infrared (FT-IR) spectroscopy 

 

Figure 6 shows the spectra of uncoated iron particles (Fe), immobilized CTCS on 

iron particles (Fe–CTCS), and grafted poly(NIPAAm-co-AA) on iron particles (Fe–
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CTCS– poly(NIPAAm-co-AA)). The hydroxyl stretching vibration is represented by a 

broad band at 3500 – 3400 cm-1 in the spectrum of Fe and Fe–CTCS [25, 26], and the 

band at 2950 – 2850 cm-1 corresponds to C – H bond stretching and bending of the 

surface initiator methyl group  in the spectrum of Fe–CTCS and grafted poly(NIPAAm-

co-AA) [27–29]. The presence of carboxyl stretching vibration and N–H-bending 

vibration from the amide group of NIPAAm is shown by a broad peak at 1500 – 1650 

cm-1 in the spectrum of grafted poly(NIPAAm-co-AA) [28, 30–32]. According to the 

literature [29, 31], the contribution of carboxylate from sodium acrylate is indicated by 

the shift peak at 1425 – 1450 cm-1 in the spectrum of grafted poly(NIPAAm-co-AA) [29]. 

The stretching bond of SO2 which occurs at peaks at 1000 – 1250 cm-1 [25, 33, 34], in the 

spectrum of Fe–CTCS and grafted poly(NIPAAm-co-AA), confirms the immobilized 

surface initiator. In addition, the C – Cl bond from surface initiator is shown at peaks 800 

– 600 cm-1 [25, 27, 33].         

 

The presence of NIPAAm and AA functional groups provide drug delivery and 

targeting capability. Poly(NIPAAm) exhibits low critical solution temperature (LCST) at 

32oC [22]. This thermal responsive property of polymer is suitable for drug storage and 

release function. The phase transition of poly(NIPAAm) can be varied by copolymerizing 

with another monomer. The copolymer of poly(NIPAAm) with a different ratio of 

monomers  results in a wide range of phase transitions reported [7]. The drug uptake and 

released capability of poly(NIPAAm), and the process of binding biotin-streptavidin bio-

molecule through poly(AA) functional group was investigated [35–37].   
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Figure 6 – FTIR spectra of iron particles (Fe), immobilized CTCS on iron particles (Fe–

CTCS), and grafted poly(NIPAAm-co-AA) on iron particles (Fe–CTCS– poly(NIPAAm-

co-AA)) 

 

 

3. 3. Differential Scanning Calorimetry (DSC) 

 

The presence of polymer on the surface of iron particles and the thermal transition 

temperature of the grafted polymers has been analyzed using differential scanning 

calorimetry (DSC). A change of heat supplied (heat flow endothermic up – Y-axis) 

signifies the individual thermal transition temperature of each polymer. The glass 

transition temperature of polymer grafted onto the surface of iron particles was measured 
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in the experiments. Then, the thermal transition temperatures from experiments are 

compared with available data from the literature which are found for non-grafted 

polymers. The decreased mobility of the polymer due to the covalent bonding on the 

surface of the iron particles may result in the differences in glass transition temperatures 

between literature and experiment. In addition, the hydrogen bonding among NIPAAm-

NIPAAm, AA-AA, and NIPAAm-AA functional groups may contribute to the increase in 

glass transition temperature [30, 38]. The hydrogen bond scheme is shown in Figure 7. 

The results are in agreement with literature [15] which compared the thermal transition 

temperature between polystyrene and grafted polystyrene onto the surface of silica oxide. 

The literature value was approximately 20 oC higher for the grafted polymer. The glass 

transition temperature of a variety of polymers is listed in Table 1 and the DSC results for 

surface grafted polymers are shown in Figure 8.  

 

Figure 7 - The hydrogen bond of: (a) poly(AA), (b) poly(NIPAAm), and (c) 

poly(NIPAAm-co-AA). 
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Figure 8 - DSC thermograms of surface grafted polymers: (a) Fe–Poly(AA), (b) 

Fe–Poly(NIPAAm), (c) Fe–Poly(NIPAAm-co-AA), and (d) Fe–Uncoated. 
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Table 1 – Tg of grafted polymer and literature. 

Grafted polymers Experiment (oC) Literature (oC) 

Poly(AA) 140.4 110 [39] 

Poly(NIPAAm) 151.5 135 [40] 

Poly(NIPAAm-co-AA) 190.9 170 [41] 

 

 

 

3. 4. Scanning Electron Microscopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) and Transmission Electron Microscopy 

 

Figure 9 shows the individual uncoated iron particles and surface grafted surface 

poly(AA), poly(NIPAAm), and poly(NIPAAm-co-AA). The grafted polymers are coated 

on the individual iron particles which is a feature of ATRP as a controlled living 

polymerization. In addition, a surface initiator, which is silane based, covalently bonds 

the grafted polymers on the iron surface and a narrow molecular weight distribution of 

the polymer results [9, 10, 11, 13, 14, 16]. Hence, it is possible to control the coating 

thickness on the particles surfaces. The thickness of surface grafted poly(NIPAAm-co-AA) 

on the particles is measured by TEM image and shown in Figure 10. From the TEM 

image of surface grafted poly(NIPAAm-co-AA), the thickness of coating is in the range 

of 20–50 nm.  
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Figure 9 – SEM images of iron particles: (a) Fe–poly(AA), (b) Fe–Poly(NIPAAm), (c) 

Fe–poly(NIPAAm-co-AA), and (d) Fe–uncoated. 

 

 

The surface coated polymers are not magnetizeable material and the effect on 

decreasing magnetic saturation of iron particles are negligible [42]. The micron-size iron 

particles give higher magnetic saturation than nanometersize particles which results in a 

stronger  magnetic effect for the microparticles. The magnetic effect on micron-size 
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particles is highly dependent  on the particle diameter, concentration, and applied 

magnetic field. At equal concentrations and applied magnetic fields, larger iron particles 

result in higher magnetic effect [43]. Similarly, a higher concentration of iron particles 

and higher applied magnetic field yield a higher MR effect [43]. According to the 

literature [12], the viscoelastic effect (in term of shear yield stress) of magnetic fluids, 

containing iron particles (80 wt.%) dispersed in fluid media, increases significantly from 

less than 1,000 Pascal to 30,000 Pascal when it was exposed from 0 Tesla to 0.529 Tesla 

magnetic fields. The controllable viscoelastic properties of the magnetic fluid may offer 

advantages for inducing an immune respond by cell destruction for in-vivo applications 

after magnetic injection and exposureto magnetic fields.  

 

(a) (b)

���

���



 

Figure 10 – TEM images of iron particles: (a) Non-coated, (b) Poly(NIPAAm-co-AA). 
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  The quantitative elemental analysis of x-ray energy dispersive spectroscopy is 

mainly used for confirming the presence of carbon atoms on grafted polymers. From 

elemental analysis, the weight percentage of iron atoms  decreases when the iron particles 

are coated with polymers. On the other hand, the number of carbon atoms increases after 

a surface coating is applied. As a result, the elemental analysis confirms the surface 

grafting of poly(AA), poly(NIPAAm), and poly(NIPAAm-co-AA) on the iron particles 

via ATRP at room temperature is a viable technique to graft covalently bonded polymers 

on the inorganic substrate. The weight percentage of each element for uncoated iron 

particles, and the grafted poly(AA), poly(NIPAAm), and poly(NIPAAm-co-AA) on the 

surface of iron particles from x-ray energy dispersive spectrograms is shown in Table 2. 

The X–EDS spectrograms of iron particles, and polymers coated iron particles are shown 

in Figure 11. 
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Figure 11 – The X–EDS spectrograms of: (a) Fe–poly(AA), (b) Fe–poly(NIPAAm), (c) 

Fe–poly(NIPAAm-co-AA), and (d) Fe–uncoated. 

 

Table 2 – Element analysis from X-ray energy dispersive (X–EDS). 

Element 
Weight % 

Fe–uncoated Fe–poly(AA) Fe–poly(NIPAAm) Fe–poly(NIPAAm-co-AA) 

Fe 100.00 2.31 4.95 5.39 

C - 97.69 95.05 94.61 

Total 100.00 100.00 100.00 100.00 
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3. 5.  Fluorescent Microscopy and Flow Cytometry  

  

A model of the targeting functionality of polymer surface coated iron particles containing 

acrylic acid, is provided by conjugation of rat immunoglobulin. FITC anti-rat is used as a 

target cell model. Once the FITC anti-rat is conjugated, the polymer surface coated iron 

particles have an additional functionality which is used for imaging. The flow cytometry 

is used for identifying the presence of fluorescent labeled microparticles. In addition, the 

dual imaging, DIC and fluorescence mode, is a beneficial method and also used to 

support and image the conjugated IgG and FITC anti-rat on the surface coated iron 

particles. In the fluorescence imaging process, IgG-conjugated surface coated iron 

particles are used as a control. Figure 12 shows the microscope images of iron particles 

that contain acrylic acid functional group; Fe–poly(NIPAAm-co-AA) denoted as a, Fe–

poly(AA) denoted as b, and Fe-COOH denoted as c.  

  

The acrylic acid functional group from coated polymer on the surfaces provides a 

robust platform for covalently bonding rat IgG with iron particles. The conjugated IgG 

can be detected by conjugation of FITC anti-rat. By comparing images of a1 (control, 

non-fluorescence labeled) and a2, Fe–poly(NIPAAm-co-AA)/IgG/FITC anti-rat emits 

green fluorescence which represents conjugated rat IgG with iron particles. In addition, 

the IgG are also covalently bonded on the Fe–poly(AA) and Fe-COOH. From 

fluorescence images of a2, b2 and c2, the surface polymerized poly(AA) and 

poly(NIPAAm-co-AA) emits brighter fluorescence than Fe-COOH. However, the 
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brightness on the image a2 appears not to be uniform which is caused by a low depth of 

field. On image b2, two fluorescence intensity distributions may be caused by the wide 

range of microsphere sizes where smaller iron particles may labeled more than bigger 

ones. The cytometry result shows that the fluorescence brightness of microspheres 

increases 100–1000 times after conjugation with FITC anti-rat. Also, the fluorescence 

intensity of surface coated iron particles with poly(AA) and poly(NIPAAm-co-AA) is ten 

times higher than benchmark Fe-COOH. It may be caused by the amount of acrylic acid 

functional groups on the polymer which is higher than the benchmark Fe-COOH. As a 

result, it may become beneficial when surface coated iron particles with poly(AA) and 

poly(NIPAAm-co-AA) are used for protein separation and cell targeting which can bind 

greater quantities of  proteins and cells.  
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Figure 12 – The microscope images in differential interference contrast mode (left), 

fluorescence mode (middle), and cytometry test result (right) of Fe-polymer-IgG 

(subscript 1, as a control) and Fe-polymer-IgG-FITC anti-rat (subscript 2, fluorescent 

labeled). Where: a is Fe–poly(NIPAAm-co-AA); b is Fe–poly(NIPAAm); and c is 

benchmark Fe-COOH. 
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4. Conclusions 

  

In this study, we synthesized and characterized multifunctional materials based on 

micron-size iron particles. The functionalities consist of cell targeting, imaging, drug 

delivery, and magneto-immune response. Atom transfer radical polymerization (ATRP) 

was successfully used as a technique to surface graft polymers on iron particles at mild 

temperature in the presence of copper (II) bromide. Surface grafting of polymers on iron 

particles results in a higher glass transition temperature than non-grafted polymers 

because of a covalent bond which results between the polymer chains and the inorganic 

substrate which restricts mobility of the molecules. The surface grafted poly(NIPAAm-

co-AA) thickness is in the range of 20–50nm which will not reduce the magnetic 

saturation of the iron particles. The versatility of targeting bio-molecules was 

demonstrated by conjugation of rat immunoglobulin to target FITC anti-rat. Fluorescence 

microscopy and flow cytometry revealed the fluorescence intensity of targeted FITC anti-

rat on the iron particles. The iron particles based multifunctional materials are low cost 

materials for protein separation, drug delivery agent, and an alternative for hyperthermia 

and cancer curing agents through magneto-immune response by exposing using magnetic 

fields.  
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5. Future Work – Surface Grafting of Poly(N-isopropylacrylamides-co-acrylic acid) 

on to Iron Particles Via RAFT 

 

Reversible addition fragmentation chain transfer (RAFT) polymerization is an 

alternative technique used to graft polymers on the surface of an inorganic substrate. RAFT 

offers an advantage as compared with ATRP because poly(acrylic acid) can be synthesized 

from acrylic acid monomers directly without any further treatment [44]. The application of 

RAFT for surface polymerization of various monomers, methyl methacrylate, 2-

(dimethylamino)ethyl methacrylate, and styrene, on flat silicon substrates has been 

studied. In addition, the polymers have polydispersity index (PDI) in the range of 1.06 �  

PDI �  1.18 [45]. The polymerization of NIPAAm and acrylic acid using the RAFT 

technique at room temperature has been investigated. This polymerization resulted in a 

PDI near 1 and molecular weight of polymer in the range of 105 g/mol [46]. The 

characterizations of synthesized polymers needs to be investigated further, such as: 

monomer conversion and molecular weight of polymer over the reaction time.  
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5.1. Synthesis of 3-Benzylsulfanylthiocarbonylsufanyl-propionic Acid as a Chain 

Transfer Agent (CTA) 

 

CTA was synthesized according to the reported literature [47]: In a glove box, 

mercapto propionic acid (4ml, 0.046 mol) was added to a solution of potassium 

hydroxide (5.2g, 0.092 mol) in water (50ml) in a reaction flask. Then carbon disulfide 

(6ml) was added in drop-wise. The reaction flask was transferred to fume hood, stirred 

for 5 hours under nitrogen purge with a condenser, and resulted in orange-colored 

solution.  Benzyl bromide (7.92g, 0.046 mol) was added to the solution and heated to 

80oC with a temperature controller for 12 hours.  Temperature was kept under 90oC to 

prevent loss of solvent.  The mixture was cooled to room temperature, chloroform (60ml) 

was added, and followed by adding hydrochloric acid until the organic layer becomes 

yellow.  The water phase was extracted using chloroform (2x20ml), then the organic 

layer was washed using a solution of sodium carbonate in water (2x20ml).  The organic 

solution was dried over anhydrous magnesium sulfate. After evaporating the solvent, the 

product was purified by passing it through a gel chromatography column with a 3:1 

hexane, ethyl acetate mixture as the eluent, resulted in a yellow powder. The mechanism 

of CTA reaction is shown in Figure 13. 
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Figure 13 – The reaction mechanism of CTA synthesis [47]. Note:  The 

mechanism has been drawn by Arianna Rosen with assistance from Robert Fyda (UNR 

Chemical Engineering undergraduate student). 
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The molecular weight of synthesized CTA has been characterized using matrix 

assisted laser desorption ionization mass spectrometry (MALDI-MS) from Applied 

Biosystems 4700 Proteomics Analyzer equipped with linear and reflector modes. The 

CTA was mixed with dithranol as a matrix and silver trifluoroacetate (AgTFA) and 

spotted on the MALDI plate prior to characterization. The calculated molecular weight of 

3-benzylsulfanylthiocarbonylsufanyl-propionic acid (12 atoms hydrogen, 3 atoms sulfur, 

11 atoms carbon, and 2 atom oxygen) is 272. Synthesis of benzyl 4-

methoxydithiobenzoate was confirmed by a peak value of 273 on the MALDI mass 

spectrogram, which was close to the calculated molecular weight. The MALDI mass 

spectrogram for benzyl 4-methoxydithiobenzoate is shown in Figure 14.      
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Figure 14 – MALDI mass spectrogram for 3-Benzylsulfanylthiocarbonylsufanyl-

propionic Acid. 

 

 

5.2. Surface Grafting of Poly(N-isopropylacrylamides-co-acrylic acid) on to Iron 

Particles Via RAFT 

 

The surface grafting of poly(N-isopropylacrylamides-co-acrylic acid) on to iron 

particles via RAFT was accomplished in three steps as follows: 
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5.2.1. Immobilization of surface initiator on the iron particles.  

 

Surface initiator, CTCS, was immobilized onto surface of iron particles according 

to reported procedure [19]. Initially, 500 gram iron particles were washed using distilled 

water and ethanol, consecutively. Then, the mixture was mechanically stirred for 15 

minutes and filtered. Finally, iron particles were dried in vacuum oven at 50oC for 24 

hours. Dried iron particles (200 grams) were added in to three neck flask. Then, 3 gram 

CTCS was added into the flask and followed by adding 125 mL anhydrous toluene as 

solvent. The mixture was reacted at 85oC and stirred for 24 hours under nitrogen 

environment. The product was filtered and washed several times using toluene, and dried 

in vacuum oven at 50oC for 24 hours prior to use. Surface initiator was covalently bonded 

through silanol group from the reaction of hydroxyl on the surface of substrate and 

chlorinated silane. The reaction scheme of immobilization of surface initiator on the iron 

particles is shown in Figure 15. 
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Figure 15 – The reaction of immobilization of surface initiator on the iron particles. 

 

 

5.2.2. Modification of surface initiated iron particles with CTA through atom 

transfer addition (ATA) reaction [48]. 

 

 50 gram of surface initiated iron particles was added into the first three-neck flask 

and followed by adding Cu (0) (0.3178 grams, 5.0 x 10-3 mol). Then, the flask was 

purged with nitrogen and sealed. On the second flask, CuBr (1.4345 grams, 10.0 x 10-3 

mol) and 20 mL anhydrous toluene were added, and stirred under nitrogen purge for 30 

minutes. PMDETA (1.044 mL, 5.0 x 10-3 mol) was added into the flask and stirred for 

additional 10 minutes under nitrogen. This mixture was then added into first three-neck 
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flask and stirred for 10 minutes under inert environment. The CTA (0.548 grams, 2.0 x 

10-3 mol) was dissolved in 10 mL anhydrous toluene and stirred for 30 minutes under 

inert condition in another flask. Finally, the CTA solution was added into iron particles 

suspension in the first three-neck flask and reacted at 85oC for 48 hours under inert 

environment. The product was filtered and washed several times to remove impurities 

using toluene, and dried in vacuum oven at 50oC for 24 hours prior to use. The atom 

transfer addition (ATA) reaction mechanism of CTA with surface initiated iron particles 

is shown in Figure 16. 
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Figure 16 - The atom transfer addition (ATA) reaction mechanism of CTA with surface 

initiated iron particles [48]. 
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5.2.3.  Surface polymerization of PNIPAAm-co-acrylic acid via RAFT 

  

 CTA (0.056 grams) and AIBN (5.45 mg) were added to a three-neck flask.  

NIPAAm was purified by recrystallization in hexane describe by [46].  Acrylic acid was 

purified by distillation. Purified NIPAAm (2.887 grams) and acrylic acid (1.820 grams) 

were dissolved in 50 ml of anhydrous DMAc and added to the reactor.  The solution was 

then stirred under nitrogen purge.  1 gram of surface initiated iron particles from step two 

were added to the three-neck flask and stirred under nitrogen purge for 15 minutes.  After 

15 minutes the solution was heated at 65oC and reacted for 24 hrs in inert environment. 

Surface polymerization of PNIPAAm-co-acrylic acid via RAFT is shown in Figure 17. 
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Figure 17 – Surface polymerization of poly(NIPAAm-co-acrylic acid) via RAFT on iron 

particles.  

 

 

5.3. Scanning Electron Microscopy – X-ray Energy Dispersive Spectrum (SEM-

XEDS) and Transmission Electron Microscopy (TEM) of Surface Grafted Polymer 

 

A controlled living polymerization, such as: RAFT, has significant advantages as 

compared with the regular radical polymerization process because the polymer has 



 223

uniform molecular weight and polymer is covalently bonded on the iron surface. The 

image of surface coated polymer was taken by using SEM. The non- and coated iron 

particles images are shown in Figure 18 (top). In this work, surface coating iron particles 

resulted in uniform polymer thickness. The coating thickness was determined using TEM. RAFT 

polymerization resulted in coating thickness about 50nm The TEM images of non- and surface 

coated iron particles are shown in Figure 18 (bottom).    

 

Figure 18 – SEM (top) and TEM (bottom) images of non- (left) and surface coated (right) 

iron particles/ poly(NIPAAm-co-acrylic acid) via RAFT.  
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CHAPTER VI 

 

Surface Grafting of Poly(pentafluorostyrene) On The Iron Particles Via 

Reversible Addition Fragmentation Chain Transfer (RAFT) 

Polymerization 

 

Abstract 

A surface grafting technique of poly(pentafluorostyrene) via reversible addition 

fragmentation chain transfer onto iron particles is reported. 4-methoxydithiobenzoate is 

used as the RAFT chain transfer agent. The molecular weight, the surface morphology, 

thickness, thermal properties, and monomer conversion of grafted polymer are reported. 

The grafted poly(pentafluorostyrene)–iron particles showed a higher thermal transition 

temperature compared to non-grafted polymer because the covalent bond between the 

polymer backbone and the surface of the iron particles restricts the molecular mobility. 

The monomer conversion is found to be increased by the amount of CTA concentration at 

early polymerization time. The grafted poly(pentafluorostyrene) shows a “hairy” like 

polymer architecture with thickness in the range of 80-100nm. This thin coating is 

expected to maintain the magnetic saturation properties of iron particles.  To the best of 

our knowledge, this is the first time that poly(pentafluorostyrene) has been grafted on the 

iron particles by utilizing RAFT and 4-methoxydithiobenzoate as a CTA.  

Keyword:  RAFT, poly(pentafluorostyrene), controlled radical polymerization, surface 

grafting. 
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1. Introduction 

 In recent years, the surface grafting of polymers on the inorganic materials has 

attracted worldwide researchers’ attention because of their benefits related to mechanical 

and thermal properties, interfacial properties, and a wide range of applications have been 

explored in electronics, biomedical, and engineering. Iron particles are inorganic 

materials which have potential applications in intelligent materials due to their magnetic 

properties which can be controlled using an external magnetic field. Many controlled 

radical polymerizations have been investigated for surface grafting polymers on inorganic 

substrates, such as nitroxide radical polymerization (NMP), ring opening polymerization 

(ROP), atom transfer radical polymerization (ATRP), and reversible addition 

fragmentation chain transfer (RAFT) [1, 2].   

 

 Since RAFT was introduced by Rizzardo et. al. from Commonwealth Scientific & 

Industrial Research Organization (CSIRO) in the late 1990s [3, 4], the use of RAFT for 

surface grafting polymers has increased significantly.  In general, the advantages of 

ATRP, NMP, ROMP, and RAFT include: narrow polymer molecular weight distribution, 

well defined building block, end functionalities, chain architecture, compostion, and 

controlled molecular weight [5, 6]. In addition, the RAFT initiator is more flexible. 

Commonly used initiators are peroxide base (e.g.: benzoyl peroxide) or 

azobisisobutyronitrile (AIBN). However, one of the limitations of RAFT is that the chain 

transfer agent (CTA) needs to be synthesized in the laboratory [7]. The CTA can be 

prepared from: dithioester, trithiocarbonate, dithiocarbamate, and xanthate compounds [6, 

8]. The chemical structure of CTA, which consists of a stabilizing group, is denoted by Z, 
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and radical leaving group, which is denoted by R, is important for the RAFT 

polymerization [9, 10]. Benzyl 4-methoxydithiobenzoate is one CTA and it has been 

successfully synthesized from benzyl mercaptan and 4-methoxybenzoic acid with the 

presence of phosphorus pentasulfide [11]. The proposed RAFT polymerization 

mechanism is shown in Figure 1 [9]. 
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Chain equilibration: 
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Figure 1 – Scheme of RAFT polymerization [9]. 
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Materials with high thermal stability, excellent chemical resistance, low friction, 

and hydrophobic can be synthesized from fully or partially fluorinated polymers. The 

presence of fluorine atom which has a high electro negativity may suppresse the 

oxidation process [12, 13]. ATRP and anionic polymerization has been used to synthesize 

copolymers of styrene and pentafluorostyrene [14, 15]. The potential application of 

surface grafted poly(pentafluorostyrene)-iron particles is magnethorheological fluids 

(MRFs) for dampers. For MRFs applications, the surface coating may reduce the friction 

between iron particle and the damper wall. In addition, it has been reported that surface 

coated iron particles improved redispersibility of iron due to settling behavior of MRFs 

[16].  

 

 The application of RAFT for surface polymerization of a flat silicon substrate has 

been studied [9]. The narrow PDI of poly(methyl methacrylate) was covalently attached 

to the silicon substrate through silane based dithioesters and azobisisobutyronitrile 

initiator in the polymerization [9]. The combination of RAFT and click chemistry 

reaction for surface polymerization, creating star polymers and telechelic functional 

groups has been studied [17–19]. A well-defined polymeric chain structure has been 

grafted onto silica particles using a combinatorial approach based on RAFT 

polymerization and coupling reaction at 80oC [1]. 

 

 In the present work, we report the surface grafting technique using reversible 

addition fragmentation chain transfer (RAFT) of poly(pentafluorostyrene) on the iron 

particles by utilizing 4-methoxydithiobenzoate as a CTA. The molecular weight, the 
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surface morphology, thickness, thermal properties, and conversion of grafted polymer are 

reported. From the electron microscope, the grafted poly(pentafluorostyrene) shows a 

“hairy” like polymer architecture with thickness in the range of 80-100nm. Thin coating 

is expected to maintain the magnetic saturation properties of iron particles.  To the best of 

our knowledge, this is the first time that poly(pentafluorostyrene) has been grafted on the 

iron particles by utilizing RAFT and 4-methoxydithiobenzoate as a CTA. 
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2. Experimental 

2. 1. Materials 

 

Carbonyl iron powder CN (3-7 microns, BASF), N,N,N’,N”,N”-

pentamethyldiethylenetriamine (PMDETA, Aldrich), ethanol (AAPER), methanol 

(Aldrich), 2,3,4,5,6-pentafluorostyrene (Aldrich), 2-4(-chlorosulfonylphenyl) 

ethyltrichlorosilane (CTCS, Gelest Inc.), Toluene (Aldrich), Cu(0) (Aldrich), CuBr 

(Aldrich), 2,2’-Azobis(2-methylpropionitrile) (AIBN, Aldrich), benzyl mercaptan 

(Aldrich), 4-methoxybenzoic acid (Aldrich), phosphorus pentasulfide (Aldrich), alumina 

basic (Dynamic Adsorbents Inc.), neutral alumina (Selecto Scientific, GA). AIBN was 

purified by recrystallization three times from methanol. PMDETA was purified by 

passing through a chromatography column with neutral alumina and pentafluorostyrene 

was purified by passing through a chromatography column with basic alumina. All 

synthesis was carried out in triplicate.  

 

2. 2. Synthesis 

2. 2. 1. Synthesis of benzyl 4-methoxydithiobenzoate as chain transfer agent (CTA) 

 

The CTA was synthesized from the reaction of benzyl mercaptan (1.24 grams, 

9.98 mmol), 4-methoxybenzoic acid (1.52 grams, 9.99 mmol), phosphorus pentasulfide 

(0.88 grams, 3.96 mmol) as a catalyst, and anhydrous toluene (40 mL) as a solvent. All 

chemicals were weighed and transferred into three necks flask inside a glove box under 
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nitrogen purge. The mixture was reacted and refluxed at temperature 90-95oC for 10 

hours under nitrogen environment in a laboratory hood. The solution was then cooled at 

room temperature. The product was then purified using a chromatography column with 

neutral alumina (6 grams) and anhydrous toluene was used as an eluent. Toluene was 

removed by evaporating in a vacuum oven at 55oC overnight [11]. A red colored oil was 

obtained as a final product. The reaction mechanism of CTA synthesis is shown in Figure 

2. 
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Figure 2 – Reaction mechanism of CTA synthesis [11]. 

 

 

2. 2. 2. Immobilization of the surface initiator on the surface of iron particles. 

 

Surface initiator, CTCS, was immobilized onto surface of iron particles according 

to reported procedure [20]. Initially, 500 grams iron particles were washed using distilled 

water and ethanol, consecutively. Then, the mixture was mechanically stirred for 15 

minutes and filtered. Finally, iron particles were dried in vacuum oven at 50oC for 24 
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hours. Then, 200 grams dried iron particles were added in to three neck flask. Then, 3 

grams (8.88 mmol) CTCS was added into the flask and followed by adding 125 mL 

anhydrous toluene as solvent. The mixture was reacted at 85oC and stirred for 24 hours 

under nitrogen environment. The product was filtered and washed several times using 

toluene, and dried in vacuum oven at 50oC for 24 hours prior to use. The reaction scheme 

of immobilization of surface initiator on the iron particles is shown in Figure 3.  
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Figure 3 – Immobilization of surface initiator on the surface of iron particles [20]. 

 

2. 2. 3. Modification of surface initiated iron particles with CTA through atom 

transfer addition (ATA) reaction  [9]. 

 

 50 gram of surface initiated iron particles was added into the first three-neck flask 

and followed by adding Cu(0) (0.32 grams, 5.0 mmol). Then, the flask was purged with 

nitrogen and sealed. On the second flask, CuBr (1.43 grams, 10.0 mmol) and 20 mL 

anhydrous toluene were added, and stirred under nitrogen purge for 30 minutes. 

PMDETA (0.87 grams, 5.0 mmol) was added into the flask and stirred for additional 10 

minutes under nitrogen. This mixture was then added into first three-neck flask and 

stirred for 10 minutes under inert environment. The CTA (0.55 grams, 2.0 mmol) was 
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dissolved in 10 mL anhydrous toluene and stirred for 30 minutes under inert condition in 

another flask. Finally, the CTA solution was added into iron particles suspension in the 

first three-neck flask and reacted at 85oC for 48 hours under inert environment. The 

product was filtered and washed several times to remove impurities using toluene, and 

dried in vacuum oven at 50oC for 24 hours prior to use. The atom transfer addition (ATA) 

reaction mechanism of CTA with surface initiated iron particles is shown in Figure 4. 
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Figure 4 – Modification of surface initiated iron particles with CTA through ATA 

reaction. 

 

 

2. 2. 4. Surface polymerization of polypentafluorostyrene on the iron particles via 

RAFT 

  

Initially, pentafluorostyrene monomer (5 grams, 25.76 mmol) was purified by 

passing through chromatography column packed with basic alumina (1 gram) prior to 

polymerization and toluene (50 mL) was used as eluent. The purified monomer was 

collected and poured into a three-neck flask (reactor). The CTA (0.27 grams, 1 mmol), 
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AIBN (0.16 grams, 1 mmol), and CTA surface modified iron particles (20 grams) were 

added into reactor. The mixture was mechanically stirred and reacted at 85oC for 20 

hours under nitrogen. The product was filtered, washed with toluene several time, and 

dried in a vacuum oven at 50oC for 24 hours. Surface grafting of pentafluorostyrene on 

the iron particles via RAFT mechanism is shown in Figure 5. The molecular weight of 

grafted polymer was determined by a series of RAFT polymerization without the 

presence of iron particles in NMR tubes which was sealed with nitrogen with DMSO-d6 

as a solvent.  In addition, the ratio of CTA concentration to monomer concentration was 

also conversion carried out in order to study the effect to the molecular weight of 

polymer.  
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Figure 5 – Surface polymerization mechanism of poly(pentafluorostyrene) on the iron 

particles via RAFT. 
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2. 3. Characterization 

2. 3. 1. 1H nuclear magnetic resonance (NMR) spectroscopy 

 

1H nuclear magnetic resonance spectroscopy was used to determine the 

synthesized RAFT-CTA, conversion of monomer, and confirm polymerization after 24 

hours. The NMR spectrum was recorded using Agilent NMR 400 (1H at 400 MHz) in 

DMSO-d6 at 25oC.  

 

 

2. 3. 2. Matrix assisted laser desorption ionization-mass spectrometry (MALDI-MS)  

 

Matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) from 

Applied Biosystems 4700 Proteomics Analyzer equipped with linear and reflector modes 

was used to measure the absolute molecular weight of the synthesized CTA. The CTA 

was mixed with cyano-4-hydroxycinnamic acid as a matrix and silver trifluoroacetate 

(AgTFA) and spotted on the MALDI plate prior to characterization. 

 

 

2. 3. 3. Gel permeation chromatography (GPC) 

 

A Shimadzu gel permeation chromatography consist a set of LC-20AD pump, 

DGU-20A3 degasser, single Phenogel 5� m 104 Angstrom column which have effective 
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molecular weight 5,000-500,000 g/mol, RID-10A refractive index detector, CBM-20A 

controller, and CTO-20AC column oven, was used to determine the molecular weight of 

poly(pentafluorostyrene). The column temperature was set at 35oC, and 20 � L of polymer 

solution was injected through column, and mobile phase was N,N-dimethylformamide 

99.9% HPLC grade with a flow rate of 0.8 mL/min. Molecular weight averages and 

polydispersity index (Mw/Mn) of synthesized polymer was calculated against 

polystyrene standards by using LabSolutions software. A set of near monodisperse 

polystyrene standards purchased from Sigma Aldrich (certified by Scientific Polymer 

Product, Inc.) was used to generate calibration curve.  

 

 

2. 3. 4. Fourier transforms infra red (FTIR) spectroscopy 

 

The chemical bond of poly(pentafluorostyrene), grafted poly(pentafluorostyrene)–

iron particles, immobilized surface initiator iron particles, and uncoated iron particles was 

analyzed using Perkin-Elmer Spectrum 100 Fourier transforms infra red spectroscopy. 

Samples were dried in a vacuum oven at 60oC for 24 hours and stored in a desiccator 

prior to characterization. All samples were scanned from 4000 cm-1 – 400 cm-1 at room 

temperature with resolution of 4 cm-1. The samples were uniformly mixed with KBr 

powder at a weight ratio of 1:50, before mechanically pressing them to form moisture-

free KBr pellets.  
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2. 3. 5. Differential scanning calorimetry (DSC) 

 

Perkin-Elmer Pyris-1 DSC was used to characterize the thermal properties of 

poly(pentafluorostyrene) and the grafted poly(pentafluorostyrene)–iron. Two pans placed 

in the DSC, one containing the sample and the other holding a reference sample. The 

poly(pentafluorostyrene) and grafted poly(2-fluorostyrene)/iron particles were dried in a 

vacuum oven at 60oC for 24 hours and were stored in a desiccator prior to 

characterization. Small amount of sample were placed in the pan and scanned from 50oC 

to 250oC with a heating rate of 10oC/min under a high purity nitrogen purge with a 

volumetric flow rate of 20 ml/min. 

 

 

2. 3. 6. Thermogravimetric analysis (TGA) 

 

The thermal property of poly(pentafluorostyrene) and polystyrene was 

characterized using Perkin-Elmer STA6000 thermogravimetric analysis. Initially, the 

sample was held at temperature of 30oC for 5 minutes, followed by scanning the sample 

with rate of 10oC/min from 30oC to 800oC, and held at 800oC for 5 minutes. The analysis 

was performed on samples under nitrogen atmospheres with flow rate of 20 mL/min.  
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2. 3. 7. SEM-EDS 

 

The chemical analysis and surface morphologies of grafted 

poly(pentafluorostyrene)–iron particles was characterized using Hitachi S-4700 equipped 

with an Oxford EDS System. The samples were magnified from 800X to 35,000X at an 

accelerating potential of 20kV. EDS microanalysis was performed on the samples at 

magnifications ranging from 10,000X to 30,000X and an accelerating potential of 20kV. 

Prior to SEM characterization, the samples were prepared by placing surface grafted 

poly(pentafluorostyrene)–iron particles onto carbon tapes adhered to a round shape 

aluminum SEM sample holder. The mounted samples were subjected to thin layer 

coating of platinum using an argon plasma sputtering system. The platinum coating was 

done at an approximate rate of 25–30 nm/min with 85mA.  

 

 

2. 3. 8. TEM 

 

FEI Titan 80-300 TEM system that equipped with 80-300 Kv field emission 

electron source, 0.8 Angstrom resolution in TEM mode and 1.4 Angstrom STEM 

resolution, and bright field/dark field and high angle annular dark field (HAADF) STEM 

imaging capability was used to determine the polymer coating thickness. The polymer 

surface coated iron particles were dispersed in ethanol and drop casted on copper TEM 

grid.  
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3. Results and discussion 

 

3. 1. 1H nuclear magnetic resonance (NMR) spectroscopy 

 

NMR results for chain transfer agent (CTA) benzyl 4-methoxydithiobenzoate 

 

 The 1H NMR spectrum of a synthesized benzyl 4-methoxydithiobenzoate in 

DMSO-d6 after 10 hours reaction at 90oC, purification by passing through alumina 

column, and solvent (toluene) removal in vacuum oven is shown in Figure 6. The 

spectrum is recorded at room temperature. The hydrogen from methyl compound (CH3, 

#18) of stabilizing group is represented by chemical shift at 3.8ppm. The hydrogens from 

benzene ring of stabilizing and leaving groups are shown by multiple peaks at chemical 

shift at 7 – 7.5ppm. In addition, the hydrogen chemical shift from methyl group between 

leaving group and sulfur atom (CH2, #9) is shown by peak at 4.6ppm.    
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Figure 6 - 1H NMR spectrum of a synthesized benzyl 4-methoxydithiobenzoate in 

DMSO-d6. 

 

 

Consistency 1H NMR results for different ratio of [CTA] to [Monomer] 

  

The synthesis of poly(pentafluorostyrene) from the monomers was conducted in 

triplicate. Figure 7 (a), (b), and (c) shows the 1H NMR spectrum of chemicals involved in 

synthesis of poly(pentafluorostyrene), include: CTA, AIBN (initiator), and 

pentafluorostyrene monomer in DMSO-d6 before reaction. The chemical shift of the 

vinylic hydrogens from the monomer is shown by multiple peaks at 5.7ppm and 5.9ppm. 
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The chemical shift at 2.1ppm represents the hydrogen from methyl group of 1, 3, 5, 

trimethylbenzene which is used as reference to calculate the monomer conversion. From 

three 1H NMR spectra of the vinylic hydrogens from the monomer, it can be seen that the 

area is relative equal and consistent.  

 

 

Figure 7 (a) - 1H NMR spectrum of chemical in synthesis of poly(pentafluorostyrene) 

before reaction in DMSO-d6 for ratio of [CTA] to [Monomer] 1:13. 
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Figure 7 (b) - 1H NMR spectrum of chemical in synthesis of poly(pentafluorostyrene) 

before reaction in DMSO-d6 for ratio of [CTA] to [Monomer] 1:26. 

 

 

Figure 7 (c) - 1H NMR spectrum of chemical in synthesis of poly(pentafluorostyrene) 

before reaction in DMSO-d6 for ratio of [CTA] to [Monomer] 1:43. 
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1H NMR results for monomer conversion for different ratio of [CTA] to [Monomer] 

The RAFT polymerization of pentafluorostyrene is carried out at 85oC in a 

nitrogen environment showed a fast conversion at the initial reaction time. It can be seen 

by significant change area from 0 hours to the first hour of reaction. Figure 8 (a), (b), and 

(c)  show that the 1H NMR spectrum of the pentafluorostyrene monomer conversion can 

be monitored by decreasing the area of the vinylic hydrogens at chemical shift multiple 

peaks at 5.7ppm and 5.9ppm. In addition, the chemical shift at 1.3ppm for the 1st hours to 

24th hours of reaction time represents the hydrogen from methyl of single (CH2-CH2) 

bond of poly(pentafluorostyrene) backbone. By comparing the peak area at 5.7ppm and 

5.9ppm to peak area of methyl group of reference (1, 3, 5, trimethylbenzene) at chemical 

shift 2.1ppm, the monomer conversion can be determined.  

 

Figure 8 (a) – 1H NMR spectrum of monomer conversion in synthesis of 

poly(pentafluorostyrene) in DMSO-d6 for ratio of [CTA] to [Monomer] 1:13.  
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Figure 8 (b) – 1H NMR spectrum of monomer conversion in synthesis of 

poly(pentafluorostyrene) in DMSO-d6 for ratio of [CTA] to [Monomer] 1:26.  

 

 

Figure 8 (c) – 1H NMR spectrum of monomer conversion in synthesis of 

poly(pentafluorostyrene) in DMSO-d6 for ratio of [CTA] to [Monomer] 1:43.  
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Figure 9 shows the plot of pentafluorostyrene monomer conversion as function of 

reaction time (1, 2, 3, 4, 5, and 24 hours) at 85oC. For the 1st hours of polymerization, the 

formed CTA radicals amount increase by the CTA concentration, i.e: by comparing 

[CTA] to [Monomer] 1:13 and 1:26, the CTA concentration is 0.071 and 0.037, 

respectively. As a result, the monomer conversion  also increases by the amount of CTA 

concentration, i.e: by comparing [CTA] to [Monomer] 1:13 and 1:26, the conversion is 

69% and 52%, respectively. It can be seen that conversion of monomer at early reaction 

times increases abruptly. At the early stage of polymerization, the monomer conversion 

for ratio of [CTA] to [Monomer] 1:13, 1:26, and 1:43 are 69%, 52%, and 47%, 

respectively. The monomer conversion linearly increases from the 1st hour to the 5th hour. 

However, the monomer conversion for the ratio of [CTA] to [Monomer] 1:13 does not 

significantly change from the 3rd hour to the 24th hour because the monomer 

concentration is low. Also, the possibility of termination between the CTA radicals that 

formed occurs because of the high concentration of CTA.  

 

 

Figure 9 – The monomer conversion as function of reaction time in synthesis of 

poly(pentafluorostyrene) in DMSO-d6 for different ratio of [CTA] to [Monomer]. 
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 The RAFT polymerization provides significant advantage as a controlled radical 

polymerization because the monomer conversion is linear up to a certain time. Figure 10 

shows the plot of monomer concentration of pentafluorostyrene as a function of reaction 

time (1, 2, 3, 4, and 5 hours) at 85oC. The kinetic study of RAFT polymerization in this 

system is approached by using “irreversible unimolecular type first order kinetic 

reaction”. The empirical kinetic first order reaction constant is determined from the slope 

of linear regression. The integral method is utilized to analyze the kinetics of “simplified 

polymerization” rate equation by integrating and comparing the predicted monomer 

concentration as a function of reaction time with the experimental data. From the plot, it 

can be seen that the RAFT polymerization constant increases when the ratio of CTA to 

monomer concentration increases. The summary of the RAFT polymerization constant is 

listed in Table 1. The determination of RAFT polymerization constant (kRAFT) by curve 

fitting from experimental data is as follows [21]: 

 

PA

PolymerMonomer
RAFT

RAFT

k

k

�� ��

�� ��
 

 

The first-order rate equation, 

ARAFT
A

A Ck
dt

dC
r ����       (Eq. 1) 

Where: 
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-rA is polymerization rate of monomer A (Note: minus sign correspond to the 

disappearance of monomer A by the time). CA is concentration of monomer A at specific 

time. kRAFT is the “simplified RAFT” polymerization constant. 
dt

dCA�  is the 

concentration change of monomer A over the time.  

 

By rearranging and integrating Eq. 1, we obtain: 

Rearranging Eq.1: 

dtk
C
dC

Ck
dt

dC

RAFT
A

A

ARAFT
A

��

��
       (Eq. 2) 

 

Integrating Eq. 2:  

�� ��
t

RAFT

C

C A

A dtk
C
dCA

A 00

       (Eq. 3)  

 

By assuming the “simplified RAFT” polymerization constant is not changing respect to 

reaction time, Eq. 3 becomes: 
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t
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       (Eq. 4) 

 

After integration, Eq. 4 becomes: 
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or 
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By plotting 
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A
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C
C 0ln  versus reaction time (t) and applying regression, the “simplified 

RAFT” polymerization constant (kRAFT) can be determined from the slope as follows: 
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Figure 10 – Monomer concentration as function of reaction time in synthesis of 

poly(pentafluorostyrene) in DMSO-d6 for different ratio of [CTA] to [Monomer].  

 

Table 1 – The summary of RAFT polymerization constant for synthesis of 

poly(pentafluorostyrene) in DMSO-d6 for different ratio of [CTA] to [Monomer]. 

Ratio [CTA] to [Monomer] 
RAFT polymerization constant (kRAFT) 

(s-1) 

1:13 0.1821 

1:26 0.3763 

1:43 0.5045 
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19F NMR results for fluorine compound for different ratio of [CTA] to [Monomer] 

 

Figure 11 (a), (b), and (c) shows the 19F NMR spectrum of 

poly(pentafluorostyrene) in DMSO-d6 for different reaction time (1, 2, 3, 4, 5, and 24 

hours) and for different ratio of [CTA] to [Monomer] 1:13, 1:26, and 1:43 at 85oC. The 

chemical shift for fluorine atoms on the benzene ring are shown in the peaks at -144ppm 

(#9, #13), -156ppm (#11), and 163ppm (#10, #12). These chemical shifts on 19F NMR 

spectrum is one of evidences that poly(pentafluorostyrene) can be synthesized using 

RAFT polymerization. 

 

Figure 11 (a) – 19F NMR spectrum of synthesised of poly(pentafluorostyrene) in DMSO-

d6 for ratio of [CTA] to [Monomer] 1:13.  
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Figure 11 (b) – 19F NMR spectrum of synthesised of poly(pentafluorostyrene) in DMSO-

d6 for ratio of [CTA] to [Monomer] 1:26.  

 

 

Figure 11 (c) – 19F NMR spectrum of synthesised of poly(pentafluorostyrene) in DMSO-

d6 for ratio of [CTA] to [Monomer] 1:43.  
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3. 2. MALDI-MS of chain transfer agent (CTA) 

 

The synthesized CTA was characterized by measurement of its molecular weigh 

by using matrix assisted laser desorption ionization mass spectrometer. MALDI-MS uses 

a laser beam directed at the analyte/matrix spot on the sample plate. The energy from 

laser beam ionizes the analyte and matrix. The ionized analyte and matrix passes to the 

mass spectrometer for analysis. The calculated molecular weight of benzyl 4-

methoxydithiobenzoate (14 atoms hydrogen, 2 atoms sulfur, 15 atoms carbon, and 1 atom 

oxygen) is 274. The MALDI mass spectrogram shows the x-axis, molecular weight and 

the y-axis, intensity. Synthesis of benzyl 4-methoxydithiobenzoate was confirmed by a 

peak value of 275 on the MALDI mass spectrogram, which was close to the calculated 

molecular weight. In addition, the matrix � -Cyano-4-hydroxycinnamic acid molecular 

weight was also characterized. The calculated molecular weight matrix is 189 and the 

measured molecular weight of the matrix by MALDI was 190. The MALDI mass 

spectrogram for benzyl 4-methoxydithiobenzoate and the matrix � -Cyano-4-

hydroxycinnamic acid are shown in Figure 12 and Figure 13, respectively.      
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Figure 12 – MALDI mass spectrogram for benzyl 4-methoxydithiobenzoate. 

 

 

Figure 13 – MALDI mass spectrogram for matrix � -Cyano-4-hydroxycinnamic acid.  
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3. 3. Gel permeation chromatography (GPC) 

 

The GPC analysis shows that the polydispersity index (PDI) of 

poly(pentafluorostyrene) is narrow (Mw/Mn �  1.1) for different polymerization times for 

ratio of [CTA] to [Monomer] 1:26, and the weight average molecular weight (Mw) is in 

the range of 12,800 to 13,590. From this experiment, the molecular weight of polymers 

for different polymerization times increase, but not significantly. It is possible to be 

caused by polymer precipitation once the molecular weight of polymer reaches a certain 

value. For the polymerization which has a ratio of [CTA] to [Monomer] 1:26, it is 

suggested that the longer polymerization time only results in higher conversion and not a 

significant change in the molecular weight. The GPC chromatogram for elution time and 

molecular weight distribution of poly(pentafluorostyrene) for ratio of [CTA] to 

[Monomer] 1:26 is shown in Figure 14. The precipitated polymer in the NMR tube is 

shown in Figure 15. The summary of molecular weight and polydispersity index for 

different polymerization time with ratio of [CTA] to [Monomer] 1:26 is listed in Table 2. 
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Figure 14 – Elution time and molecular weight distribution of poly(pentafluorostyrene) 

for different polymerization time for ratio of [CTA] to [Monomer] 1:26. 
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Figure 15 – Polymerization in NMR tube for conversion determination and precipitated 

poly(pentafluorostyrene) on the bottom of tube for different polymerization time with 

ratio of [CTA] to [Monomer] 1:26. 

 

 

 

 

 

 

 



 264

Table 2 – Molecular weight of poly(pentafluorostyrene) for different polymerization time 

with ratio of [CTA] to [Monomer] 1:26. 

Reaction 

Time 

Number average polymer 

molecular weight (Mn) 

Weight average polymer 

molecular weight (Mw) 

Polydispersity 

index (PDI) 

1 11,650 12,800 1.10 

2 12,220 13,330 1.09 

3 12,140 13,350 1.10 

4 12,230 13,390 1.09 

5 12,380 13,550 1.09 

24 12,470 13,590 1.09 

 

 

 

3. 4. Fourier transforms infra red (FTIR) spectroscopy 

  

Figure 16 shows the comparison of FT-IR spectra of iron particles, immobilized 

surface initiator on the iron particles, chain transfer agent modified surface initiated iron 

particles, grafted poly(pentafluorostyrene)–iron particles, and poly(pentafluorostyrene). 

The peak at 3500 – 3400 cm-1 represents hydroxyl stretch [22, 23]. The peak shift at 2950 

– 2850 cm-1 [24] is caused by the C – H bond stretching and bending of the surface 

initiator. The double bond (C = C) stretch of the benzene ring of surface initiator, chain 

transfer agent, and poly(pentafluorostyrene) is shown in the range of 1650 – 1600 cm-1 

[22, 25, 26]. The O=S=O stretching vibrations bond, from the surface initiator is 
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represented by peaks at 1100 – 1250 cm-1 [22, 26–28]. In addition, the presence of C – F 

from grafted poly(pentafluorostyrene) and C – Cl from surface initiator are also 

confirmed by 800 – 600 cm-1, respectively [22, 24, 26]. It can be concluded that the 

poly(pentafluorostyrene) is successfully grafted on the surface of iron particles via RAFT 

and the polymer is covalently bonded on the surface through silanol group by comparing 

the four infrared spectra. 

 

 

Figure 16 – FTIR spectra of: (a) Fe, (b) Fe–CTCS, (c) Fe–CTCS–CTA, (d) Fe–CTCS–

CTA-poly(pentafluorostyrene), and (e) poly(pentafluorostyrene). 
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3. 5. Differential scanning calorimetry (DSC) 

 

Figure 17 shows DSC thermogram of non-grafted poly(pentafluorostyrene), and  

pristine iron and surface grafted poly(pentafluorostyrene)/iron particles. The synthesized 

poly(pentafluorostyrene) via RAFT has a thermal transition temperature of 94.5oC. This 

result is in agreement with the reported literature which thermal transition temperature of 

poly(pentafluorostyrene) was in the range of 90 – 105oC [14, 29]. From the assigned 

temperature scan range of 50 to 350oC, the pristine iron particles do not show a heat flow 

peak because the melting point is higher than 1000oC. However, the thermal transition of 

surface grafted poly(pentafluorostyrene)/iron particles is shown by heat flow peak, which 

is found to be 170.49oC. This temperature difference is resulted by higher energy that 

required to achieve the rubbery state of grafted polymer due to the mobility of grafted 

polymer is restricted by the silanol molecule which covalently bonded to the surface of 

the iron particles. 



 267

 

 

Figure 17 – DSC thermogram of: (a) non-grafted poly(pentafluorostyrene), and (b) 

pristine iron and surface grafted poly(pentafluorostyrene)/iron particles [30]. 
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3. 6. Thermogravimetric analysis (TGA) 

  

Figure 18 shows the thermal stabilities of polystyrene (MW = 17,500) and 

synthesized poly(pentafluorostyrene) as function of weight loss in the range of 50–700oC. 

The degradation curve of the poly(pentafluorostyrene) has same pattern as commercially 

available polystyrene. However, poly(pentafluorostyrene) exhibits higher thermal 

stability in the range of 30-40°C. This may caused by the difference in chemical structure 

of both polymers. The presence of a fluorine atom on the benzene ring may decrease the 

degradation rate because the C – F bond reduces the structures overall energy and the 

bond is chemically inert as compared with polystyrene [12, 13]. From the polystyrene 

and poly(pentafluorostyrene) TGA profiles, it can be seen that 5% mass loss (T5%) of 

polymers occurs at 344oC and 358oC, respectively. At approximate temperatures of 

407oC and 434oC shown,  the 50% residual weight (T50%) for polystyrene and 

poly(pentafluorostyrene) occurs. The 95% mass loss (T95%) of polystyrene and 

poly(pentafluorostyrene) occurs at temperature of 447oC and 484oC.   
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Figure 18 – TGA weight loss profiles of poly(pentafluorostyrene) and polystyrene. 

 

 

3. 7. SEM-EDS of surface coated iron particles 

 

A controlled radical polymerization, such asRAFT, has significant advantages as 

compared with the regular radical polymerization process because the polymer has 

uniform molecular weight [1, 2, 8, 31], unique architecture, and the polymer is covalently 

bonded through the surface initiator to the iron surface. In addition, it has been reported 

that polymer synthesis via RAFT commonly has a narrow polydispersity index [2, 8, 9, 

16, 31–33]. The grafted polymers are coated on the individual iron particles which is a 

feature of RAFT as a controlled living polymerization. Figure 19 shows SEM images 
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(top-right) of surface grafted poly(pentafluorostyrene) using the RAFT polymerization 

technique results in a uniform “hairy” like polymer architecture. In addition, the grafted 

poly(pentafluorostyrene) shows uniform thickness which was determined using TEM. RAFT 

polymerization results in grafted poly(pentafluorostyrene) thickness of about 80-100nm. The 

TEM images of non- and surface coated iron particles are shown in Figure 19 (bottom).   

 

The coated iron particles are expected to have similar magnetic saturation as 

pristine iron particles. Since the surface coated polymers are not magnetizeable material, 

the coating thickness needs to be controlled in order to minimize the effect on decreasing 

magnetic saturation. According reported literature [34], the magnetic saturation only 

decreased 5% as compared with pristine iron particles when the iron was subjected to 20 

wt.% polymer coating. In this work, the thickness of coating is in the nanometer scale 

with the mass percentage of polymer coating lower than previously reported [34]. So, the 

effect of coating on the magnetic saturation of iron particles may negligible. 
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Figure 19 – SEM and STEM images of (a) non-coated iron particle and (b) surface coated 

iron particle. 

 

 

Figure 20 shows the X-EDS spectrogram of pristine iron particles, immobilized 

surface initiator on the iron particles, chain transfer agent modified surface initiated iron 

particles, and grafted poly(pentafluorostyrene)–iron particles. X–EDS analysis is used   to 
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determine the presence of the surface initiator, chain transfer agent, and grafted 

poly(pentafluorostyrene) on the iron particles because of the limitation of X-EDS,  the 

electron beams are only able to penetrate a few nanometers in to the sample surface. The 

occurrence of surface grafting poly(pentafluorostyrene) on to iron particles via RAFT 

polymerization can also be supported by the greater number of carbon atoms from 

pristine iron particles to the grafted poly(pentafluorostyrene). The presence of surface 

grafted poly(pentafluorostyrene) on the iron surface is also supported by measurement of 

the weight fraction of iron particles before and after the surface grafting process. The 

weight fraction of iron is expected to be decreased after coating.  This means the iron 

particles are covered by the polymer coating. The weight percentage of each element for 

pristine iron particles, immobilized surface initiator on the iron particles, chain transfer 

agent modified surface initiated iron particles, and grafted poly(pentafluorostyrene)–iron 

particles from x-ray energy dispersive spectrograms is listed in Table 3. 
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Figure 20 – EDS spectrogram of: (a) Pristine Fe, (b) Fe–CTCS, (c) Fe–CTCS–CTA, and 

(d) Fe–CTCS–CTA–Poly(pentafluorostyrene). 

 

Table 3 – Element analysis from X-ray energy dispersive (X–EDS). 

Elemental 
Weight % 

Fe Fe–CTCS Fe–CTCS–CTA Fe–CTCS–CTA–Polymer 

Fe 99.08 88.88 81.81 66.28 

O 0.92 2.57 3.01 9.13 

C 0.00 8.00 14.88 22.70 

F 0.00 0.00 0.00 1.13 

Si 0.00 0.20 0.09 0.15 

S 0.00 0.14 0.21 0.61 

Total 100.00 100.00 100.00 100.00 
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4. Conclusion 

Reversible addition fragmentation chain transfer (RAFT) and 4-

methoxydithiobenzoate as RAFT chain transfer agent (CTA) is used as a tool to graft 

poly(pentafluorostyrene) onto iron particles. The grafted poly(pentafluorostyrene) shows 

a “hairy” like polymer architecture with thickness in the range of 80-100nm. The grafted 

poly(pentafluorostyrene)–iron particles showed a higher thermal transition temperature 

compared to non-grafted polymer because the covalent bond between the polymer 

backbone and the surface of the iron particles restricts the molecular mobility. The 

monomer conversion also increases with concentrationof CTA at early polymerization 

time. The molecular weight, the surface morphology, thickness, thermal properties, and 

monomer conversion of grafted polymer are reported. It is suggested that the longer 

polymerization time only results in higher conversion and not significant change in the 

molecular weight because the polymer precipitated once the molecular weight of the 

polymer reached a maximum  value. This thin coating is expected to maintain the 

magnetic saturation properties of iron particles. This work  provides the potential to 

create a super hydrophobic surface for medical and other fields, and magnetorheological 

fluids (MRF). 
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CHAPTER VII 

 

Surface Grafting of Poly(tetrafluoropropyl methacrylate) On The Iron 

Particles Via Reversible Addition Fragmentation Chain Transfer 

(RAFT) Polymerization and Click Chemistry for Magnetorheological 

Elastomer (MRE) 

 
Abstract 

The combination of reversible addition fragmentation chain transfer (RAFT) and 

click chemistry is successfully demonstrated for surface grafting poly(tetrafluoropropyl 

methacrylate) on iron particles. 3-benzylsulfanylthiocarbonylsufanyl propionic acid is 

synthesized and used as a chain transfer agent (CTA). CTA and iron particles are 

functionalized with alkyne and azide groups, respectively. The CTA molecular weight, 

surface morphology and thermal properties of grafted polymer are reported. From the 

electron microscopy results, the grafted poly(tetrafluoropropyl methacrylate) provides 

auniform thin coating. The grafted polymer–iron particles show a higher thermal 

transition temperature compared to non-grafted. The covalent bond between the polymer 

and the surface of the iron particles restricts the molecular mobility. The surface coated 

iron particles via click chemistry-RAFT are expected to provide a better interface 

between iron particles and polymer matrix for magnetorheological elastomer (MRE). 

Various types and shapes of MRE are fabricated and characterized. The MR effect of 

MRE achieves up to 90%. 

Keywords: RAFT, Click chemistry, Magnetorheological, Elastomer, Surface grafting. 
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1. Introduction 

Magnetorheological Elastomers (MRE) are one example of intelligent materials 

which are synthesized from a polymer matrix and magnetic particles. Similar to fiber-

reinforced composites, it is possible for MRE to have directional material properties. 

MREs are intelligent materials which are synthesized from a thermoset polymer and 

magnetic particles. Typically, the iron particles are mixed into a liquid-state elastomeric 

matrix. A magnetic field is applied to the liquid polymer in order to form chain or column 

structures during curing solidification. MRE has viscoelastic, magnetoresistive [1] 

properties which can be used for a passive–active isolator. This is possible because of the 

alignment of the magnetic particles in the polymer matrix. Chainlike magnetic particles 

are formed by the induced magnetic field. These chains are locked in place during 

chemical cross linking of the elastomer. In addition, changes in the magnetostrictive 

properties are controlled by varying the magnetic field. Chain-like magnetic particles 

provide a rapid time response of milliseconds [2]. 

 

The magnetostrictive effect of MRE is caused by changing the distance between 

magnetic particles in the elastomer matrix under the influence of an external magnetic 

field. The magnetostrictive effect includes stiffness change and dimensional change [3] in 

MRE. Under the influence of a magnetic field the MRE becomes stiffer due to decreased 

in distance between the magnetic particles. An example of the magnetostrictive effect is 

illustrated in Figure 1. Experimental and theoretical work has shown that the percentage 

increase of modulus for some MR elastomers with a rubber-like matrix is in the range of 
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30- 50%. Davis’s theoretical work showed that the increase in shear modulus for a typical 

elastomer could reach 50% of the zero-field modulus under an applied magnetic field [4]. 

However, recent progress in MRE materials has achieved more than 800% changes in 

stiffness [5] and over 8 MPa of modulus enhancements under a magnetic field of 1.0 

Telsa [6]. This phenomenon is suitable for the vibration isolator and damper application. 

 

 

Magnetic 
field

 

Figure 1 – Particles interaction in MRE when magnetic field is applied. 

 

The durability of MRE is excellent because the magnetic particles are held in 

place by the polymer matrix. The MRE provides stiffness control by adjustment of 

magnetic particles. Potential problems with MRE include: oxidation, stiffness, 

elastomeric hysteresis and durability. In this research, the optimum concentration of 

magnetic particles and plasticizer in MRE needs to be determined in order to fulfill the 

requirements.  

 

There are various approaches to fabricate MREs according to the composition and 

processing methods. Anisotropic MREs have been fabricated by Fuchs et al, and Carlson 

and Jolly [7, 8], while different methods to fabricate MREs have been reported by 

Lokander et al. [9] and Gong et al. [10]. Demchuk and Kuzaposmin investigated the 
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viscoelastic properties of a gelatin-based MRE and a formoplast-based MRE within a 

three-layered beam [11]. The different types of MRE applications have been investigated. 

Ginder et al. used MRE with carbonyl iron and natural rubber for automotive mounts [2]. 

Isotropic MRE using polyurethane / Si-rubber hybrid gave higher MR effect than pure 

polyurethane or Si-rubber matrix [12]. Tunable automotive bushings have been 

developed using MRE [13]. MRE has been used for tunable automotive bushings to 

increase vehicle handling, and to reduce vibration and noise [14, 15]. An adaptive 

stiffness isolator (VSI) based on MREs has been investigated by Deng et al [16]. When a 

magnetic field is applied, it was reported that a 147% change in natural frequency has 

been achieved. The fabrication and characterization of tuned vibration absorbers (TVAs) 

using MREs over a broad range of frequencies has been studied by Ginder et al [17]. The 

controllable modulus of MREs has been demonstrated for a wide range of frequencies, 

even for frequencies higher than 1KHz. The research and development of silicone gels 

containing iron particles for tunable engine mounts has been conducted by Toyota 

Central Research and Development Laboratory [18]. 

 

Magnetorheological elastomers (MRE) have been fabricated from cis – 

polybutadiene rubber with various concentrations of iron particles (60, 70, 80, and 85 

wt.%). The relationship between iron particles concentration in the matrix and MR effect 

was evaluated. It has been shown that MRE with a concentration of 70 wt.% iron 

particles has the highest MR effect for isotropic and non – isotropic MRE [19]. The 

optimum iron particles concentration in MRE has been modeled in order to achieve 

maximum MR effect [20]. The largest modulus change at saturation was at  27 vol.% iron 
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particles (approx. 75 wt.%). In addition, the effect of various iron particle concentrations 

(10, 20, 30, and 40 vol%) in silicone MRE has been investigated and shown that the MR 

effect was relatively constant between 30 vol.% and 40 vol.%. The maximum MR effect 

was at 30 vol% [21]. The effect of various iron particles concentration in polybutadiene – 

polyurethane MRE has been investigated. It has been shown that 60 wt.% gives optimum 

MR effect for polybutadiene – polyurethane MRE [7]. Therefore, the optimum iron 

concentration for any matrix can be approximated to be 60 - 75 wt.%. The potential 

elastomers for this application and their properties are listed in the Table 1. 

 

Table 1 – The summary of elastomer properties [1, 7, 22, 23]. 

Elastomer 
Temperature 

range 

Chemical stability 

(oil,  gasoline, and 

water) 

Weathering 

stability 

Base material 

price 

US$/lb. [23] 

Natural 

Rubber (NR) 

-50° F – 255° F P, P, & E P – F 1.65 – 1.71 

Styrene 

Butadiene 

(SBR) 

-50° F – 225° F P, P, & G – E F 0.88 – 1.46 

Ethylene 

Propylene 

(EPDM) 

-60° F – 350° F P, P, & E E 1.28 – 1.64 

Neoprene -50° F – 225° F F – G, F – G, & G V – G 1.92 – 3.00 

Nitrile -40° F – 275° F G – E, G – E, & G–E F – G 1.21 – 1.46 

Polyurethane -50° F – 250° F G – E, G – E, & G G – E 2.06 – 4.12 

Silicone -150° F – 550° F P – E, P – E, & G–E E 4.32 – 6.35 

Fluorocarbon -40° F – 450° F E, E, & G E 18.00 – 65.00 

Key: E=Excellent; VG=Very Good; G=Good; F=Fair; P=Poor 
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Polymer grafted/inorganic substrate is expected to have better performance than 

bare surface. Many controlled radical polymerizations have been studied for surface 

grafting polymers onto inorganic substrates, include ring opening polymerization (ROP) 

[24–26], atom transfer radical polymerization (ATRP) [27–29], and reversible addition 

fragmentation chain transfer (RAFT) [30, 31]. Surface coated poly(2-fluorostyrene) onto 

iron particles via ATRP for MRE and magnetorheological fluid (MRF) has been 

investigated by Fuchs et al. [27, 29]. The incorporation of surface coated iron particles 

resulted in better properties of MRF and MRE, in terms of redispersibility of iron 

particles in MRF suspension and consistency of MRE before and after oxidation [27, 29].  

RAFT is one of the controlled radical polymerization techniques that offers advantages, 

such as: narrow polymer molecular weight distribution, well defined building blocks, end 

functionalities, chain architecture, compostion, and controlled molecular weight [32–34]. 

The applications of RAFT for grafting the polymers, include surface polymerization of 

poly(methyl methacrylate) (PMMA) on flat silicon substrates [30]. This polymerization 

resulted in covalently bonded PMMA to the silicon surface, polymer coating up to 15.3 

nm has been achieved, and the polymers have polydispersity index (PDI) was in the 

range of 1.06 �  PDI �  1.18.  

 

The combination of RAFT and click chemistry reactions for surface 

polymerization has been studied [31]. In general, the substrate should be functionalized 

using azide, and the tandem molecule is functionalized using alkyne group in order to 

react through click chemistry. Basically, copper (II) sulfate is reduced in the presence of 



 285

sodium ascorbate which becomes Cu(I), denoted as [LnCu]+. In click chemistry, the 

ligand (Ln) can be the solvent, such as acetonitrile, and water [35]. Then, the reduced 

copper/ligand reacts with alkyne group and this is followed by interaction with nitrogen 

from azide group. Finally, the reaction between the alkyne and azide functional groups 

yields a ring closed triazole group. The click chemistry mechanism is shown in Figure 2.   
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Figure 2 – Click chemistry mechanism [35]. 

 

In the present work, we describe the combination of reversible addition 

fragmentation chain transfer (RAFT) and click chemistry for surface grafting 

poly(tetrafluoropropyl methacrylate) on the iron particles. 3-
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benzylsulfanylthiocarbonylsufanyl propionic acid was used as a chain transfer agent. The 

CTA molecular weight, surface morphology and thermal properties of grafted polymer 

are reported. From the electron microscopy results, the grafted poly(tetrafluoropropyl 

methacrylate) provides a uniform thin coating. The surface coated iron particles via click 

chemistry-RAFT are expected to provide better interface between iron particles and 

polymer matrix for magnetorheological elastomer (MRE). Various types and shapes of 

MRE have been fabricated and characterized. 
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2. Experimental 

 

2. 1. Materials 

 

Silicone RTV615 A and B (GE Silicones), GT 5090 silicone (GT Products, Inc.), 

silicone QM107A and B (Quantum Silicones), silicone QM113A and B (Quantum 

Silicones), carbonyl iron powder CN (3-7 microns, BASF), ethanol (AAPER), methanol 

(Aldrich), 2,2,3,3-tetrafluoropropyl methacrylate (Aldrich), 2-4(-chlorosulfonylphenyl) 

ethyltrichlorosilane (CTCS, Gelest Inc.), Toluene (Aldrich), 2,2’-Azobis(2-

methylpropionitrile) (AIBN, Aldrich), mercapto propionic acid (Aldrich), potassium 

hydroxide (Aldrich), carbon disulfide (Aldrich), benzyl bromide (Aldrich), hydrochloric 

acid (Aldrich), chloroform (Aldrich), sodium carbonate (Aldrich), magnesium sulfate 

(Aldrich), ethyl acetate (Aldrich), propargyl alcohol (Aldrich), hexane (Aldrich), 4-(N,N-

dimethylamino)pyridine (DMAP, Aldrich), Dichloromethane (Aldrich), N-(3-

(Dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (EDC, Aldrich), sodium 

azide (Aldrich), dimethylformamide (DMF, Aldrich), dimethylacetamide (DMAc, 

Aldrich), alumina basic (Dynamic Adsorbents Inc.), copper sulfate (CuSO4, Aldrich), 

sodium ascorbate (Aldrich). AIBN was purified by recrystallization three times from 

methanol. Tetrafluoropropyl methacrylate was purified by passing through a 

chromatography column with basic alumina.  
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2. 2. Synthesis 

 

2. 2. 1. Synthesis of 3-Benzylsulfanylthiocarbonylsufanyl-propionic Acid as Chain 

Transfer Agent (CTA). 

 

CTA was synthesized according to the reported literature [36], in brief: mercapto 

propionic acid (4ml, 0.046 mol) was added to a solution of potassium hydroxide (5.2g, 

0.092 mol of KOH and 50mL water) to a reaction flask in a glove box. The reaction flask 

was transferred to fume hood. Then carbon disulfide (6ml) was added in drop-wise and 

stirred for 5 hours under nitrogen purge with a condenser, and resulted in orange-colored 

solution.  Benzyl bromide (7.92g, 0.046 mol) was added to the solution and heated to 

80oC with a temperature controller for 12 hours.  Temperature was kept under 90oC to 

prevent loss of solvent.  The mixture was cooled to room temperature, chloroform (60ml) 

was added, and followed by adding hydrochloric acid until the organic layer becomes 

yellow.  The water phase was extracted using chloroform (2x20ml), then the organic 

layer was washed using a solution of sodium carbonate in water (2x20ml).  The organic 

solution was dried over anhydrous magnesium sulfate. After evaporating the solvent, the 

product was purified by passing it through a gel chromatography column with a 3:1 

hexane, ethyl acetate mixture as the eluent, resulted in a yellow powder. The mechanism 

of CTA reaction is shown in Figure 3. 
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Figure 3 – The reaction mechanism of CTA synthesis. Note:  The mechanism has been 

drawn by Arianna Rosen with assistance from Robert Fyda (UNR Chemical Engineering 

undergraduate student). 
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2. 2. 2. Modification of CTA with Alkyne Group 

The chain transfer agent was modified according to reported literature [37], in 

brief: CTA (0.93 grams), DMAP (0.50 grams), EDC (0.8 grams), and 10 mL of 

dichloromethane to a flat bottom flask. Then, the mixture was purged with nitrogen. 0.8g 

EDC was added to the flask and stirred until all solids were dissolved. 0.5 ml propargyl 

alcohol was added to the flask. The mixture was reacted at 25oC and stirred for 18.5 

hours under nitrogen environment. The resulting CTA was washed using a saturated 

solution of brine, acidic water (0.1 N HCl), and water, consecutively. The modified CTA 

was then dried in a vacuum at 50oC for 24 hours prior further use. The mechanism of 

alkyne terminated CTA modification is shown in Figure 4. 
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Figure 4 –The mechanism of alkyne terminated CTA modification. Note:  The 

mechanism has been drawn by Robert Fyda (UNR Chemical Engineering undergraduate 

student). 
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2. 2. 3. Immobilization of Surface Initiator on Iron Particles [29]. 

 

Initially, 500 grams iron particles were washed using distilled water and ethanol, 

consecutively. Then, the mixture was mechanically stirred for 15 minutes and filtered. 

Finally, iron particles were dried in vacuum oven at 50oC for 24 hours. Then, 200 grams 

dried iron particles were added in to three neck flask. Then, 3 grams (8.88 mmol) CTCS 

was added into the flask and followed by adding 125 mL anhydrous toluene as solvent. 

The mixture was reacted at 85oC and stirred for 24 hours under nitrogen environment. 

The product was filtered and washed several times using toluene, and dried in vacuum 

oven at 50oC for 24 hours prior to use. The reaction scheme of immobilization of surface 

initiator on the iron particles is shown in Figure 5.  
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Figure 5 – Immobilization of surface initiator on the surface of iron particles [29]. 
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2. 2. 4. Modification of Surface Initiated Iron Particles with Sodium Azide [37]. 

 

 5 grams of surface initiated iron particles was added into the first three-neck flask 

and followed by adding sodium azide (2 grams), and DMF (100mL). Then, the flask was 

purged with nitrogen and heated up to 85oC for 18 hours. The product was filtered and 

washed several times to remove impurities using toluene, and dried in vacuum oven at 

50oC for 24 hours prior to use. The mechanism of azide modification of surface initiated 

particles is shown in Figure 6. 
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Figure 6 – Modification of surface initiated iron particles with sodium azide. 

 

 

2. 2. 5. RAFT Polymerization of Tetrafluoropropyl Methacrylate  

 

Initially, tetrafluoropropyl methacrylate monomer (6 grams) was purified by 

passing through a chromatography column packed with basic alumina (0.5 gram) prior to 

polymerization and DMAc (50 mL) was used as eluent. The purified monomer was 

collected and poured into a three-neck flask (reactor). The modified CTA (0.09 grams), 

and AIBN (0.01 grams) were added into reactor. The mixture was mechanically stirred 

and reacted at 85oC for 24 hours under nitrogen. The polymer was isolated, washed using 
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a cold mixture of 80/20 volume ratio of methanol. The white solid polymer washed with 

methanol mixture several times, and dried in a vacuum oven at 50oC for 24 hours. 

Polymerization mechanism is shown in Figure 7.  
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Figure 7 – Polymerization mechanism of poly(tetrafluoropropyl methacrylate) via RAFT. 

 

2. 2. 6. Click Reaction for Alkyne Terminated Polymer and Azide Functionalized 

Iron Particle. 

 

0.5 grams of azide modified iron particles was added into a glass vial and 

followed by adding poly(tetrafluoropropyl methacrylate) (0.5 grams) CuSO4 (6.65 mg), 

sodium ascorbate (241 mg) and DMF (2 mL). The mixture was sonicated for 5 minutes 

and continuously stirred in oil bath at 70°C for 18 hours. The conjugated 
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poly(tetrafluoropropyl methacrylate)/iron particles was filtered, and washed using DMF 

several times with toluene consecutively. Then, the poly(tetrafluoropropyl methacrylate) 

coated iron particles were dried in a vacuum oven at 50oC for 24 hours. The click 

mechanism of poly(tetrafluoropropyl methacrylate) to sodium azide modified iron 

particle is shown in Figure 8. 
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Figure 8 – The conjugation mechanism of poly(tetrafluoropropyl methacrylate) to sodium 

azide modified iron particle via click chemistry. 
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2. 2. 7. MRE Fabrication 

 

 Several types of MRE have been fabricated according to the requirement of each 

prototype. The fabricated MRE is prepared as follows: 

MRE Type 1: Plasticized Silicone–RTV MRE (70 wt.% Fe) – GE Silicone 

Silicone elastomer was fabricated from the reaction of vinylmethylpolysiloxane 

(A) and methylhydrogenpolysiloxane (B). The reaction scheme of silicone elastomer is 

shown in Figure 9. Two components (10:1 ratio by weight) were mixed, and various 

amounts of silicone oil wer added and mixed using a high speed mixer for 5 minutes. Iron 

particles were added at concentration of 70 wt. % and mixed completely. The pre-cured 

polymer was degassed at 25 in Hg vacuum to remove the bubbles and cured under 

magnetic field for 24 hours and demolded. Synthesized round shape MRE has dimension 

6 cm in diameter and 1.27 cm thick. The fabricated MRE Type 1 is shown in Figure 10. 

The composition of four synthesized silicone – MREs is listed in Table 2.  
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Figure 9 – Reaction schematic of silicone elastomer [1]. 

 

 

 

Figure 10 - Fabricated silicone MRE Type 1. 
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Table 2 – Silicone–MRE sample composition. 

Sample 

Composition  

Component A  

 

Component B  

 

Silicone oil  

 

Iron particles  

 

Type 1 

(non-plasticized) 

31.50 3.15 0.00 80.85 

Type 2 

(10 wt.% plasticizer) 

22.00 2.00 11.00 77.00 

Type 3 

(12.5 wt.% plasticizer) 

18.00 1.80 14.14 79.20 

Type 4 

(15 wt.% plasticizer) 

20.00 2.00 22.00 102.67 

Type 5 

(16 wt.% plasticizer) 

35.00 3.50 44.00 192.50 

 

 

MRE Type 2: Non plasticized Silicone–RTV MRE (70 wt.% Fe) – GT Product    

 

The GT 5090 silicone from GT Products, Inc., contains methylpolysiloxanes 

(MPS). This type of silicone matrix provides low hardness, low viscosity, and high tear 

strength [38]. The thirty two round shaped MRE’s were fabricated by mixing two 

components (silicone base and catalyst) with a weight ratio of 10 to 1. The mixture was 

mixed using a high speed mixer for 5 minutes. Then, iron particles were added at a 

concentration of 70 wt. % and mixed completely. The pre-cured polymer was degassed at 

25 in Hg vacuum to remove the bubbles. After degassing, the elastomer was cured under 

elevated temperature at 70–75oC for 5 hours in the presence of a magnetic field. The 
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curing process was then continued without magnetic field for additional 24 hours at 70–

75oC in the oven and demolded. The fabricated MRE sample composition is listed in 

Table 3 and the elastomers are shown in Figure 11. 

 

Table 3 – Silicone MRE sample weight percent composition. 

 Composition 

Component A 27.3% 

Component B 2.7% 

Iron Particles 70% 

Shape Round 

 

 

 

Figure 11 – Fabricated silicone MRE Type 2.  
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MRE Type 3: Silicone MRE (80 wt.% iron) and rubber support – Quantum Silicone 

 

Silicone MRE was synthesized using: QM107A and QM107A (hardness 7 

durometer). The two components were mixed at a weight ratio 10:1 and mixed with a 

high speed mixer for 5 – 10 minutes. Iron particles were added at 80 wt%, mixed 

completely, and poured into the mold. Then, the pre-cured polymer was degassed at 25in 

Hg vacuum for 30 minutes to remove the bubbles, and cured under 1 Tesla magnetic flux 

density for 5 hours at 70 oC for aligned MRE. The curing process was then continued in 

the oven at 70 oC overnight and demolded. For non-aligned iron particles, bubble free 

pre-cured polymer was cured in the oven at 70 oC overnight. Rubber support was 

fabricated from a mixture of QM 113A and QM 113B. The two components were mixed 

at a weight ratio of 10:1 and mixed with a high speed mixer for 5 – 10 minutes and 

poured into the mold. Then, the pre-cured polymer was degassed at 25in Hg vacuum for 

30 minutes to remove the bubbles, and cured in the oven at 70 oC for 24 hours and 

demolded. The fabricated silicone MRE Type 3 and rubber support is shown in Figure 

12. 
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Figure 12 – Fabricated silicone MRE Type 3 (left) and rubber support (right). 
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2. 3. Characterization 

 

2. 3. 1. 1H nuclear magnetic resonance (NMR) spectroscopy 

 

1H nuclear magnetic resonance spectroscopy was used to determine the 

synthesized RAFT-CTA, conversion of monomer, and confirm polymerization after 24 

hours. The NMR spectrum was recorded using Agilent NMR 400 (1H at 400 MHz) in 

DMSO-d6 at 25oC.  

 

 

2. 3. 2. Matrix assisted laser desorption ionization-mass spectrometry (MALDI-MS) 

 

Matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) from 

Applied Biosystems 4700 Proteomics Analyzer equipped with linear and reflector modes 

was used to measure the absolute molecular weight of the synthesized CTA. The CTA 

was mixed with cyano-4-hydroxycinnamic acid as a matrix and silver trifluoroacetate 

(AgTFA) and spotted on the MALDI plate prior to characterization. 

 

 

2. 3. 3. Differential scanning calorimetry (DSC) 

 

Perkin-Elmer Pyris-1 DSC was used to characterize the thermal properties of 

poly(tetrafluoropropyl methacrylate) and the grafted poly(tetrafluoropropyl 
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methacrylate)–iron. Two pans placed in the DSC, one containing the sample and the 

other holding a reference sample. The poly(tetrafluoropropyl methacrylate) and grafted 

poly(tetrafluoropropyl methacrylate)/iron particles were dried in a vacuum oven at 60oC 

for 24 hours and were stored in a desiccator prior to characterization. Small amount of 

sample were placed in the pan and scanned from 50oC to 250oC with a heating rate of 

10oC/min under a high purity nitrogen purge with a volumetric flow rate of 20 ml/min. 

 

 

2. 3. 4. Scanning Electron Microscopy (SEM) 

 

The chemical analysis and surface morphologies of grafted poly(tetrafluoropropyl 

methacrylate)–iron particles was characterized using Hitachi S-4700 equipped with an 

Oxford EDS System. The samples were magnified from 800X to 35,000X at an 

accelerating potential of 20kV. Prior to SEM characterization, the samples were prepared 

by placing substances onto carbon tapes adhered to a round shape aluminum SEM sample 

holder. The mounted samples were subjected to thin layer coating of platinum using an 

argon plasma sputtering system. The platinum coating was done at an approximate rate of 

25–30 nm/min with 85mA. In the case of MRE sample, the MRE was frozen with liquid 

nitrogen prior to sample cutting.  
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2. 3. 5. Instron 

 

The MR effect of the prototype for MRE device was determined by using 

mechanical instrumentation (Instron). The response of MR elastomers in terms of 

displacement was recorded when force was applied. Then, forces were placed on the MR 

elastomer through the piston by the material testing instrument. The strain was set to 30% 

and recorded by data acquisition system through the linear variable differential 

transformer (LVDT) that was connected to the computer system and test fixture. The 

force – displacement test set up is shown by Figure 13.  

 

 

Figure 13 – Instron test setup. 
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3. Results and discussion 

 

3. 1. 1H nuclear magnetic resonance (NMR) spectroscopy 

 

Figure 14 shows the 1H NMR spectrum of a synthesized 3-

benzylsulfanylthiocarbonylsufanyl propionic acid in DMSO-d6 after 12 hours reaction at 

80oC, and purification. The spectrum is recorded at room temperature. The hydrogen 

from the methyl compound (CH2, #1) between benzene and the sulfur compound is 

represented by chemical shift at 4.6ppm. The hydrogens from benzene ring of leaving 

group are shown by multiple peaks at a chemical shift of 7–7.3ppm. In addition, the 

hydrogen chemical shift from the methyl group between carboxylic acid group and the 

sulfur atom (CH2, #6 and #7) is shown by multiple peaks at 2.4–2.8 ppm. From the NMR 

spectrum, there are unidentified peaks which are associated with the presence of 

impurities.  
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Figure 14 – 1H NMR spectrum of 3-benzylsulfanylthiocarbonylsufanyl-propionic acid. 

 

Figure 15 shows the 1H NMR spectrum of alkyne terminated 3-

benzylsulfanylthiocarbonylsufanyl propionic acid in DMSO-d6 after 18.5 hours reaction 

at 85oC, and purification. The hydrogen chemical shift from the methyl group of alkyne 

group (CH, #17) is shown by peak at 3.6 ppm. The hydrogens from benzene ring of 

leaving group are shown by multiple peaks at chemical shift at 7–7.3ppm. In addition, the 

hydrogen from methyl compound (CH2, #7) between benzene and sulfur compound is 

represented by chemical shift at 4.6ppm.  
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Figure 15 – 1H NMR spectrum of alkyne terminated 3-benzylsulfanylthiocarbonylsufanyl 

propionic acid. 

 

Figure 16 shows 1H NMR spectrum of synthesized poly(tetrafluoropropyl 

methacrylate). The broad peak at about 3.8–4.1ppm represent methyl group (#9) from 

vinyl conversion on the main chain of polymer. The hydrogen chemical shift from methyl 

group of alkyne group (CH, #19) is shown by peak at 3.3 ppm. The hydrogen from single 

methyl (CH3, #9) on the repeat unit is represented by a broad peak at 1.3–1.7ppm. The 

multiple peaks at 5.9–6.3ppm associated with hydrogen from end group of monomer 

(CHF2, #30). The several peaks are represented unknown compound in the sample. The 

polymer purification needs to be improved.   In addition, the presence of fluorine atoms 
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of synthesized poly(tetrafluoropropyl methacrylate) functional group is identifed by 19F 

NMR spectrum. The signal peaks at -124.3ppm (#25, #29) and -138.6ppm (#31, #32) 

represent fluorine atoms of the CF2 groups. 19F NMR spectrum of poly(tetrafluoropropyl 

methacrylate) is shown in Figure 17. 1H and 19F NMR spectrum is one of evidences that 

poly(tetrafluoropropyl methacrylate) has been successfully alkyne functionalized and 

polymerized using RAFT. 

 

 

 

Figure 16 – 1H NMR spectrum of poly(tetrafluoropropyl methacrylate). 
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Figure 17 – 19F NMR spectrum of poly(tetrafluoropropyl methacrylate). 

 

 

3. 2. Matrix assisted laser desorption ionization-mass spectrometry (MALDI-MS) 

 

The synthesized CTA and alkyne modified CTA has been characterized using 

MALDI-MS in order to determine the molecular weight. The combination of matrix and 

cation agent must be properly chosen for sample analysis. In the case of CTA, dithranol 

was used as a matrix and silver trifluoroacetate (AgTFA) was used as a cation agent. But, 

alkyne modified CTA was dispersed with � -Cyano-4-hydroxycinnamic acid and similar 

cation agent as CTA. Figure 18 shows the peak of molecular mass of 273 from CTA. It is 
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slightly off from calculated molecular weight which has value 272 (12 atoms hydrogen, 3 

atoms sulfur, 11 atoms carbon, and 2 atoms oxygen). In addition, the molecular weight of 

alkyne modified CTA was also characterized with MALDI-MS. From the mass spectrum 

in Figure 19, it can be seen that molecular weight of alkyne modified CTA is 311. The 

calculated molecular weight is 310 (14 atoms hydrogen, 3 atoms sulfur, 14 atoms carbon, 

and 2 atoms oxygen). 

  

 

Figure 18 – MALDI mass spectrogram for 3-benzylsulfanylthiocarbonylsufanyl-

propionic acid. 
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Figure 19 – MALDI mass spectrogram for alkyne terminated 3-

benzylsulfanylthiocarbonylsufanyl propionic acid. 

 

 

3. 3. Differential scanning calorimetry (DSC) 

 

DSC thermogram of non-grafted poly(tetrafluoropropyl methacrylate), and  

surface grafted poly(tetrafluoropropyl methacrylate)/iron particles are shown in Figure 20 

(a) and Figure 20 (b), respectively. The synthesized poly(tetrafluoropropyl methacrylate) 

via RAFT has thermal transition temperature of 82.3oC. This result is slightly higher than 

the reported literature which is ~70oC [39, 40]. However, the thermal transition of surface 

grafted poly(tetrafluoropropyl methacrylate)/iron particles is found to be  134.8oC. The 

limited mobility of grafted polymer is restricted by the covalently bonded silanol 
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molecule to the surface of the iron particles may cause temperature difference. It requires 

higher energy to achieve the rubbery state [41]. 

 

Figure 20 (a) – DSC thermogram of non-grafted poly(tetrafluoropropyl methacrylate). 

 

 

 

Figure 20 (b) – DSC thermogram of surface grafted poly(tetrafluoropropyl 

methacrylate)/iron particles. 
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3. 4. Scanning Electron Microscopy 

The magnetic saturation of iron particles is important for MRE and MRF 

applications. The improvement properties of iron particles without affecting magnetic 

saturation are great advantage. It can be achieved with polymer thin coating [29, 42] 

because surface coated polymers are not magnetizeable materials. Choi et. al. reported 

that 20 wt.% polymer coating on the iron particles surface decreased the magnetic 

saturation about 5% in compared with pristine iron particles [42]. From the SEM image, 

the effect of coating to the magnetic saturation of iron particles may negligible because it 

can be seen that the thickness of coating is in nanometer scale which mass percentage of 

polymer coating is lower than previously reported [42]. RAFT offers advantages include 

a narrow polydispersity index which means polymer has uniform molecular weight [27, 

30, 31, 34, 43–46], polymer can be covalently bonded to the substrate. Figure 21 (right) 

shows thin and uniform grafted polymers are on the single iron particle which is a feature 

of RAFT as a controlled living polymerization. The TEM images of non- and surface 

coated iron particles are shown in Figure 21.   

 

Figure 21 – SEM images of (a) non-coated iron particle, and (b) surface coated iron 

particle. 
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3. 5. Instron 

 

MRE Type 1 and Type 2 are aimed to provide an adaptable, flexible, and rapidly 

reconfigurable controllable shock absorber system for underwater launched weapon 

systems. The distribution of iron particles within MRE was imaged using optical and 

electron microscopy. The applied magnetic field during curing process of MRE 

fabrication yields ordered iron particles in shape of chain – like structure (anisotropic 

MRE). On the other hand, the regular curing process, without applying magnetic field, of 

MRE yield non – oriented (isotropic MRE) iron particle (>10 wt.%) within MRE has 

been imaged by [7]. The iron particles are randomly distributed within MRE. The cross 

sectional of anisotropic MRE images that captured using SEM are shown in Figure 22.  

 

��

 

Figure 22 – The optical microscopy (left) and electron microscopy (right) picture of iron 

particles alignment. 
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Literature studies regarding the incorporation of silicone oil in elastomer system 

have been conducted. Hybrid electric elastomer, reported in the literature, has been 

synthesized from silicone rubber, starch, and silicone oil. The effect of starch particles, 

silicone oil, and silicone rubber content on the elastic modulus has been investigated. The 

synthesis of hybrid electric elastomer consists of two steps; initially the immersion of 

starch particles into silicone oil and followed by mixing with silicone rubber component 

until uniform mixture was yielded. As a result, the silicone oil helped the alignment of 

starch particle more effectively under electric field and it has been shown that no phase 

separation can be seen in the mixture after curing process [47].      

    

The use of silicone oil as a process aid (plasticizer) for silicone elastomer has 

been investigated. Silicone oil was used to improve the processability, permit higher filler 

loadings, lower durometer, improve tear and wear resistance, and improve low 

temperature properties [48]. Silicone oil has been used for fabrication of heat stabilized 

silicone elastomers which will be used as fuser members for electrostatographic 

reproducing apparatus [49]. The roller for fixing electrophotographic toner images has 

been fabricated from silicone rubber and silicone oil has been added to achieve desired 

hardness. The silicone rubber hardness and tensile strength as function of silicone oil 

content has been investigated [50]. The graph of silicone rubber hardness and tensile 

strength as function of silicone oil content is shown in Figure 23.  

  

MRE samples for prototypes with various shape and composition have been 

fabricated to fulfill the stiffness requirement. The MRE for prototype I and III have been 
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fabricated from plasticized silicone MRE with similar composition as previous design (20 

wt.% of silicone oil) but it has smaller area. Softer silicone MRE (16 wt.% silicone oil) 

has been fabricated for prototype II and it was expected to get higher MR effect than 

previous sample (12.5 wt.% silicone oil). In addition, round shape MRE samples with 

12.5 wt.% silicone oil have been fabricated for oxidation and chemical stability test.     

 

 

Figure 23 – The graph of silicone rubber hardness and tensile strength as function of 

silicone oil [adapted from 50]. 

 

In order to determine the optimum amount of plasticizer to match the expected 

MREs off-state modulus, several plasticized silicone–RTV MREs with 70 wt.% iron 

particle have been fabricated. The graph of silicone–RTV MREs Young’s modulus at off-

state as a function of plasticizer content is shown in Figure 24. The presence of 
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methylpolysiloxanes in the silicone matrix was evaluated. MRE Type 2 has been used to 

replace the plasticized silicone MRE Type 1 because of possibility leaching out of 

plasticizer (silicone oil). However, the base polymer of MRE Type 2 contained 

methylpolysiloxanes (MPS) during manufacture process. MPS may provide a similar role 

as polydimethylsiloxane (silicone oil) which is a plasticizer. So, leaching test is 

conducted to evaluate the sample stability. Three pieces of cylindrical silicone MRE were 

tested by sandwiching both samples between two large steel blocks and compressed 

under a 15% strain. In addition, weighing paper was placed below and on top of each 

sample in order to protect the samples from the testing apparatus. The leach test setup is 

shown in Figure 25.  
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Figure 24 – Silicone–RTV MREs (70 wt.% Fe) Young’s modulus at off-state as function 

of plasticizer content. 
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Figure 25 - Leaching test setup with 15% strain. 

 

Each MRE sample was weighed before and after the compression test to 

determine the silicone oil leaching. The amount of silicone oil leached out of the MRE 

was determined from the following formula: 

%100
m

m - m
  (%) MPS

i MRE

f MREi MRE
outleach x�  

Where MPSleachout is the mass of methylpolysiloxanes to escape from MRE, mMREi is 

initial mass of MRE before compression test, and mMREf is initial mass of MRE after the 

compression test. The normalized percentage weight change of silicone MRE during the 

leaching test with 15% compression strain is shown in Figure 26. The leaching test 

showed that the weight of silicone MRE has decreased slightly, by 0.40±0.08 %. There 
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are two possibilities which are associated with this phenomenon; 1) some MPS has 

leached out, or 2) the reaction of two the silicone matrix components were incompleted. 

Therefore a small fraction of silicone was uncured, remained as a liquid, and leached out 

of the system, and was absorbed by the weighing papers. 

 

99.50

99.55

99.60

99.65

99.70

99.75

99.80

99.85

99.90

99.95

100.00

0 5 10 15 20 25 30 35

N
or
m
al
iz
ed
 M
R
E
 w
ei
gh
t (
%
)

Days nth
 

Figure 26 – Normalized weight change of silicone MRE during leaching test. 

 

 The prototype of MRE Type 1 has been built and tested for the MR effect. The 

MR effect is generated by applying a magnetic field that is related to the supplied current, 

it is varied from 0A, 1A, 2A, 3A, 4A, and 5A, and measured in terms of force / 

displacement. From force and displacement data, the stiffness of prototype can be 

calculated and converted into Young’s modulus. Figure 27 shows prototype of MRE 
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Type 1 with silicone oil content up to 16 wt.%. The MR effect as function of supplied 

current is shown in Figure 28. From the plot in Figure 28, it can be seen that MR effect 

achieves 90% activation from 0A to 5A supplied current. However, the magnetic 

properties of prototype achieved saturation point at 4A supplied current. So, the MR 

activation of prototype does not improve any further when current is added into coil and 

it only waste the energy and it may decrease the prototype lifetime because of 

overheating.  

 

 

Figure 27 – Prototype of MRE Type 1 device (16 wt.% silicone oil). 
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Figure 28 – MR effect from prototype of MRE Type 1 device (16 wt.% silicone oil). 

 

The MRE Type 3 consists of rubber support and MRE sandwiched in steel shim 

and equipped with coils. It is aimed to provide variable stiffness and damping isolator 

(VSDI). The main application of this system is to prevent or reduce the damage of 

structural building (e.g. sky tower and bridge) from earthquake. The prototype of MRE 

Type 3 has been built and investigated by mechanical engineering group. The MR effect 

is generated by applying a magnetic field that is related to the supplied current, it is 

varied from 0A, 1A, 2A, 3A, 4A, and 5A, and measured using shake table. Figure 29 

shows prototype of MRE Type 3. The mechanical test results for this prototype may be 

presented by mechanical engineering group.   
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Figure 29 – Prototype of MRE Type 3 for variable stiffness and damping isolator. 
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4. Conclusion 

The combination of reversible addition fragmentation chain transfer (RAFT) and 

click chemistry has beendemonstrated for surface grafting poly(tetrafluoropropyl 

methacrylate) on the iron particles. 3-benzylsulfanylthiocarbonylsufanyl propionic acid is 

synthesized and used as a chain transfer agent (CTA). In addition, CTA terminated 

alkyne is synthesized in order to facilitate a click reaction between azide functionalized 

iron particles and polymer. The CTA molecular weight, surface morphology and thermal 

properties of grafted polymer are reported. From the electron microscopy done, the 

grafted poly(tetrafluoropropyl methacrylate) results in a uniform thin coating. The 

surface coated iron particles via click chemistry-RAFT are expected to provide better 

interface between the iron particles and polymer matrix for magnetorheological 

elastomers (MRE). Various types and shapes of MREs are fabricated and characterized. 

The MR effect of MRE achieves up to 90%. 
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Chapter VIII 

 

Conclusions 

 

 

In general, surface polymerization based on controlled radical polymerization 

(CRP) offers various benefits, including uniform coating thickness due to controlled 

molecular weight and polydispersity index of polymer, the polymer coating is covalently 

bonded to the surface, various monomers can be polymerized directly on the surface, 

hydrophobic and hydrophilic polymer properties can be controlled, and multifunctionality 

of materials can be obtained.  Controlled radical polymerization techniques, such as atom 

transfer radical polymerization (ATRP) and reversible addition fragmentation chain 

transfer (RAFT) are discussed and used for surface grafting polymers onto inorganic 

substrates. The surface grafted polymer/inorganic materials can be used for various 

applications and fields, include renewable energy, intelligent materials, and bio-materials. 

 

Novel composite proton exchange membranes have been prepared from non–

fluorinated polymer and non-surface coated and surface coated heteropoly acids (HPA). 

Composite membranes were successfully prepared from PES and various HPAs. It was 

found that SiWA has the highest conductivity as compared with PWA and PMoA at the 

same concentration or even higher. Atom transfer radical polymerization (ATRP) has 

been successfully used in the grafting of poly(divinyl benzene) on the surface of SiWA 
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particles. The SiWA was added to the PES to up to 30 wt.%. In order to increase the 

compatibility between SiWA and PES, SiWA was surface coated. Surface coated SiWA 

particles can be added to the polymer matrix up to 50 wt.% to form a homogeneous 

membrane. The characterization of surface polymerized poly(divinyl benzene) on the 

SiWA particles have been carried out. This route also has the potential to increase the 

conductivity by sulfonation of grafted polymer backbone, and to avoid “washing out” of 

HPAs in the fuel cell. The grafted polymer backbone on the SiWA particles should be 

sulfonated in order to increase the conductivity of the composite membrane. PES was 

also sulfonated using chlorosulfonic acid in order to enhance the conductivity. The 

highest conductivity of sulfonated PES with 60 wt.% PWA was 1.7 x 10-2 S/cm.  

 

Novel composite proton exchange membranes have been prepared from 

sulfonated poly(ether ether ketone) and surface coated silicotungstic acid. Atom transfer 

radical polymerization has been successfully used for the surface polymerization of 

poly(S4VBS) on the surface of SiWA particles. The surface polymerization of 

poly(S4VBS) has been characterized using a variety of instrumentation, including: 1H 

nuclear magnetic resonance spectroscopy, Fourier transform infra red spectroscopy, and 

elemental analysis. The thermal properties of surface grafted poly(S4VBS)–SiWA 

particles have been characterized using differential scanning calorimetry and 

thermogravimetric analysis Novel composite proton exchange membranes may offer 

several advantages, i.e.: the enhancement of the polymer matrix and silicotungstic acid 

particle interface compatibility, increased proton conductivity due to sulfonic acid groups 

on the grafted poly(S4VBS) backbone, minimization of “washing out” of SiWA particles 
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in the fuel cell device, and retention of bound water in SiWA up to 350oC. Poly(ether 

ether ketone) has been sulfonated using chlorosulfonic acid. The proton conductivity was 

found to increase with the amount of sulfonating agent and surface coated SiWA particles 

concentration. The highest proton conductivity achieved was 5.6x10-2 S/cm.  

 

Surface grafting of poly(2-fluorostyrene) on the iron particles is achieved by 

using the atom transfer radical polymerization (ATRP) technique which results in a 

polymer covalently bonded onto the iron particles surfaces through the silanol group of 

the surface initiator. The molecular weight distribution of poly(2-fluorostyrene) is narrow 

(Mw/Mn < 1.1). TGA of the polystyrene and poly(2-fluorostyrene) is done to show that 

the thermal stability of poly(2-fluorostyrene) is better than polystyrene. The fluorine atom 

on the benzene ring reduces the degradation rate because C – F decreases the structures 

overall energy and is more chemically inert than polystyrene. The grafted poly(2-

fluorostyrene)–iron particles shows a higher thermal transition temperature as compared 

to bulk polymer because the covalent bond between the polymer backbone and the iron 

particles surface through the silanol group restricts the molecules mobility. In addition, it 

is found that a HVMRF containing surface coated iron particles have excellent thermo–

oxidative stability as measured by viscosity as compared with benchmark HVMRF and 

non-surface coated iron particle HVMRF.  

 

In this study, we synthesized and characterized multifunctional materials based on 

micron-size iron particles. The functionalities consist of cell targeting, imaging, drug 

delivery, and magneto-immune response. ATRP was successfully used as a technique to 
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surface graft polymers on iron particles at mild temperature with the presence of copper 

(II) bromide. Surface grafting of polymers on iron particles results in a higher glass 

transition temperature than non-grafted polymers because of a covalent bond which 

results between the polymer chains and the inorganic substrate which restricts mobility of 

the molecules. The surface grafted poly(NIPAAm-co-AA) thickness is in the range of 

20–50nm which will not reduce the magnetic saturation of the iron particles. The 

versatility of targeting bio-molecules was demonstrated by conjugation of rat 

immunoglobulin to target FITC anti-rat. Fluorescence microscopy and flow cytometry 

revealed the fluorescence intensity of targeted FITC anti-rat on the iron particles. The 

iron particles based multifunctional materials are low cost materials for protein 

separation, drug delivery agent, and an alternative for hyperthermia and cancer curing 

agent through magneto-immune response by exposing using magnetic fields.  

 

Reversible addition fragmentation chain transfer (RAFT) and 4-

methoxydithiobenzoate as RAFT chain transfer agent (CTA) is successfully used as a 

tool to graft poly(pentafluorostyrene) onto iron particles. The grafted 

poly(pentafluorostyrene) shows a “hairy” like polymer architecture with thickness in the 

range of 80-100nm. The grafted poly(pentafluorostyrene)–iron particles showed a higher 

thermal transition temperature compared to non-grafted polymer because the covalent 

bond between the polymer backbone and the surface of the iron particles restricts the 

molecular mobility. The monomer conversion is also increased by the amount of CTA 

concentration at early polymerization time. The molecular weight, the surface 

morphology, thickness, thermal properties, and monomer conversion of grafted polymer 
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are reported. It is suggested that the longer polymerization time only results in higher 

conversion and not significant change in the molecular weight because the polymer 

precipitated out once the molecular weight of polymer reaches certain value. A thin 

coating is expected to maintain the magnetic saturation properties of iron particles. This 

work offers benefit to create super hydrophobic surfaces for medical and other fields, and 

magentorheological fluids (MRF). 

 

The combination of reversible addition fragmentation chain transfer (RAFT) and 

click chemistry is successfully demonstrated for surface grafting poly(tetrafluoropropyl 

methacrylate) on the iron particles. 3-benzylsulfanylthiocarbonylsufanyl propionic acid is 

synthesized and used as a chain transfer agent. In addition, CTA terminated alkyne is 

synthesized in order to facilitate a click reaction between azide functionalized iron 

particles and polymer. The CTA molecular weight, surface morphology and thermal 

properties of grafted polymer are reported. From the electron microscope, the grafted 

poly(tetrafluoropropyl methacrylate) results in uniform thin coating. The surface coated 

iron particles via click chemistry-RAFT are expected to provide better interface between 

iron particles and polymer matrix for magnetorheological elastomer (MRE). Various 

types and shapes of MRE are fabricated and characterized. The MR effect of MRE 

achieves up to 90%. 
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Chapter IX 

 

Future Work 

 

1. Monomer synthesis needs to be accomplished, especially for proton exchange 

membrane fuel cell.  

2. The relation between glass transition temperature and surface grafted polymer 

needs to be studied systematically. 

3. Basic concept of click chemistry and reversible addition fragmentation chain 

transfer (RAFT) requires further study.  

4. The reaction kinetic of RAFT polymerization can be studied by using electron 

spin resonance (ESR) spectroscopy. 

5. The optimum amount of surface initiator, sodium azide, and alkyne group for 

click and RAFT polymerization need to be investigated further.  
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Appendix A 

List of Instrumentation 

  

 

1. Proton Nuclear Magnetic Resonance (1H NMR) 

2. Fourier Transform Infrared (FT-IR) Spectroscopy 

3. Gel Permeation Chromatography (GPC) 

4. Differential Scanning Calorimetry (DSC) 

5. Themogravimetric Analysis (TGA)  

6. Matrix Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS) 

7. Optical Microscope 

8. Fluorescent Microscope 

9. Scanning Electron Microscopy – X-ray Energy Dispersive Spectrum (SEM-XEDS) 

10. Scanning Transmission Electron Microscopy (STEM)  

11. Flow Cytometry 

12. Electrochemical Impedance Spectroscopy (IES) 

13. Single Test Fuel Cell 

14. Rheometer 
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Appendix B 

Differential Scanning Calorimetry (DSC) Testing Procedures 

 

 

1. Sample preparations: 

a. Weight the blank aluminum pan and record. 

b. Put the sample on aluminum pan (for temperature scan less than 600 oC). 

c. Weight the sample + aluminum pan and record. 

d. Put a cover for the aluminum pan and crimp the pan lid using crimper.  

2. Put each blank aluminum pan and sample pan on the correct places.  

3. Turn on the nitrogen flow at volumetric flow rate 20 ml/s. 

4. Turn on the program by double clicking “Pyris Manager” software.   

5. Choose and click “Pyris 1 DSC” on the menu and wait for DSC to be ready 

“green light on”. 

6. On the “Method editor” menu: 

a. Sample info: input the sample information and weight 

b. Initial state: Set initial value of temperature, and purge gas info and gas 

volume flow rate. 

c. Program: Set initial temperature and final temperature, and scan rate. 

7. Click “Cover Heater and Air Shield” buttons on the “Pyris 1 DSC Control Panel” 

menu. 

8. Click “Start/Stop” button on the “Pyris 1 DSC Control Panel” menu. 



 336

Appendix C 

Electrochemical Impedance Spectroscopy (EIS) Procedures 

 

1. Put MRE sample on the test fixture. 

2. Turn on the instron and push the piston until touching the surface of MRE sample. 

3. Check the test fixture and make sure no short circuit using multimeter. 

4. Make sure the electrode connection between test fixture and EIS is in the correct 

position. 

5. Apply pre – compression to the MRE. 

6. Turn on the EIS. 

7. Open the EIS software by double clicking “Power Suite” on the menu. 

8. Click “Experiment” and choose “New” on the top of menu. 

9. Choose “Single sine” on the “technique template” box. 

10. Click “default SS” or “created template” if already saved on the previous test. 

11. Input the sample name and click “Next”. 

12. Choose the electrode being used or leave it as is “Solid electrode” for working 

electrode and click “Next”. 

13. Input the info for “Pre scan” if needed and click “Next”. 

14. Input the value of “Initial frequency” and “Final Frequency”. 

15. Input the value of AC Amplitude as needed and click “Next”.  

16. Leave the current ranging in “fully automatic” or input the fixed value as needed 

and click “Finish”. 
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Appendix D 

Thermogravimetric Analysis (TGA) STA6000 Procedures 

 

 

1. Open Nitrogen main valve on the top of tank. 

2. Open Nitrogen purge valves (Purge A and Main purge). 

3. Turn on the cooler. 

4. Turn on the STA6000 machine. 

5. Open the Pyris software by clicking the “Pyris Manager” icon on desktop. 

6. Turn on the STA6000 software by clicking “STA 6000” icon (wait for few 

seconds because the computer is slow) 

Note: Don’t hit “STA 6000” repeatedly, it will cause software crash. 

7. Turn on nitrogen purge by pushing “Apply” button on the right side of controller. 

8. Open the STA 6000 cover, place the “empty pan” on the sample holder, and put 

the cover back. 

9. Wait until the weight reading until stable. 

10. Hit “Zero weight” button on the right side of controller. 

11. Open the STA 6000 cover, take the sample pan out, put the sample, place the 

sample pan on the sample holder, and put the cover back. 

Note: Don’t put sample more than 50mg, it may damage the scale. 

12. Wait until the weight reading until stable. 
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13. Hit “Sample weight” button on the right side of controller. 

14. Under “Window” tab, choose “Method editor”. 

15. Put sample information under “Sample info”: 

a. Sample ID 

b. Operator ID 

c. Comment 

d. File Name  

16. Set initial state under “Initial State”: 

a. Set Initial Value - Temperature 

17. Program the temperature scan under “Program”: 

a. Add Step – if you want to add step. 

b. Insert step – if you want to insert step to added step. 

c. Delete item – if you want to remove unnecessary step. 

18. Push “Start/Stop” button to start the STA 6000. 

19. Fill out the STA 6000 log sheet. 

20. Turn off procedure is opposite way from step 1–6 (6 – 5 – 4 – 3 – 2 – 1). 

 

Sample Pan Cleaning 

- Sample pan can be cleaned using acetone only or acid depends on the sample 

type.  

- It is encouraged to bring your own sample pan in order to avoid ruining other 

users sample pan.      
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Appendix E 

Thickness of Polymer Coating Calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

molecule 1��  

Supporting data: g 10
3�
kg��  

- From wikipedia and BASF, the density (rhoFe) and average diameter (davg_Fe) of iron particles: 

rhoFe 7.874
g

cm
3

��  (ref: wikipedia) 

davg_Fe 8 10
6�

� m��  (ref: BASF) 

- Molecular weight for iron, CTCS [2-4(-chlorosulfonylphenyl)-ethytrichlorosilane], and monomer (4-
fluorostyrene): 

MW Fe 56
g

mol
��  

MW CTCS 338
g

mol
��  

MW mono 122
g

mol
��  

- Avogadro number: 

NAVO 6.02210
23

�
molecule

mol
���  

From the experiment:  

1st  step of ATRP: Immobilization CTCS on iron particle s:  

The amount of iron particles, mFe: 

mFe 400g��  

The amount of CTCS, mCTCS: 

mCTCS 6g��  
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Calculation of total amount of iron particles for 1 st  step ATRP:  

Weight of single iron particle = density x volume 

msingle_Fe rhoFe
4

3
3.14�

davg_Fe

2

�
�
�

�


�

3

�

�


�

	�
��

���  

msingle_Fe 2.109812 10
9�

� g��  

Total amount = Total weight / weight of single iron particle 

TotalFe

mFe

msingle_Fe
��  

TotalFe 1.895903 10
11

��  particles 

Note: So, there are 1.896 x 1011 iron particles within 400 grams  

Calculation of single iron particle surface area, AFe :  

AFe 4 3.14�
davg_Fe

2

�
�
�

�


�

2

���  

AFe 2.0096 10
10�

� m
2

�  

Calculation of amount CTCS molecule on single iron particle:  

Assumption:  
 - The surface of iron particle is fully covered by CTCS. 
 - The CTCS is 100% reacted.  

The ratio of CTCS to the iron particles on 1st step ATRP: 

Ratio = weight CTCS / weight iron particles  

RCTCS_Fe

mCTCS

mFe
��  

RCTCS_Fe 0.015�  (gram of CTCS / gram of Fe) 



 341

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The amount of CTCS on single iron particle: 

Amount of CTCS per iron particle = Ratio / the number iron particles within 400 grams:  

mCTCS_on_single_Fe

RCTCS_Fe

TotalFe
��  

mCTCS_on_single_Fe 7.911795 10
14�

��  (gram CTCS / single iron particle) 

The amount of molecule of CTCS on single iron particle: 

Molecule_CTCS_on_single_Fe
amount_of_CTCS_on_single_iron_particle

MW CTCS
Avogadro_Number�  

MoleculeCTCS_on_single_Fe

mCTCS_on_single_Feg�

MW CTCS
NAVO���  

MoleculeCTCS_on_single_Fe 1.40961 10
8

� molecule��  

The amount of molecule of CTCS per square nanometer of iron particle: 

MoleculeCTCS_per_square_nanometer_Fe

MoleculeCTCS_on_single_Fe

AFe
��  

MoleculeCTCS_per_square_nanometer_Fe0.701438
molecule

nm
2

��  
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From the experiment:  

2nd step of ATRP: Reacting the monomer and iron partic les functionalized CTCS:  

The amount of Fe-CTCS, mFe_CTCS: 

mFe_CTCS 120g��  

The amount of monomer (4-fluorostyrene), mmono: 

mmono 1.5g��  

The steps how to calculate coating thickness: 
1. Make Assumptions: 
 - Monomer is converted 100%. 
 - Density of polymer is equal to monomer. 
 - Every single iron particle is coated uniformly. 
 - The distribution of polymer on every single iron particle is equal. 
  
2. Calculate the total weight of coated single iron particle (Fe-CTCS-Polymer). 
3. Calculate the average density of coated iron particle (Fe-CTCS-Polymer). 
4. Calculate the volume of coated iron particle (Fe-CTCS-Polymer). 
5. Calculate the diameter of coated iron particle (Fe-CTCS-Polymer). 
6. Substract the diameter of coated iron particle (Fe-CTCS-Polymer) with diameter of non-
coated iron particle. 

Based on assumption, 100% conversion of monomer to polymer: 

mpolymer mmono��  

mpolymer 1.5g��  

Density of monomer and CTCS: 

rhomono 1.024
g

cm
3

��  (ref: Sigma Aldrich) 

rhoCTCS 1.08
g

cm
3

��  (ref: Gelest, Inc.) 

Calculation of average density: 

- Since the amount of CTCS added is 6 gram for 400 gram iron particles, then the average density for 
Fe-CTCS is calculated as follow:  

rhoavg_Fe_CTCS rhoFe
400

400 6�
��
�

�

�

� rhoCTCS
6

400 6�
��
�

�

�

���

�

	�
�

��  

rhoavg_Fe_CTCS 7.773596
g

cm
3

��  



 343

 

 

 

 

 

 

 

 

 

 

 

 

 

- Since the amount of monomer added is 1.5 gram for 120 gram iron particles functionalized CTCS 
(Fe-CTCS), then the average density for Fe-CTCS-Polymer is calculated as follow:  

rhoavg_Fe_CTCS_Polymer rhoavg_Fe_CTCS
120

120 1.5�
��
�

�

�

� rhomono
1.5

120 1.5�
��
�

�

�

���

�

	�
�

��  

rhoavg_Fe_CTCS_Polymer 7.690268
g

cm
3

��  

Calculation of single iron particle functionalized CTCS weight: 

weightFe_CTCS weightsingle_Fe weightCTCS_on_single_Fe�  

weightFe_CTCS msingle_Fe mCTCS_on_single_Feg����  

weightFe_CTCS 2.109891 10
9�

� g��  

Calculation of single iron particle functionalized CTCS diameter:  

VolumeFe_CTCS

weightFe_CTCS

rhoavg_Fe_CTCS
��  

VolumeFe_CTCS 2.714176 10
10�

� cm
3

��  

davg_Fe_CTCS

6 VolumeFe_CTCS�

3.14

�
�
�

�


�

1

3

��  

davg_Fe_CTCS 8.034396 10
6�

� m�  Note: initial diameter for iron particle: 8 x 10-6 m  

The amount of polymer per gram iron particle functionalized CTCS: 

Amount of polymer per gram Fe-CTCS = amount of polymer  / the iron particles functionalized CTCS  

mpolymer_per_gram_Fe_CTCS

mpolymer

mFe_CTCS
��  

mpolymer_per_gram_Fe_CTCS0.0125�  (gram polymer / gram Fe-CTCS) 
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Calculation of amount iron particle functionalized CTCS within 120 grams:  

TotalFe_CTCS

mFe_CTCS

weightFe_CTCS
��  

TotalFe_CTCS 5.687497 10
10

��  particles 

Note: So, there are 5.687497 x 1010 iron particles within 120 grams Fe-CTCS  

Calculation of the polymer amount for single iron particle functionalized CTCS:  

weightpolymer_on_single_Fe_CTCS

mpolymer

TotalFe_CTCS
��  

weightpolymer_on_single_Fe_CTCS 2.637364 10
11�

� g��  

Calculation of single coated iron particle weight: 

weightFe_CTCS_Coated_PolymerweightFe_CTCS weightpolymer_on_single_Fe_CTCS�  

weightFe_CTweight.Fe_CTCS_Coated_PolymerCSweightFe_CTCS weightpolymer_on_single_Fe_CTCS���  

weightFe_CTweight.Fe_CTCS_Coated_PolymerCS2.136265 10
9�

� g��  

Calculation of single coated iron particle diameter:  

VolumeFe_CTCS_Polymer

weightFe_CTweight.Fe_CTCS_Coated_PolymerCS

rhoavg_Fe_CTCS_Polymer
��  

VolumeFe_CTCS_Polymer 2.777881 10
10�

� cm
3

��  

davg_Fe_CTCS_Polymer

6 VolumeFe_CTCS_Polymer�

3.14

�
�
�

�


�

1

3

��  

davg_Fe_CTCS_Polymer 8.096769 10
6�

� m�  

Note: initial diameter for iron particle: 8 x 10-6 m  
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Summary:   

1. The amount of CTCS molecules per square nanometer iron particles surface: 

MoleculeCTCS_per_square_nanometer_Fe0.701438
1

nm
2

��  

2. The thickness of CTCS coating on the iron particles: 

tCTCS

davg_Fe_CTCS davg_Fe�

2
��  

tCTCS 17.197961nm��  

3. The thickness of polymer coating on the iron particles: 

tPolymer

davg_Fe_CTCS_Polymer davg_Fe_CTCS�

2
��  

tPolymer 31.186487nm��  

4. Total coating thickness (CTCS and Polymer): 

tTOTAL tCTCS tPolymer���  

tTOTAL 48.384448nm��  


