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Abstract

Controlled radical polymerization techniques, such as atom tranatical
polymerization (ATRP) and reversible addition fragmentation chaimster (RAFT) are
discussed and used for surface grafting polymers onto inorganicasebsihe surface
grafted polymer/inorganic materials can be used for various apphs and fields,
including renewable energy, intelligent materials, and bio-nads¢erin general, surface
polymerization based on controlled radical polymerization (CRP)sf@rious benefits,
including uniform coating thickness due to controlled molecular weight and
polydispersity index of polymer, the polymer coating is covaldmlyded 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 (#A) atom
transfer radical polymerization (ATRP). Polyether sulfone (P&®) poly(ether ether
ketone) (PEEK) were used as a polymer matrix. Phosphotungstic (B8R),
phosphomolybdic acid (PMoA) and silicotungstic acid (SiWA) were asddPA. It was
found that the SiIWA has a higher conductivity compared with PWAthatsame
concentration. In addition, zirconium sulfate (ZrSO4) was also figeted as an
inorganic proton conductor. Composite membrane ZrSO4/SPEEK was syathd?ES
and PEEK were sulfonated using chlorosulfonic acid. The highest dongudor
sulfonated PES with 60 wt.% PWA was 1.7 x?18/cm. In order to increase the

compatibility between SiIWA and PES, the SiIWA was surfaceedodurface coated



SIWA particles can be added to the polymer matrix up to 50 wt.%onmm a
homogeneous membrane. This route also has the potential to increasedbetivity by
sulfonation of grafted polymer backbone, and to avoid “washing out” of HP&Afuel
cell device. In addition, novel composite proton exchange membranes kavbeai
prepared from surface coated poly(sodium 4-vinyl benzene sulfonatly)S4VBS))/

silicotungstic acid and sulfonated PEEK.

A surface grafting technique for poly(2-fluorostyrene) onto iron gadivia atom
transfer radical polymerization (ATRP) is described. The ggaftolymer—iron particles
showed a higher thermal transition temperature compared to bulk pdbgoause the
covalent bond between the polymer backbone and the surface of the irmhegpart
restricts the molecular mobility. The molecular weight of sysitesl poly(2-
fluorostyrene) has been measured and it has a narrow molecutsnt wigstribution
(Mw/Mn < 1.1). From thermogravimetric analysis, the therrs@bility of poly(2-
fluorostyrene) was better than polystyrene. Also, the high viscostynetorheological
fluid (HVMRF) prepared from surface coated iron particles bkasellent thermo—
oxidative stability, having nearly constant viscosity. Theser@ds$ exhibit high change
in shear yield stress for off- and on-state as comparedeénchmark HYMRF and non-
surface coated iron particles HVMRF. In addition, this type ofdfleiiminates iron
particle settling which is a common problem found in traditional magneslogical

fluid (MRF).



The preparation and characterization of surface grafted poly(N-

isopropylacrylamide) and poly(carboxylic acid)—-micron-size iraartiples via atom
transfer radical polymerization (ATRP) and reversible additimgrhentation chain
transfer (RAFT) is discussed. The surface grafted polymers—articles result in
multifunctional materials which can be used in biomedical applicatiofise
functionalities consist of cell targeting, imaging, drug \ely, and immunological
response. The multifunctional materials are synthesized in tegs.sFirst, surface
grafting is used to place polymer molecules on the iron patsileface. Second, is
conjugation of the bio-molecules onto the polymer backbone. The thicknetbe of
grafted polymers and glass transition temperature of thecsugiafted polymers were
determined by transmission electron microscopy (TEM) and diffexl scanning
calorimetry (DSC). The covalent bond between grafted polymers rand particles
caused higher glass transition temperature as compared witpaited polymers. The
ability to target the bio-molecule and provide fluorescent imagwag simulated by
conjugation of rat immunoglobulin and fluorescein isothiocyanate (FITitEldd anti-
rat. The fluorescence intensity was determined using flow cytgraetl conjugated IgG-

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

A surface grafting technique of poly(pentafluorostyrene) vieensble addition
fragmentation chain transfer onto iron particles is reportedethoxydithiobenzoate is
used for RAFT chain transfer agent. The grafted poly(pentafluorasiyeon particles
showed a higher thermal transition temperature compared to noeegraélymer

because the covalent bond between the polymer backbone and the sutfazarah



particles restricts the molecular mobility. The monomer conmerss found to be
increased by the amount of CTA concentration at early polymienzame. The grafted
poly(pentafluorostyrene) shows a “hairy” like polymer architectuitd thickness in the
range of 80-100nm. Thin coating is expected to maintain the megsatiiration

properties of iron particles.

The combination of reversible addition fragmentation chain trans#&FTRand
click chemistry is successfully demonstrated for surfacéimgapoly(tetrafluoropropyl
methacrylate) on the iron particles. 3-benzylsulfanylthiocartsorfighyl propionic acid is
synthesized and used as a chain transfer agent. CTA and iroregaatielfunctionalized
with alkyne and azide groups, respectively. The CTA moleculaghieisurface
morphology and thermal properties of grafted polymer are reporteth the electron
microscope, the grafted poly(tetrafluoropropyl methacrylateyltisesn uniform thin
coating. The grafted polymer—iron particles show a higher theraradition temperature
compared to non-grafted. The covalent bond between the polymer asutfiénee of the
iron particles restricts the molecular mobility. The surfecated iron particles via click
chemistry-RAFT are expected to provide better interface legtwen particles and
polymer matrix for magnetorheological elastomer (MRE). Varitypges and shapes of

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

Introduction and Literature Reviews

1. Surface Coating

In general, coating is a process to modify the surface ofratdstwvhich prevent
the substrates from experiencing direct contact with their @mwients. This approach
has been used for many decades and keeps expanding. . Both in tiy afual
performance and in the range of application and needs, the surfaicg ¢ealhnologies
demands are on rise. Coating is commonly used to protect enggesauctures and to

decorate housing.

Inorganic and organic materials can be used as a coating depermbn the
applications and needs. The methods of coating technologies are stiadigd, such as
electroplating, electrodeposition, chemical vapor deposition, therpralyisg, dip-
coating, paint, spin coating, UV coating, etc [1-4]. Surface coatingubstrates with
inorganic materials and various types of organic polymers can deirusgde range of
applications. In the past decades, surface coating of substeate®een used to achieve
several different results [1-4]. For instance:

- to change surface properties, include slipperiness, color, gloss, and appearance



- toincrease the value of material,

- to control electrical properties,

- to prevent a substrate from corrosive environment,
- to adjust surface wetability,

- to improve thermal resistance,

- toincreases/decrease friction and wear resistance, etc.

There are advantages and disadvantages for surface coatingnasganic and
organic based materials. High temperature is required if eeremating is needed for
metal substrates. However, such coatings offers high temperedsigtance, low
electrical conductivity, low wear resistance, high chemicataese, etc. On the other
hand, polymer based coating offers benefits due to low temperaqreraments.
However, most polymers are not capable to be used at high teunpeb&icause of
thermal degradation. Polymer coating for inorganic substrates prowode features or

functionality than inorganic coating for the original substrates.

The properties of substrates can be controlled by choosing the typoéyofers.
Hydrophobic polymers, such as fluoropolymer, silicone polymer, epoxy esgiracrylic
resin, are likely to be used to decrease the moisture absorptioncadse corrosion
resistance. Hydrophilic polymers, such as amine and carboxyliciesofenctionalized
polymer, are commonly used to increase wetability of surfacepaoelde advanced
applications of the substrates. Combination of hydrophobic and hydroptbifiaces

coated substrates create sophisticated applications, such aselivegydcell targeting,



anti microbial devices, biosensors, enhance imaging capability,irpssparation, and

interface improvement [5-8].

The mechanism of surface coating using polymeric materralbeacategorized
into several types, and includes powder coating, sputtered thicdeéntmg, paint, screen
printing, water-borne coating, radiation curable coating, and un{sglymerization
(surface polymerization). In-situ polymerization results in an antBhg interface
between the polymer coating agent and substrates because the poagkieone is
covalently bonded to the surface. On the other hand, coating agents dnlgrstice
surface of the substrates for most of the polymeric coatindpadet These kind of

coating techniques have less benefit for long term applications.

Surface polymerization based on controlled radical polymerizatio® @©Rers
various benefits, including uniform coating thickness due to controltddaular weight
and polydispersity index of polymer, the polymer coating is covaldrdhded to the
surface, various monomers can be polymerized directly on thesuhgdrophobic and
hydrophilic polymer properties can be controlled, and multifunctionafityaterials can
be obtained. Controlled radical polymerization techniques, such asrataster radical
polymerization (ATRP) and reversible addition fragmentation chaimster (RAFT) are
discussed and used for surface grafting polymers onto inorganicasabsifhe surface
grafted polymer/inorganic materials can be used for various apphs and fields,

including renewable energy, intelligent materials, and bio-materials.



2. Fuel Cells (FCs)

Fuel Cells are electrochemical devices that can be wsqubiver generation and
energy conversion from reactants (fuel and oxidant). Energy imthedf electricity and
heat will be continuously generated by FCs as long the fuelnsnuously supplied and
it is unlike a battery that needs to be recharged. Otheraatiier energy sources such as
wind, waves, and solar power generators have disadvantages asembmipharFCs due
to irregular energy generation [9]. Hydrogen FCs are a caedfda replacement of
fossil-fuel based power generation due to cost and the pollutani@misEhe emission
of FCs is less than the cleanest combustion processes bec@sserely on
electrochemical reactions and not combustion [10]. As a resultwiflOsot emit NOX,
SOx, CO2, and particulate matter. Several advantages of fuglaitompared with
other alternatives power sources and fossil-fuel based powerrplatés 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



According to reported literature [9-15], fuel cells can besdiasl by electrolyte
used, type of ion transferred through the electrolyte, type atams used, operating
temperature, operating pressure, and reverse reaction (regen&@s). 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 rangeheandype of
transferred ions within each of fuel cells type. Fuel aaissists of several components
and each of the fuel cell types has strengths and weakn&hbgeability of fuel cells to
store energy is quite low for small operating times as casdpaith a rechargeable
battery. But, fuel cells will be able to store more energgr dfte cross-over point where
the operating time is longer. These phenomena can be explained theelow energy
density of fuel cells at short times and fuel cells haghdn energy density at long
period of operation time due to the continuous supply of fuel [15]. Thgestrage as
a function of operating time for fuel cells and rechargeablerlgageshown in Figure 2.
In addition, according to reported literature [16], as compared watteries for
generating 100 Wh energy, a fuel cell has lower cost by &8s The cost comparison

of batteries and fuel cells for generating 100 Wh energy is illustratedumeF3.
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Figure 1 — The summary of several types of fuel cells [Adapted fromLBef.
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Figure 2 — The energy storage for fuel cell and rechargeable batgfymsion of

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

[Adapted from Ref. 16].

Proton exchange membrane fuel cells (PEMFCs),also callethpolglectrolyte
membrane fuel cells have high power density, they are congrattthey are lighter as
compared to other fuel cells. PEMCs consist of solid polymer @erlea membrane) as
an electrolyte, platinum catalyst deposited on the porous carbdrodls; and bipolar
plates. PEMFC is illustrated in Figure 4. The fuel sourcedygeally supplied using
pure hydrogen from storage tanks or a primary system. PEMFCsipéextien, oxygen,
and water to produce energy. Some researchers were workiRgMRCs with lower

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

Fuel cellcomponentshavethe following functions: Electrode - eldstroical
reactions take place, provides flow path area for electron ¢rareshid to collect the
electrons. Catalyst - splitting the hydrogen gas (oxidationjonsand supports the
reduction of oxygento water. The electrolyte acts as an ion transpdia, to suppress
the fuel crossover in direct methanol fuel cells, as electrsulator in order to prevent
the electron migration through electrolyte that can cause elettarting. The carbon

monopolar plate fabricated at theUniversity of Nevada Reno is shown in Figure 5.



Figure 5 — Carbon monopolar plate at Polymer Science and Engineering Lahorator

University of Nevada Reno.

In hydrogen fed FCs, hydrogen is delivered from a gas flow sttedhe anode
and the hydrogen molecule splits into two protons and two electrons iaratcelerated
by a catalyst. The proton passes through the electrolyte twathode to be reunited with
oxygen and forms molecules of water by a reduction reaction. Mel@nthe electrons
migrate through an external circuit and yield a current ¢hatbe utilized as electrical
energy before returning to the cathode. Heat is also generatadtliis process. The

following reactions take place at the cathode, and anode within acid based-E4]s [9

Anode: H, 2H 2e

Cathode: %OZ 2H 2e H,O

Overall: %OZ H, H.,O Electric Energy WasteHeat
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PEMFCs can be used for portable power generation, vehicular agpigatnd
several stationary applications. As a portable power generdiéiC® can be an energy
source for laptops, cell phones, and small scale demonstrations fatiedakcpurposes.
PEMFCs are suitable for vehicular applications, such as: passesigeles (cars and
buses), due to the high power density, light weight, and fast stamep tHowever, a
significant problem using PEMFCs in vehicles is storage ofdgeair onboard. Pure
hydrogen should be compressed at high pressure due to its low enesiy @ad
special materials are required for hydrogen tanks. In dodewvercome this problem,a
source of fuel that has higher energy density, such as: natuydiqgas 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. Fi§igieows the facility
for fuel cell research at the Polymer Science and Engngeéaboratory, University of

Nevada Reno.
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Figure 6 — The facilities at Polymer Science and Engineering asigr University of

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

According to the literature [17], current production costs of stat¢hefart
perfluorinated membranes, such as: Na#fipBAM3G-SC (sulfonated copolymer), and
BAM3G-HT (hydrolyzed terpolymer) are 50 — 100 €/kg or 5 — 10 €m0 g/nf of
area-specific weight. This type of membrane can be replact#d avihydrocarbon
polymer-based, and the price can be reduced to ~€5/m2 [17]. In 2005, a porous
polyethylenefilm was produced by Ballard Power Systems with the cortialename

Solupor® and patented by DSMWictrex UK and Gharda Chemicals (India) have
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produced high temperature sulfonated poly(ether ether ketone) (s-RiEEK}elanese
Ventures have produced polybenzimidazole (PBI). The mass-speatierial cost of

ionomer production is shown in Figure 7.

Figure 7a - The mass-specific material cost of ionomer production [Adaptad_fef.

17].

Since the first generation of fuel cells, they have been usedpasver plant
source. They were invented by W. R. Grove in 1839 [9, 12]. Fuel cells eare
investigated and developed intensively after that period. In the 1950608, INASA’s
Gemini space shuttle was the first successful applicatiorebtélls in space exploration
[9, 12, 18]. Many types of fuel cells have been developed and used fionatat
applications, transportation, and portable applications. In 1993, the Partrfershidew
Generation of Vehicles program (PNGV) has stimulated resegarthalo R&D within

the fuel cell field for portable power plant source [18, 19]. Therabs/ of onboard



13

PEMFCs by Honda FCX Clarity is shown in Figure 7. The car naaufers, such as:
GM, Hyundai, Daimler — Chrysler, Ford, Renault, Toyota, Nissad,BMW, have used
onboard PEMFCs and the vehicles have been tested and can travel dgpréxm in
distance. The electrical manufacturers, such as: Sanyo, SamiM, have also
announced many different PEMFCs applications and the latest tectesolaiiizing

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

Figure 7b — Assembly of commercially sold Honda FCX Clarity

[Adapted from Ref. 20, 21].



Table 1 — Some applications of PEMFCs [Adapted from Ref. 19]

Application Function Power output Fuel source
Compressed Hin
Hybrid power bus Power source 50 kW
cylinder
Hydrogen from
Powered bicycle Power source 300 kW
metal hydrides
Lightweight Compressed FHin
Power source 5 kW
powered vehicle cylinder
Additional power Hydrogen from
Sailing yacht 0.3 kW
source LPG
Stationary Compressed FHin
Power source 5 kW
power generator cylinder
Uninterrupted Hydrogen from
Power source 2 kW
power supply methanol
Portable Hydrogen from
Power source 46 W
computer metal hydrides

14
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2.1.Catalysts for PEMFCs

In order to achieve maximum power, oxidation and reduction reactiotiee a
anode and cathode must be efficient [22]. The high rate and effigidok reactions
which take place at each electrode require noble metal foratalyst such as platinum
(Pt). This kind of catalyst has unique properties which are capafidending H and O
intermediates sufficiently, and release the intermediate t@ fir@al product effectively
[22]. For instance, on the oxidation of hydrogen on the anode side Wwigrogen needs
to be bonded to the platinum surface (not too strong or too weakp delreleased as
hydrogen ion and release electron at the same time [22]. On thehatits the cost of
platinum and carbon monoxide poisoning are major drawbacks of platinufgstata
Because of the drawbacks, the platinum alloys, such as: platinumiurthe
platinum/cobalt, platinum/nickel, and platinum/molybdenum, have been investiga
fuel cell catalysts [23]. The platinum alloys exhibited mdoterance to carbon
monoxide, helped the conversion of carbon monoxide to carbon dioxide at low
temperature, and decreased the adsorption energy of carbon dioxides rielatarbon
monoxide which results in carbon monoxide removal from the systemTA8]reaction
of ionization hydrogen molecules on the platinum surface is as follows [22, 24]:

H, 2Pt 2Pt H
2Pt H 2Pt 2H 2e
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2.2.Derivation of Open Circuit Voltage of Hydrogen/Oxygen PEMFCs at Ical

Conditions:

The energy difference associated with thermodynamic functionsatef ® the
hydrogen electrode reactions in chemical processes can beoysedlict the maximum
available voltage from hydrogen/oxygen fueled fuel cells. Thiserdiffce can be
expressed by the energy difference between the initial antl dtate of involved
chemicals as follows [22]:

L

H, 5 o, (Initial state)

H,O (Final state)

The maximum cell voltage for the system abokmg ( %Oz H,O) can be derived from

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

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 @d&gs constant for the

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

At standard pressure and temperature (STP) condition (1 atmesphér28C), the

change of Gibbs free energy in the fuel cells per mole Iggirggas can be estimated
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from the reaction at temperature (T =°Q% and changes of enthalpyH) and entropy
( S) of the reaction. From the reported literature [22], the entlald entropy changes
for hydrogen are -285,800 Joules and -163.2 Joules/K, respectively., HeadBibbs
free energy is:

G H TS

Joules

285800Joules (25 273 K x( 1632) "

237,200Joules

The ideal maximum cell voltageE, for hydrogen/oxygen fuel cells at standard pressure
and temperature (STP) condition (1 atmosphere af@)2$ calculated as follows:

E G
nF

237,200Joules
Joules

2x96,487

123V

When the fuel cell is operated at°80(353 K) rather than at room temperature,
the value of enthalpy and entropy do not increase significantlgamdbe assumed to be
equal at 2%C. However, the operating temperature increases hy3h the Gibbs free
energy value decreases as temperature rises from room atumeeo specified operating
temperature (353K). Then, the Gibbs free energy at 353K is

G H TS

Joules

285800Joules (80 273 K x( 1632) "

228200Joules
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Hence, the ideal maximum cell voltageE, for hydrogen/oxygen fuel cell at 1

atmosphere and 80 is calculated as follows:

E P
nF

228200Joules
Joules

2x96,487

118V

It can be seen that ideal maximum cell voltage decreasdbeasperating
temperature increases. Additionally, according reported litergf2f the correction
factor is required if the air is used as a fuel on cathode mstiead of pure oxygen, and
humidified system is introduced. At 1 atmosphere and 353RCj8@he 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 ntsrproperties by
controlling external stimuli, such as magnetic field, tempeeafoid, stress, and electric,
can be categorized as intelligent materials. For instance, ploperties of
magnetorheological fluids and elastomers can be changed byirexpaosexternal
magnetic fields, piezoelectric can produce voltage by applytresss and thermo-
responsive polymer exhibits change by introducing heat or coolmgegs. Intelligent
materials can be used in various applications, such as: vibration damg&omotive
and structural engineering, artificial muscle, valve, pump, pressaréorce sensor, drug

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

3.1. Magnetorheological fluids (MRFs)

Magnetorheological Fluid (MRF) is an intelligent materidieh has controllable
rheological properties. MRF consists of magnetic particles arrceicfiuid which are
dispersion medium for the magnetic particles. In the early 1946ep Rabinow at the
U.S. National Bureau of Standards discovered and developed MRF [36]. IRelgtRiE
have achieved significant attention for their excellent mechlardod rheological
properties which can be controlled using an external magnetic K& F have properties
similar to Newtonian fluids in the off-state condition. Magnetidipkes create chain-like

structures within the MRF when external magnetic fieldsag@ied and fluid flow is



20

then restricted. This fluid-like material then transforms infis@audo-solid material. The

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

Off-state On-state

A A A

[
OO0 OO0 OO OO0 O

Figure 8 — MRF at off- and on-state.

Generally, MRF consists of three different components: magpaticles (iron),
carrier fluid and additives [34, 36, 37]. Carrier fluids act to suspenddh particles and
other components. Additives serve as stabilizers and protect the iron partiate stitis
provides long operating life and prevents damage to the device dugngnuaddition,
iron surface treatment prevents particle aggregating betweerothparticles. MRF has
several features including device non-abrasion, low settlindispersibility, and a wide
range temperature operation (typically °%60- 150C), chemical stability, high magnetic

saturation, and excellent durability.

The carrier fluid in MRF plays an important role due to issueshamical
resistance, operating temperature range, viscosity and vapasumgedMineral oil,

poly(alfa olefins) (PAO), and silicone oil are common carrieid§ in ordinary grease
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[38]. Settling of iron particles in MRF is a challenge. Theee several ways to reduce
iron particle settling in MRF. By adding thickeners, a high visgos#n be achieved,
which is magnetorheological grease (MRG). This is one approaddtwe settling of
iron particles. Additionally, appropriate additives provide a highdysttess and shear
thinning behavior. Another way to reduce settling is by coatwegirton surface using
polymers [39]. Surface coating decreases the density of the irticigg In addition, re-
dispersion is accomplished easily. Even though particle setdkes tplace only slight
shearing is required to re-disperse the iron particles in thercliuid. Fuchs et al. also
has investigated supramolecular polymers to coat iron patsifey coordinated zinc
terpyridine which offers better re-dispersion of iron particles supramolecular
magnetorheological polymer gels [40]. In addition, many additivedeancorporated in
MRG, such as: anti-wear, anti-oxidant, surfactants, dispersion adbitieeners and

extreme pressure.

An important issue in developing durable new materials which can dze ins
devices relates to maintaining the material’s viscosity inéget of temperature.
Viscosity - temperature dependence and off-state viscosity d¥IR® is an important
issue. Several methodologies have been developed to addressdineseTlismperature-
viscosity dependence of oil is characterized as the Viscsigx (VI) [41]; the lower
the change in viscosity over the temperature range, the higheldd. Additives that
improve VI are known as Viscosity Index Improvers (VII). Polyraéditives have been
studied extensively in this application [42—-46]. Polymers added\dsf@am tangled

molecules which results in formation of a micelle in the cafligd. As the temperature
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increases the size of the polymer increases due to tteassct solvation of the polymer
in the carrier fluid. This increases the size of the macalicreasing the viscosity,

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

For engineering applications Rainbow investigated MR effiectee late 1950s.
In the 1980s, MRFs were investigated extensively. Currently, devaral applications
for MRF are being explored — these include: shock absorbers, engun@s, clutches,
seat dampers, exercise equipment, and optical lenses [29]. The tapplafaMRFs in
the “fail-safe” damper devices for bicycle, motorcycle, and landicles have been
studied [33, 34]. Recently, MRF technology has been adapted to coninvetuides,

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 meltewhich are
synthesized from a polymer matrix and magnetic particles. NW#e viscoelastic,
magnetorestrictive and magnetoresistive properties which cansée for vibration
damper and sensing devices. This is possible because of the aligrintee magnetic
particles in the polymer matrix. Chainlike magnetic partieles formed by the induced
magnetic field. These chains are locked in place during chegnass linking of the
elastomer. In addition, changes in the magnetostrictive and magrstteeeproperties
are controlled by varying the magnetic field. Chain-like magrgrticles provide rapid
time response of milliseconds [50]. MRE does not severe from irdiclparsettling

problem as appear in MRF.

Figure 9 illustrates the magnetostrictive effect of MREgNetostrictive effect is
caused by changing the distance between magnetic particlé® ialdstomer matrix
under the influence of an external magnetic field. The magnietogreffect includes
stiffness change and dimensional change in MRE. Under the influence of a méagiaetic
the MRE becomes stiffer due to decreased distance betweprafmetic particles. This

phenomenon is suitable for the vibration damper application.
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Figure 9 — Patrticles interaction in MRE when magnetic field is applied [51].

Figure 3 shows the electric properties of MRE are changetktoymation of the
chain-like structure [51]. The MRE magnetostrictive effedhis most important feature
for the vibration control application. Another phenomenon, the magnetoresfteg is
important for sensor applications. The magnetoresistive effettiasto the change in
electric impedance of the material. The impedance cordistseal and imaginary part.
The real impedance represents the material resistancd@muhdginary part represents
the capacitance. The applied external magnetic field onto MRE oalges the
magnetostrictive effect. The addition of an external force ontgnetzed MRE will

cause the deformation of the chain-like structure of magnetic particles
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Figure 10 — The schematic of particle deformation in magnetized MRE capsed b

external force [51].

The optimum concentration of magnetic particles in MRE needs totberleed.
There are two issues which need to be considered. As a vibdatoper, 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 MR excellent
because the magnetic particles are held in place by the polyagix. The MRE
provides both sensing and stiffness control by adjustment of magaetices. Potential
problems with MRE sensors include: oxidation, stiffness, elastonmsteresis and

repeatability of sensing performance.

The polymer matrix provides thermal oxidative and chemical eegist Silicone

and polyurethane are good candidates as polymer matrices whiehgbagt oxidation
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resistance and mechanical properties [52]. Oxidation takes plaee the MRE is in
contact with air and a magnetic particle. This effect lsa reduced by surface treatment
of the carbonyl iron surface. “Bridging” between iron pdescdue to surface coating is
an additional concern. Two approaches to deal with this “bridgirgyieisnclude: 1)
using a hard polymer coating in which the particles do not aggltenar&) using a soft
polymer coating with diluents in which the coated particles atained in liquid until
they are added to the elastomer. In addition, the surface coaiimog @farticles increase

the area which can improve the interface between iron particles and polyimgr ma

Ginder et al. used MRE with carbonyl iron and natural rubber fomaattee
mounts [50]. Isotropic MRE using polyurethane / Si-rubber hybrid gategher MR
effect than pure polyurethane or Si-rubber matrix [53]. Sheetsan§parent polymer
with dispersed and vertically aligned ferromagnetic spheres ihside been applied for
touch-sensitive screens and other visual communication devices [54].bl&@una
automotive bushings have been developed using MRE [55]. MRE has beenoused f
displacement and force sensor, tunable automotive bushing to increade taahdling,
and to reduce vibration and noise [56, 57]. Conductive polymers for intercammect
(CPI) are prepared from a thin sheet with aligned magneticleartCPI 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 thenahdit
materials are still in use in the current technology for bionaédapplications. The
interaction between such devices based on traditional biomaterthierounding living
tissues are not well established for specific interactionsidmptocess of developing new
biomaterials, the concepts and examples can be found for diffezlelst fThere are ways
to translate the concepts of materials to be used in healthell® For example, the
non-covalent interactions in nature which direct biomolecules towaedispr self-
assembly and create hierarchical materials structures. Solpardar self-assembly is
the process by which molecules are directed to create hsghigtured materials in a
novel manner. In the self-assembly processes, molecules are loyileermodynamics
to form complex macromolecules. This approach is important in thdogevent of

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

For specific application in biomedical, the complexity of maleiig greater and
the surfaces need to be engineered in order to fulfill the eeqgamts. However, the
research in intelligent materials for biomedical applicatiorssihereased significantly.
The surface modification of substrates by using polymers iexample of intelligent
materials in biomedical applications. This is also one of waysctease the complexity
and interactions between substrates and surrounding tissues. Thensotiiat can be
used for surface coating must be capable of responding to thieakdemuli, such as

temperature, light, chemical, and pH. Such stimuli-responsive hydpogghers can be
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used for therapeutics needs in biomedical applications. Hydrogehpdyhave several
features including storage and release of bioactive agents imificsgly designed areas.
In addition, research can open new applications of hydrogel polyméebe used as

targeting, imaging, and immune response biomaterials.

The application of iron particles for cancer treatment ha# leported [6].
Magnetic hysteresis from iron particles can be produced b¥atisg the magnetic field
and results in significant heating. The generated energy (featgestroy the tumor by
the hyperthermia process. However, the particles need to be plaogdction at tumor
site. Preliminary studies reported that different amounts robrfeagnetic microspheres
were injected into rabbit kidneys and the tissue temperaturenaagored. By adjusting
the microsphere concentration in the tumor tissue of 2.3mg per gfamsue, the

alternating magnetic field resulted in therapeutic tissue temperatuease of 4Z.

The core-shell structure based on superparamganetic nano-Gizeoxide
particles for biomedical application has been investigated [5]. Tim®-siae iron
particles have been surface coated with polymer in order tdecseaeral functions,
include biological activity, biocompatibility, and imaging capabiliia fluorescent
markers. Such of materials have the potential to be applied fmeicaherapy, drug
storage and delivery, enzyme immobilization, targeting specifi bgperthermia,
enhanced magnetic resonance imaging contrast agent, proteinieapanatl possibly

biosensors.
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Poly(N-isopropylacrylamide) also known as poly(NIPAAM) IS
anenvironmentally-responsive hydrogel. Poly(NIPAAmM) is a theresponsive hydrogel
and hydrophilic polymer which undergoes significant phase change inptioperties,
such as: network structure, swelling behavior, thermal properiied mechanical
strength [59, 60]. Poly(NIPAAmM) exhibits a phase transition tentpera at approx.
33°C. [7, 59]. When the temperature is raised and the polymer undergsesgblamge it
is known as the lower critical solution temperature (LCST) [59, 6[L, 8% hydrogen
bonds between the polymer and water are broken at the LCST anedhits rin an
endothermic heat of phase separation. If further heating aihtheesponsive (above
LCST) hydrogels occurs, phase separations are induced bytifmmoélarger aggregates
of the polymer molecules as a result of the interaction of intea/hydrogen bonding
between the amide functional group of NIPAAmM [59]. Because of thentheesponsive
property, poly(NIPAAmM) is an excellent polymer candidate fougdrelivery in

biomedical application.

The grafting technique via atom transfer radical polymeriza(®hRP) of
thermo responsive polyisopropylacrylamide) poly(NIPAAmM) onto silica nanopatrticles
has been reported [63, 64]. Alcohol based solvent and copper as meyat eatdltris(2-
(dimethylamino)ethyl)amine (Me6TREN) as ligand at mild caoditwere used for
poly(NIPAAmM) polymerization. The polydispersity index of synthedizéhermo
responsive polymer was 1.25. The unique phenomena of grafted poly(NIPARatedr
to phase transition was investigated and it showed that therma& fpaasition occurs at

two different ranges of temperature from 20 —°G0and above 36C. The first phase
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transition was related to the change of an inner region and secasel \phs related to an

outer region.

The synthesis of poly(NIPAAm) via chain transfer polymerizataond the
modification of poly(NIPAAm) with carboxyl group has been invesada[7]. The
molecular weight of synthesized polymers was in the range 0f051@0000 and
functionalized with carboxyl group at the end of chain. Carboxyl moduidgimers have
similar lower critical solution temperature (LCST) to the hompmpar of
poly(NIPAAm), which is ~33C. Poly(NIPAAm)-carboxyl functionalized polymer was
used to conjugate enzyme. Trypsin was used as enzyme model. oredf cdilgomer to
enzyme has been studied. By thermally induced precipitatiogafdr of 15 cycles, more
than 95% trypsin can be recovered by using poly(NIPAAmM)-carboxdtionalized at

the pH solution of 8.5-9.0.

Hoare et. al. reported carboxylic acid functionalized pPély(
isopropylacrylamide)-based microgels for drug storage and ee[8hsThe distribution
of carboxylic acid in poly(NIPAAm) influenced the amount of drugakptand release
properties. The bulk carboxylic functionalized poly(NIPAAmM) showecdhéigcationic
drug (dopamine) storage. In addition, the neutral drug (acetaminophergtaved in
larger amount than functionalized polymer at low acidity (pH 4yvds suggested that
the hydrophobic partition of polymer has a major role for regulafing storage and

release.
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5. Controlled Radical Polymerization (CRP)

Polymers are built up by multiple repeat units of monomer. Thearels and
publications on controlled radical polymerizations has increased isagtllyy [61, 65,
66]. The process of grafting polymers on to the surface of sulssismatmlled surface
polymerization. Polymerization can be divided into two major categories: stepcical ra
polymerization based on the polymerization mechanism. The radica@otation
mechanism involves initiation of monomer by initiator, propagation ofrpet chains,
and termination of polymer chains [61, 66]. Since a few years agerasecontrolled
radical polymerizations have been investigated, such as: ionic pahati@n, emulsion
polymerization, nitroxide radical polymerization (NMP), ring openpmymerization
(ROP), atom transfer radical polymerization (ATRP), and reblersiaddition
fragmentation chain transfer (RAFT). Each of controlled ragycdymerization has its

own strengths and weaknesses [61].

5.1. Atom Transfer Radical Polymerization (ATRP)

Atom transfer radical polymerization (ATRP) is one of thdl Wseown controlled
radical polymerization techniques which involves organic halide toitiand metal
halides, e.g.: cuprous halide, as a catalyst and ligand to improsgelthslity metal salt

in the organic reaction system [61]. ATRP is discovered by Saim Matyjaszewski,
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and Wang in 1995 [61]. ATRP involves reversible reduction-oxidation oflrhataes

catalyst process. The released electron initiates the ordwalide initiator on the
initiation stage. In the propagation stage, the active radichinitiate the monomer and
monomer will propagate becoming an active polymer. The polymerb@ilierminated
and encapped by halide group on the termination stage [61]. The gerastbrre

mechanism in ATRP is shown in Figure 11.

Ka
R—Br + CuBr(L) ? Re + CuBry(L)
d
M
RM,,
CuBry(L)

RMy—Br + CuBr(L)

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

Where organic halide initiator activation and deactivation ratetaotssare represented

by ka and Ig [61, 67, 68]. L is a ligand. The considered organic halide initiatasudace
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polymerization must be covalently bonded onto the surface of substoatéskance,
silane based surface initiator yields silanol group once redlsthydroxyl group from
surface of substrate [67, 68]. Various metal catalysts have ibeestigated, such as
copper, iron, ruthenium, chromium, nickel, palladium, and molybdenum [61, 67, 69—74].
The organic ligand have important role in ATRP related to incrdasesolubility of
metal catalyst in the solvent and controlling the redox potentialedél catalyst [67, 69,

75].

According to reported literature [69], polymer with controlled topas,
functionalities, molecular composites, and composition can be synthesirgdATRP.
It is shown in Figure 12. Wide range of monomers can be polymevzied ATRP
either at mild condition or elevated temperature. Polymer thhasized using ATRP
has narrow polydispersity index due to the high ratio of dormantespactive species
[61, 67—74]. ATRP is more flexible in terms of monomers variety.H@rother hand, the
weakness of ATRP is the undesired color stained on the polymeh aduised by metal
catalyst. ATRP can not be used for polymerizing monomer thatc&dmoxylic 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 surfacenmslygation of
iron particles- poly(butyl acrylate) [68]. The iron particles hbeen successfully well
coated. 2-(4-chlorosulfonylphenyl)-ethyltrichlorosilane was used organic halide
initiator. CTCS has been covalently bonded onto surface of iron vi@okilanctional
group. Copper based metal and sparteine were used as metastcataly ligand
respectively. Surface modified iron particles were applied innetagheological fluid
(MRF) application. As a result, MRF with surface coated fdegiexhibited better
performance as compared with traditional MRF. The scheme ofPATdR 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 fefn68].

The thermo responsive poN{isopropylacrylamide) poly(NIPAAmM) has been
grafted onto silica nanoparticles using ATRP [70, 71]. The polynenzaof
poly(NIPAAmM) was conducted in alcohol as a solvent and copper dalgstand tris(2-
(dimethylamino)ethyl)amine (Me6TREN) as a ligand at mildndition. The

polydispersity index of poly(NIPAAmM) has been found to be 1.25. The unique
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phenomena of grafted poly(NIPAAmM) related to phase transitioniiwastigated and it
showed that thermal phase transition occurs at two different range of teimpémam 20
— 30°C (relates to the change of inner region) and abovéC@elates to the change of

inner region).

ATRP has been used for surface polymerization of block polymergppighe-b-
methyl methacrylate) (PS-b-PMMA) and polystyrene (PS) ocasit 110°C under
nitrogen environment [72]. 3-(2-bromo-2-methylacryloxy) propyltystliane (MPTS-

Br), copper metal, and 2;Bipyridine have been used as organic halide surface initiator,
catalyst, and ligand, respectively. The glass transition temoper@ g) of surface grafted
polystyrene (133 °C) was found to be higher than non-grafted polyst{t€2 °C). This
was caused by covalent bond of polystyrene with surface of partiéls a result,
polystyrene molecules mobility is limited and need higher gnéngpass transition

phase.

The fabrication of poly(methyl methacrylate) hollow sphere usihRR has been
investigated [73]. Monomers, 3-ethyl-3-(methacryloyloxy) methgtare (EMO) and
methyl methacrylate (MMA), were polymerized on the surfacsilica at 60°C under
argon using copper based/ 4,4’-Dinonyl-2,2’-bipyridine (dNbypi) as catalgtes. The
silane based initiator, (2-bromo-2-methyl)propionyloxyhexyltrietlsiape, was

immobilized and covalently bonded onto the surface of silica.
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The combination of ATRP and click chemistry for surface polymgozaof
polystyrene on silica particles has been investigated [74]. Thenstynonomer was
polymerized using ATRP with propargyl 2-bromoisobutyrate as ordaadide initiator
and CuBr/PMDETA (N,N,N,N’,N” — penta methyl diethylene trimme) as catalytic
system. The surface initiator, 3-bromopropyltrichlorosilane, was entrglbonded on
the surface of silica particles and reacted with sodium ai@®°C in order to create
silica — azide functionalized particle. Finally, the polystyrenglkyne 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 Commonwealthntite &
Industrial Research Organization (CSIRO) on the latest 1990s [76, 7fopagating
chain for the RAFT technique is controlled by reversible chain [61].RAFT
polymerization, initiator is more flexible, commonly used is p&le)dase (e.g.: benzoyl
peroxide) or azobisisobutyronitrile (AIBN). The chain transfer ag@édtTA) has
important role for RAFT polymerization [76, 78-85]. The general mechanism of RAFT i

shown in Figure 14.

The initiator (b) can be converted into radical using heat or light and the formed
radicals initiate monomer (M) and followed by propagation or cheowtl (R, ) in the

initiation and propagation stages. Active chain growth reacts \Wiindransfer agents
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(5=C(2) — S — R) through addition and fragmentation reaction, andsyrew radical
(R) on the pre — equilibrium stage. The new radicd) ifRtiates the monomer (M) and is
followed by second propagation ,(P where propagated monomer reacts with chain
transfer agent through addition and fragmentation on the chain equilistage. Finally,
the active chain growth polymers,{Pand R) 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, agich
monomer that has tertiary amine, carboxylic acid, hydroxyl, anidayl acetate, etc.
[75]. The commonly used chain transfer agents, include: dithioesterittiipcarbonate
(2), dithiocarbamate (3), and xanthate (4) [78], are limited avhilabn the market at
present [75]. The chemical structure of general chain trangéertts (stabilizing group is
denoted by Z and radical leaving group is denoted by R) is showiguneFl5. The
stabilizing group (Z) has roles to control CTA ‘bulk’ reactivitydait has two basic
contribution; determines C = S bond reactivity toward addition of radmmé maintain
the lifetime of intermediate radical (C=S radical specj86]. The ability of RAFT to
create an effective of polymerization and well control on the dveealctivity is
determined by leaving group (R). The leaving group must be outstanemgddical

agent and initiate the polymerization easily [86].

Figure 15 — Chemical structure of general chain transfer agents [AdeqptedRéf. 78].
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The application of RAFT for surface polymerization of poly(methyl methatzyl
on flat silicon substrate has been investigated [80]. Initi&ll§, — (2 — bromo — 2 —
methyl) propionyloxy) undecyltrichlorosilane was reacted and eoWgl bonded via the
silanol functional group on silicon surface. Bromide functionalized siliwas reacted
with chain transfer agent, cumyl dithiobenzoate (CDTB), with the epoes of
CuBr/Cu(0)/PMDETA at 85C for 48 hrs. The azobisisobutyronitrile (AIBN) was used
as initiator. Well defined and narrorw polydispersity index diblock capetyhas been
synthesized from the following monomers: (methyl methacrylate);
(dimethylamino)ethyl methacrylate, and styrene. As a reshé thickness polymer

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

Another surface coating of silicon wafer has been accomplished using BAET [
The surface of silicon wafer was modified using 3-aminoproptiatxysilane which was
covalently bonded to silicon surface. 4-(4-cyanopentanoic acid) dithioaengZCPAD),
was used as chain transfer agent. CTA was initially reaciddN-hydroxysuccinimide
through condensation reaction. Succinimide terminated CPAD was deaitte amine
modified silicon surface and linked through amide bond. The monomer, methyl
methacrylate, and initiator, azobisisobutyronitrile (AIBN), weymerized at 70C

under free oxygen environment.

The combination of RAFT and click chemistry reaction for creatstar
polymers, surface polymerization, and telechelic functional group®éen investigated

[74, 82, 83]. First of all, one of compound must be functionalized with aridealkyne
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on the tandem molecule in order to link two molecules through cheknistry. In the
surface polymerization, the azide functional group was introducedghrthe reaction of
sodium azide and bromine from halide organo silane, 3-bromopropyltrichtoresirhe
chlorine species reacts with hydrogen from hydroxyl group osulface of the substrate
which yields the silanol linkage [74]. On the other hand, the monomemitiaseid using
AIBN as initiator and coupled with alkyne functionalized groupra side and reacted
with chain transfer agent on the other side. Finally, the alleynieazide group were
reacted by the click reaction [74]. The mechanism of RAFT fodifitation silicon

surface is shown in Figure 16.

Basically, the similarity of RAFT with ATRP include narrd®DI of polymer,
well defined building block, and controlled molecular weight. But, th&FR
polymerization technique offers an alternative polymerization robexe@vATRP can not
be applied [61, 75, 76, 78-85]. For instance, the reaction of monomer containg/karbox
acid functional group [75]. On the other hand, the weakness of RAHTais transfer

agent is not commercially available or limited.
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Figure 16 — RAFT mechanism for silicon surface modification [Adapted frdm7RE
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CHAPTER Il

Novel Composite Proton Exchange Membrane for Fuel €ls

Abstract

Novel composite proton exchange membranes have been prepared from nontdliorina
polymer and non- and surface coated heteropoly acids (HPA) atsingtransfer radical
polymerization (ATRP). Polyether sulfone (PES) and poly(etheerdtetone) (PEEK)
were used as a polymer matrix. Phosphotungstic acid (PWA), phosphormoadidi
(PMoA) and silicotungstic acid (SiWA) were used as HPA. I§ faaund that the SIWA
has a higher conductivity compared with PWA, at the same contentrtn addition,
zirconium sulfate (ZrSO4) was also investigated for inorganicopratonductor.
Composite membrane ZrSO4/SPEEK was synthesized. PES and PEE&SuNenated
using chlorosulfonic acid. The highest conductivity for sulfonated RES 60 wt.%
PWA was 1.7 x 18 S/cm. In order to increase the compatibility between SiWA and PES,
the SIWA was surface coated. Surface coated SIWA partidesbe added to the
polymer matrix up to 50 wt.% to form a homogeneous membrane. Thisalsatbas the
potential to increase the conductivity by sulfonation of grafted palyraekbone, 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 (PEMSs) play a central role in éllebmeration.
Fuel cells have great promise as environmentally friendly poweceswnd efficient
energy systems. The fuel cell system consists of the followomgponents: anode,
catalyst, PEMs, and cathode shown in Figure 1. In the fuel cell PEMgle three main
contributions: as ion transfer media, for separating reactaesdaydrogen and oxygen)
which react at the cathode and anode, and as a catalyst supporo{dh échange
membranes with high ion conductivity, low gas permeability, and highhamszal

strength are desirable (1).

Nafion™ (E. I. Du Pont de Nemours and Company) is the current stdte aft
PEM. Hydrated Nafiol" membrane has high proton conductivity and is used at
temperatures up to SC. Above that temperature it will release water and the proton
conductivity will decrease. Because of the limitations of Nafiore®€archers have been
developing non-perfluorosulfonic membranes. Some of these limitatiwhsde: high
cost, low conductivity due to water loss at high temperature, Homidity and high
permeability to methanol (2). Many PEMs have been developed basatiyrene,

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, chaos cellulose
acetate, sulfonated poly(ether ether ketone) (SPEEK) and poly(amakd- (PAI). The
PAI blends with PES have been synthesized to be used for ulttafiitraembranes (3).
Blended membranes were formed from SPEEK and PES and thermadatean studies,

glass transition temperature, proton conductivity and water uptalkesietied for these
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blended membranes (4). Blends have also been made with polybenpimi(RR&1) and
sulfonated partially fluorinated poly (arylene ether sulfone) @Bl has no proton
conductivity but it has excellent chemical and mechanical gtaivith a glass transition
temperature of approximately 420 (6). There are several modifications to use PBIl as a
proton exchange membrane, e.g: acid doping, synthesizing a composiaa \witdrganic
proton conductor, and direct synthesis from sulfonated monomer. Nanocomposite
membranes — these may include heteropolyacids or montmorillonite Wwhaieh been
reported to increase the membrane mechanical properties wdiiaming high proton

conductivity (8 — 9).

The sulfonated polyether can be synthesized from two ways; dirsall,
sulfonation of polyether monomer followed by polymerization (10). Thi®sation can
be achieved by reacting the fluorophenyl group with fuming sulfaidt @0). Second of
all, the sulfonation can be achieved by reacting the sulfonic acid grotipe polymer
backbone. Polyether sulfone (PES) was sulfonated using chlorosulfodicami the
membrane characteristics were investigated (11). Polyetiieane (PES) was also
sulfonated using sulfur trioxide (12). SPEEK membranes have alsodrepared by
sulfonation by chlorosulfonic acid in dichloroethane (13). It has been igatsdithat for
PES, three sulfonating agents can be used; oleum, chlorosulfonic agdorS@

complexegl11).

Atom transfer radical polymerization (ATRP) involves organic delinitiator

and metal halides, e.g.: cuprous halide, as a catalyst and ligangrtuve the solubility
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metal salt in the organic reaction system (14). The metaldsalvill react based on a
reversible redox process and the released electron will enttiat organic halide initiator
in the initiation stage. In the propagation stage, the active radidlainitiate the
monomer and the monomer will propagate becoming an active polymempolyraer
will be terminated and end capped by halide group in the terminstaye (14). The

general reaction mechanism in ATRP is shown in Figure 2.

ka
R—Br + CuBrl) =———= R* + CuBn(L)
d

M

RM,, *

CuBry(L)

RM;—Br + CuBr(L)

Figure 2 — ATRP mechanism (14).

Where k and k are organic halide initiator activation and deactivation rate
constants (14-16). L is a ligand. The organic halide initiator #rate used for surface
polymerization and should be covalently bonded onto the surface of the wuliStna
instance, the silanol group was created from the reaction of ckilaree and hydroxyl

group from the surface of the substrate (14-16). The application of AdiR§urface
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polymerization of iron particles has been investigated by Fut¢hsl €16). The iron
particles have been coated using poly(butyl acrylate). Organic haliggtor, 2-(4-

chlorosulfonylphenyl)-ethyltrichlorosilane (CTCS), has been covigiddonded onto the
surface of iron via a silanol functional group. ATRP has several amy@stwhich
include; formation of polymers with controlled topologies, functioresiti narrow
polydispersity index, and composition. ATRP is also more flexibleeims of possible
monomers. A wide range of monomers can be polymerized using &AfRE at mild

conditions or elevated temperature (14-22).

Zirconium sulfate is one of example from inorganic proton conductaroZimm
sulfate can be synthesized from zirconium oxide and sulfuric aci@imonium sulfate)
and followed by thermal treatment at around 600°C (22a). Because cimple and
environmentally friendly synthesis and high acidity propertiesatad zirconia has been
used as solid-acid catalyst (22a). Sulfated zirconia compositeoraaes using Nafion®
have been investigated before, and exhibited an increase in watke @dag with
higher conductivities at higher temperatures (22b). Sulfated zireoldad to Nafion™
has been described in the literature, in which 5 wt.% sulfaredrza was added to
Nafion™ resulting in improvements when tested at low relative humiditres lagh
temperatures (22c). Super acid zirconia-doped Nafion™ has beengatestas well;
this membrane shows consistently high conductivity at a wide rahgemperatures
(22d). It has been found that sulfated zirconia nanoparticles addeafion™ 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), withugacbncentrations
of heteropolyacid (HPA). The HPA includes silicotungstic acidW&) and
phosphotungstic acid (PWA). In addition, surface grafted polymer—SiWAbkas
investigated as a novel composite membrane. This route offersncemhent of
compatibility between polymer matrix and HPA, to avoid “washing otiPA, and the
possibility of enhanced conductivity because of the addition of sulfonatidhe surface
grafted polymer backbone, as well as the polymer matrix (eulffonated PES).
Composite membranes were synthesized from sulfonated PEEK K$REE& zirconium
sulfate (ZrS@). Composite membranes were made using 5 wt.%, 20 wt.%, 30 andb,
50 wt.% of ZrSQ. Membrane electrode assembly (MEA) has been fabricated from
sulfonated poly(ether ether ketone) (SPEEK)/zirconium sulfate cotaposmbrane.
The performance of the composite membrane was characterizedausingle cell to

generate the polarization curve.
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2.1. Materials and Synthesis
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Divinylbenzene H2C\\_©_,/CH2 Sigma Aldrich
it
Sparteine “\‘;% Sigma Aldrich
Sodium 4-vinyl benzene H.C
: \\__Q_SOSNa Sigma Aldrich

sulfonate (S4VBS)

Neutral alumina

Ref: www.chromatography-

Selecto Scientific

online.org
Copper (I) Bromide Cu-Br Sigma Aldrich
Copper (IlI) Bromide Cu-Br
CHs . .
Toluene anhydrous @’ Sigma Aldrich
Chlorosulfonic acid (98%) Cisgpi Sigma Aldrich
Sulfuric acid (85%) RSOy Sigma Aldrich
Methanol CHOH Sigma Aldrich
Cl (0]
2-4(-chlorosulfonylphenyl)-
Cl——Si—(CH,);—S—Cl Gelest, Inc.
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Cl
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Octyl pyrollidone <N/\so Sigma Aldrich

|

CH5(CH5)6CH3;
Zirconium sulfate Z2rSO4 Sigma Aldrich
Polyether sulfone (PES) RADEL A-200 (MW = ~ 45,000) was donated by

Solvay Advanced Polymer. Heteropolyacids; silicotungstic acid WAS)
phosphomolybdic acid (PMoA), and phosphotungstic acid (PWA), were purchased fr
sigma Aldrich and used as received. Divinyl benzene, methanol,pycttlidone, CuBr,
CuBr,, sparteine, toluene, chlorosulfonic acid (98%), and sulfuric acid (85é6¢ w
purchased from Aldrich and used as received, ethanol was putdhaseAAPER, 2-4(-

chlorosulfonylphenyl)-ethytrichlorosilane (CTCS) was supplied by&édhc.

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 atQ@¥ernight and
stored in a desiccator. SIWA was then pulverized manually usingriamand pestle and
sieved using 270 mesh sieves. Dried SiWA particles (12 g) weszladdl reacted at 85
°C with 2-4(-chlorosulfonylphenyl)-ethytrichlorosilane (CTCS, 4 &)} 36 hours in
anhydrous toluene (110 g) as a solvent in inert gas (nitrogen)mbtiare was then

filtered and washed with anhydrous toluene in order to remove eRd&€3S. The residue
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(SIW-CTCS) was dried in a vacuum oven at low temperature (50/GtC24 hours.
Functionalized SiW-CTCS (6 g) was reacted with CuBr (0.06 g), X083 g), Spartein
(0.06 g), and monomer (divinylbenzene) in anhydrous toluene (60 g) @@ & 24
hours under nitrogen. Finally, the mixture was filtered, washed aetieres with
anhydrous toluene and dried in a vacuum oven at low temperature (50 GClopuise.

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 formest abmplete
dissolution. The PES solution temperature was kept°@tif an ice bath prior to
sulfonation reaction. Then, 20 ml chlorosulfonic acid was added drop-wiséhanPES
solution. The reaction was allowed for 3 hours. The sulfonated PES{&iPd PEEK
(SPEEK) were poured slowly and isolated in DI water. The untedachlorosulfonic
acid in polymer solution was washed using DI water until the pBl WaFinally, the
polymer was dried in a vacuum oven overnight prior to use. The sulfonatation

mechanism is shown in Figure 4 (11, 23).
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Figure 3 — The scheme of ATRP surface polymerization on SiWA.
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2.1.3. Preparation of SPES/HPAs Composite Membranes

Sulfonated PES was weighed and dissolved in dimethylacetamide ¢p &l
followed by adding and mixing of HPAs at 50°60 The mixing process was completed
within 2 hours in order to obtain uniform SPES/HPAs solution. Then, thk@olwas
poured in the mold and followed by solvent vaporization in a vacuum oven at 86-100

overnight.

2.1.4. Preparation of PES/Surface Coated SIWA Composite Membranes

PES pellets were weighed and dissolved in dimethylacetamide ¢pMAd
followed by adding and mixing of surface coated SiWA at roonpeeature (2%C). The
mixing process was completed within 2 hours in order to obtain unifor8isBEace
coated SiIWA solution. Then, the solution was poured in the mold and follbywed

solvent vaporization in a vacuum oven at 80°006vernight.

2.1.5. Preparation of SPEEK/ZrSO4 Composite Membranes

The synthesis of the composite membrane with 5 wt.%, 20 wt.%, 30 andg0

wt.% ZrSQ entailed dissolving 0.9 g SPEEK (sulfonated with 15 mL chlorosulfomic ac
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in sulfuric acid as a solvent) in 40 mL dimethylacetamide. rAdteof the SPEEK had
dissolved, 0.9 g ZrSQwas added. This mixture was placed in a sonicator for 1 hour until
all of the particulate matter had been agitated throughout theasoliinis was the key
step in creating a uniform film. This aqueous solution was then poured 10 cm x 10

cm mold where it was placed in an oven at 60°C overnight. The purge vatvep&ned

all the way while a very low amount of vacuum was placed on tea.orhis same
procedure was conducted for the membrane with 5 wt.%, 20 wt.%, and 304An&%,

except the sonication time.

2.1.6. Fabrication of Membrane Electrode Assembly (MEA)

MEA was initially fabricated from composite SPEEK/ZrS(0 wt.%) and
commercial gas diffusion electrode (GDE) which has platinum confebsmg/cm. A
composite membrane was cut into 7 cm x 7 cm and sandwiched inebe®i2E. The
GDE (5 cm x 5 cm) was painted with additional Nafion solution andlyst up to
approximately 0.7-0.8 mg/cm. Then, the GDE/membrane layer was Issedrat 1200-
1250 Ibf at 90-10%C for few minutes using a mechanical compression device equipped
with an aluminum block which has a heater inside. Finally, thetaesis between the
anode and cathode was measured to make sure there was no sharfTtiectabricated
MEA was then placed in a single fuel cell tester which ctsx®@§ monopolar plates
which have serpentine channels, a gold plated current collector,zaméss 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 Bekktechpdmirconductivity cell.
The surface grafted polymer—silicotungstic acid particletRF3pectra were recorded
using Perkin-Elmer Spectrum 2000 FTIR spectroscopy. The therropénies of the
polymer for surface coated silicotungstic acid particles whegacterized using Perkin-
Elmer Pyris-1 DSC. The ion exchange capacity (IEC) of théorsated composite
membrane was determined by an acid — base titration techniqusiZéhand shape of
HPA were characterized using a Nikon optical microscope and scaratectron
micrcrosope — X-ray energy dispersive spectrum (SEM-XEDS)Higchi S-4700

equipped with an Oxford EDS System.

2.2.1. Proton Conductivity Measurements

Membrane resistance and conductivity were measured using arochemical
impedance spectrometer with a frequency range from 1 Hz to 1 Mideembrane was
placed on the conductivity cell, having 25 Twf effective membrane area, which
consists of four platinum wires, a membrane clamp, and a Teflon sighpckt The two
outer sides of platinum wires connect the working (W) and countegléCrodes which
feeds the current to the membrane. The inner platinum wires, 0.42%pam) aere

connected to the reference (R) and sense (S) electrodes asutedeeoltage drop. This
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method provided a Nyquist plot which showed both real and imaginasyareses of the
membrane from low frequency (1 Hz) to high frequency (1 MHz)e €bnductivity
measurement was carried out at room temperature and 100% humdfgréed in high
purity water, 18.2 M .cm in resistance at 25). The Bekktech four point conductivity
cell schematic is shown in Figure 5. The conductivity wasrowted from the real
resistance using the following equation:

Equation [1]
R s

Where is conductivity (S/cm), | is the distance between referencesamse electrodes

(0.425 cm), R is the real resistance (ohm), and s is cross sé&reaaof membrane

(cn?).
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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 charaet@rusing Perkin-
Elmer Spectrum 100 FTIR spectroscopy. The sample of uncoatedusifistic acid
(SiWA), immobilized surface initiator silicotungstic acid pelds (SIWA-CTCS), and
grafted polymer—silicotungstic acid particles (SIWA-CTCS—poly(gibenzene)) were

scanned from 4000 ¢ 400 cnt at room temperature. The samples were dried in a
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vacuum oven at 6C 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 theacgurtoated
silicotungstic acid particles was characterized using Rdtkner Pyris-1 DSC. Two
pans placed in the DSC were used for holding the sample and refefidrec samples
were dried in a vacuum oven at°60for 24 hours and stored in desiccator prior to
characterization. The surface coated silicotungstic acittles(19.2 mg) were placed in

the sample pan and scanned fronfGQo 350°C with a heating rate 1%/min.

2.2.4. lon Exchange Capacity (IEC)

The IEC measurement was done for sulfonated PES only becau$@Alsan the
composite membrane may interfere the measured titrated basenia The proton
conductivity of sulfonated polymer in a membrane correlatésedEC of the polymer.
The IEC of the sulfonated membrane was determined by a simplebase titration
technique (meq of SBI" per gram of dry membrane). The membranes were washed
several times with high purity DI water after the sulfomagprocess. A known weight of

membrane was soaked in 2 M NaCl solution for 20 hours. The solutiothemgiltered
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and the ion exchange solution was titrated against 0.1 M NaOH solusimg
phenolphthalein indicator. The IEC is defined as ratio of consumeddNaslume
(VNnaon) at specific concentration (A\oy) to the polymer weight. The membrane ion
exchange capacity (IEC) was determined from the titration dsitag the following

equation (24-25):

volumeof NaOHconsumedmL) x molarityof NaOH(meg/mL)
weightof dry polymer(g)

IEC Equation [2]

2.2.5. Optical Microscopy

The size reduction of heteropolyacids was carried out by manndirgy. The
size of ground hetropolyacids was then measured using an opticalcoger The
microscope resolution can be used to measure up to 1 micron in diaftbiparticles.

The image of heteropolyacids was captured using bright field mode.

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

Spectrum (SEM-XEDS)

The surface morphologies of grafted polymer—silicotungstic acidcleasrtand

chemical analysis of surface coated silicotungstic acidcfestwere characterized using
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scanning electon micrcrosope — X-ray energy dispersive spectrEM-X&EDS) by
Hitachi S-4700 equipped with an Oxford EDS System. The number of at@arbon
after surface polymerization of poly(divinylbenzene) is expected to aseras 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 ¢adl tester was
connected to the main test machine (Scribner 850e) which has a henfalifoxygen
and hydrogen, flowmeter, and automated temperature controller. Then, the hytbagen f
was set up to 200 mL/min and oxygen flow was set up to 300 mL/minirEorun, the
cell, anode and cathode gas temperature were set@ia8 with various backpressures
(0, 5, 10, and 15 psi). The fuel cell was run over the range of currdmhastmum 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 charactdryztheir proton
conductivity. The proton conductivity measurement method involves a eithver point
or four point probe impedance spectroscopy technique. For characteriotan pr
exchange membranes which have low resistance and high frequentwothaoint
method is suitable because separation of the membrane resigtant interfacial
capacitance is possible. Especially at the high frequency rdrege)dasurement can be
affected by other instrument electric fields (26). In comtrése four point method
provides more accurate measurement because this method -eliminatesntact
resistance present in the two point probe and it employs two sepéetrodes to supply
current to the cell, and two additional voltage sensing electrodssure potential
directly from the cell. The impedance measurements are maug arsielectrochemical
impedance spectrometer with a frequency range from 1 Hz to 1 MHz. Therfcggean
data is represented by Nyquist plot which consist of real angimaxy 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 caiepos

membrane were measured at room temperature and 100% rdhatmelity. The

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

of composite membrane without the sulfonation process of the polymex (RES) was

achieved by PES/SIWA 50wt.%. In addition, SIWA composite membran8/GARA

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

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

can be concluded that SIWA particles have better conductivity tthar HPAS,

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

that have been done by: Henga, Herring and Ramani (27-29). On the oithewiia the
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same concentration of HPA, the conductivity of surface coated Sodposite
membranes was lower than for non-surface coated membranes. Ehenm@Ena was
reasonable because the grafted poly(divinyl benzene) was nobdt@n pconductor.
Moreover, the polymer coating restricts the proton transport usind $&kticles in the
membrane. However, a higher concentration of SIWA can be added foolyraer

matrix (PES) by surface coating the SiWA patrticles.

Sulfonation of the polymer matrix has been carried out in order teaserthe
overall composite membrane conductivity. The sulfonation processeleasdonducted
using chlorosulfonic acid as sulfonating agent which will atectheortho position of
the PES aromatic ring (30). The sulfonic acid group on the PES backbovidegr
additional proton transport media. As a result, sulfonated compositénaeen(60 wt.%
PWA — SPES) has better conductivity as compared with non-sulfoR&8dwith the

same PWA concentration.

The mechanism of proton conduction through the membrane can be described by
two models; the Grotthuss mechanism (proton “hopping”) and vehiculahamism
(bulk ion transport (29, 31). In the Grotthuss mechanism, the proton movef®m
sulfonic acid functional group which can be described as the fwansnolecule” to
another sulfonic acid group. In this case, the “transport molecutesStationary (29).
Grotthuss mechanism may occur predominantly under low humidity or amsydr
condition (32). On the other hand, “vehicle molecules”, such as water, diffuse through the

ionic channels carrying attached protons. The translational motiomeof‘vehicle
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molecules” is caused by a driving force which is generatdoubgup of a concentration
gradient on one side of the ionic channel in which the “vehicle” rergeed (29). The
vehicular mechanism generally occurs when the membrane is heaid8R). 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 x40
30 wt.% SIWA — SPES Type 3 6.1 x10
70 wt.% PMoA — PES 0.8 x 10
70 wt.% PWA — PES 5.1 x T0
60 wt.% PWA — PES 4.3 x 10
50 wt.% SiWA (non-coated) — PES 6.7 X°10
50 wt.% SiWA (coated) — PES 1.4 x10
SPES Type 3 3.6 x 10
SPES Type 2 8.1 x 10
SPES Type 1 6.9 x 10
PES (pure) 3.2x 10
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3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The grafted surface initiator and polymer on the SiIWA patrticle evearacterized
using FTIR. The sample was scanned from 400 to 4000 €ransmission data of infra
red spectra for uncoated SiWA patrticles, SIWA particles €€ Tand SIWA particles —
CTCS - poly(divinyl benzene) are shown in Figure 7. Comparing the <ofv8iWA
and SiWA — CTCS, a peak of silanol stretch bond (Si — O) eaxistbout 1100 cthand
the peak is shifted at 1400 ¢mvhich represents the sulfur dioxide bond stretch,(SO
from the surface initiator (CTCS). On the SIWA — CTCS — palgffbstyrene) infra red
spectra, another peak appears at about 160b represents double bond (C = C) of
poly(divinyl benzene). By comparing the infra red spectra amdWASSIWA particles
— CTCS, and SIWA particles — CTCS — poly(divinyl benzene), itbmconcluded that
the polymer has been successfully covalently bonded on the surf& ¥/ Af particles

through silane based surface initiator.
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%

Figure 7 — FTIR spectra of grafted poly(divinyl benzene) on the surface & Siw

particles using CTCS as surface initiator.

3.3. Differential Scanning Calorimetry (DSC)

The glass transition temperature (Tg) of grafted polymer osutface of SIWA
particles were characterized using DSC. A standard method has ussel for
temperature scanning from 50°C to 350°C at a heating rate of 1°Cimai temperature
scanning has been done under high purity nitrogen purge with volumewicdte of 20

ml/min. The grafted poly(divinyl benzene) on the SIWA surface stothe thermal
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transition temperature at 192.6°C. The poly(divinyl benzene) synthesizeour
laboratory has higher thermal transition temperature than tkepbly(divinyl benzene)
which has thermal transition temperature of 150-158°C (33). Highes glassition
temperature for grafted polymer is due to the covalently bonded pobymteethe surface
that restricts the mobility of molecules (34). As a resulthéigenergy is required to
achieve the glassy state of the grafted polymer before rgpopliass transition
temperature. The DSC curve for grafted poly(divinyl benzene) oSHVA particles is

shown in Figure 8.

Tg = 192.6°C

Figure 8 — DSC Curve of grafted poly(divinyl benzene) on the surface of SiWialgsrt
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3.4. lon Exchange Capacity (IEC)

lon exchange capacity is correlated directly to proton conductivitythef
membrane and depends on the amount of reacting sulfation agent (difdoiosacid).
The IEC was found to increase with the amount of chlorosulfonic atdéda The
phenolphthalein indicator was used for acid—base titration and effeagive working
range about pH 7. The pH of DI water was measured, it showed5% and pretreated
using dilute base solution in order to achieve pH 7 prior to use iMm&&Surement. This
step allowed the correct measurement of IEC sulfonated PESEThef sulfonated PES

is listed in Table 2.

Table z— The summary of sulfonated PES IEC.

Type of Chlorosulfonic acid IEC

sulfonated PES  amount (mL) (meq/qg)
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 SiIWA particles was measured usingalopti
microscopy. The average diameter of SIWA particles was about 23580— m. Size
reduction of SIWA particles was aimed for novel composite memblgngrafted
polymer on the surface of SIWA particles before composite memipraparation. The
particle size distribution is shown in Figure 9 (a). As mentiomeliee in section 3.1., by
surface coating the SiWA particles, higher concentration of SM&A be added into
polymer matrix (PES) without any compatibility issue, i.etussgted concentration of
HPA in polymer matrix may be achieved at 50 wt.% without polyme@ating. In
addition, the mechanical properties of surface grafted polymer citeposmbrane was
maintained and the “washing out” of HPAs, because the HPAs arephyic, under
humidified conditions would be possible to avoid. However, the conductivityrédce
coated SIWA composite membrane was lower than non-surface coaegicture of
surface-coated and non-surface-coated SiWA composite PES areshli50 wt.%) is

shown in Figure 9 (b).
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Figure 9 — (a) Captured image of reduced sized SIWA pesti¢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 Dispesive

Spectrum (SEM-XEDS)

Characterization and identification of SIWA particles, SIWA iples — CTCS,
and SiWA particles — CTCS — poly(divinyl benzene) were performvgld a high —
resolution scanning electron microscope equipped with X-ray enesggrdive spectrum
(SEM-XEDS) by Hitachi S-4700 equipped with an Oxford EDS Systamples were
subjected to platinum sputter coating, prior to observation, to préweicharging of the
organic compound, to distribute the effects of heating, and to increasaeahsity of
secondary and back-scattered electrons at high resolution. Approgeiattion of the

electron beam acceleration voltage is required to avoid thermaddggn of sample,
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especially organic material, and to achieve accurate elemantifigation. The electron
beam acceleration voltage used during this observation was 20 ke@iVildeparticles
shape were not spherical and the size distribution was as expeaatka, 10 m. The
SIWA particles were agglomerate after immobilization of aef initiator (CTCS).
However, the surface grafted poly(divinyl benzene) — SIWA partigke in the smaller
distribution particles size. It may caused by polymerization gsoeéhich poly(divinyl
benzene) prevented the aggregation of SIWA particles. The SEMgraph of SIWA
particles, SIWA with surface immobilized CTCS, and the gdafiely(divinyl benzene)

on the surface of SIWA particles, is shown in Figure 10.
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(a) (b)

()
Figure 10 — SEM micrographs of; (a) SIWA particl@gsg, SIWA with surface
immobilized CTCS, and (c) The grafted poly(divitndnzene) on the surface of SIWA

particles.

3.7. Elemental Analysis with X-ray Energy Dispersive Spectrum (XEDS)

Quantitative elemental analysis was recorded byayx-energy dispersive

spectrograms and Oxford XEDS System. During scannirray peaks were generated
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and used to record the elements that existed oBitWé&\ and SiWA modified particles.

The elemental maps for the identified elements \aése generated automatically during
the scanning time. The electron beams may peneirdyea few nanometers in depth of
sample surface. Because of that limitation, XED8lysis was aimed only to determine
the occurrences of immobilization of surface indra(CTCS) and the polymerization of
poly(divinyl benzene) on the SiIWA particles. The D& spectrograms are shown in
Figure 11. The number of carbon atoms increaseah BiIWA particles, SIWA with

surface immobilized CTCS, and the grafted polyfibenzene) on the surface of
SIWA particles. These results confirmed that thenobilization of surface initiator

(CTCS) and the polymerization of poly(divinyl beneg on the SiWA particles occurred.
Immobilization was also supported by decreasingrtmnber of tungsten atoms after
SiIWA surface modification which means the SIWA mdet was covered by surface
initiator (CTCS) and poly(divinyl benzene) as cogti The weight percentage of each
element for SIWA particles, SIWA with surface imnilaed CTCS, and the grafted
poly(divinyl benzene) on the surface of SIWA pdetscfrom x-ray energy dispersive

spectrograms is listed in Table 3.
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Figure 11 — Energy dispersive X-ray analysis of,S&VA particles, (b) SIWA with
surface immobilized CTCS, and (c) The grafted pblyQiyl benzene) on the surface of

SiWA patrticles.
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Table 2 — Element analysis from X-ray energy dispersiveERS).

Weight %
Element
SiIWA | SIWA - CTCS SiIWA — CTCS - poly(divinyl benzgne

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
wW 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 membranesi®b ZrSQ have been cast
successfully and have undergone a series of peasfwen tests. The measured
conductivity was around 0.02 S/cm and the thickvess about 100 micron. Figure 12
(a), reveals the uniform dispersion of ZrSG0 wt.% ZrSQ) throughout the membrane.
On the other hand, Figure 12 (b) shows agglomeratiaZrSQ, particles (5 wt.% ZrSg)
which can be seen on the top right corner of thenbmane. This can be remedied by

leaving the ZrS@and SPEEK solution in the sonicator for a longaiqal of time.



(a) (b)

Figure 12 — Composite membranes of: (a) 50 wt.%,(ah5 wt.%.

The composite membranes (50 wt.% Zgp@vere cut and analyzed using
scanning electron microscopy (SEM) in order to aetee the particles size and interface
between ZrS@ particles and polymer matrix (SPEEK). From Figt& it can be seen
that the particles have a very uniform diametet-@f um even though the concentration
of ZrSQ, is up to 50 wt.%. The dispersion process (sormnatime) was important to
prevent the agglomeration. In addition, there wasadlem at the interface between the
polymer matrix and the ZrSQvhere there is an air gap leading to a compaylgsue.

It might be solved by surface coating ZrSt&rticles with sulfonated polymer which can
be used to maintain the conductivity while possitercoming the compatibility issue.
The prepared MEA from 50 wt.% Zrg@omposite membrane has a higher range of

current density than 20 wt.% Zra his result can be related to the amount of iaoig
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proton conductor of composite membrane which presiat lower resistance. Also, the
thermal stress from the hot press process mayttetite MEA defect and it can be seen

on the bottom corner of the MEA. The MEA picturesi®wn in Figure 13 (c).

Figure 13 — SEM images of: (a) composite membraogscsectional, (b) interface of

ZrSQ, and SPEEK, and (c) MEA from 50 wt.% Zr3SPEEK.
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From the single test fuel cell, the SPEEK/Z§S@0 wt.%) composite membrane
showed the highest power density reached up to n&8/cnf (25°C and O psi
backpressure). At higher temperature and highek Ipaessure, 5 and 5 psi, the
highest power density was 11.5mW/cras compared with the test at’@5and 0 psi
backpressure. These phenomena may relate to therragnount of water concentration
at higher pressure, and the reaction rate is fagtbigher temperature. The single test
fuel cell result of SPEEK(5mL CSA)/ZrS@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 SPEBK[L CSA)/ZrSQ (20 wt.%) composite

membrane for different temperature and backpressure
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The SPEEK/ZrS® composite membrane (50 wt.%) showed the highestpo
up to 1.4 Watts at 26 and 15 psi backpressure. From single test fukltbe power
output was found to increase with the backpresgtn@n the Figure 15, it can be seen
that the MEA performance was not significantly eliéint for the backpressure of 10 and
15 psi. The fuel cell test might be limited to 1€l packpressure in the following test to
avoid MEA failure. The single test fuel cell resoftSPEEK/ZrSQ (50 wt.%) composite

membrane for different backpressures is showngarei 15.
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Figure 15 - Single test fuel cell result of SPEE¥S®, composite membrane for

different backpressure.
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4. Future Work

Polymer coating on the SiIWA particles is a non—cmtiste polymer. As a result,
the proton transport among SiWA particles is résticand the composite membrane
conductivity is relatively low. The sulfonation etirface grafted poly(divinyl benzene)
should be done in order to enhance the conducfigomposite membrane. Sulfonated
poly(divinyl benzene) on the SiIWA particles wouldreg additional proton transport

media through an attached sulfonic acid group erptitymer backbone.

The surface coating for ZrSOneeds to be studied further. ZrS©an be
functionalized using silane terminated sulfonicdaan order to increase the proton
conductivity. The reaction shown below in Figureid®ovel, and may work in creating

a new composite membranes.

AN

OH o) o) o)
@ —oH + Ho Si——(CH,)3——S——O0H ——» @——0O——Si——(CH,);——S——OH
OH o} /o o)

Figure 16 — The grafting mechanism of silane teated sulfonic acid to mesoporous

material.

In addition, ZrSQ can also be surface coated using RAFT polymeorati
technique in order to provide high quality compesimembranes. Benzyl 4-

methoxydithiobenzoate will be used as chain tranafgent (CTA). The CTA will be
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synthesized from the reaction of benzyl mercaptah 4methoxybenzoic acid with the
presence of phosphorus pentasulfide as a catalydtanhydrous toluene as a solvent.
The reaction will be carried out at temperaturegeanf 90-98C for approximately 10
hours under nitrogen in a laboratory hood. The pcodvill then be cooled at room
temperature. The CTA will be purified using a chatagraphy column with neutral
alumina and anhydrous toluene will be used as aenel After evaporation of toluene,
CTA will be collected as red colored oil [35]. Sagé initiator, CTCS, will be covalently
bonded onto surface of ZnSO4 via the silanol (Sib@d ZrSO, and CTCS will be
reacted in anhydrous toluene as solvent and refl@e85C and stirred for 24 hours
under nitrogen. The product will be filtered, waghesing toluene several times to
remove excess CTCS, and dried in vacuum oven @ & 24 hours [16, 36]. Then,
surface initiated ZrSECTCS will be reacted with CTA through atom tramsdedition
(ATA) reaction prior to polymerization [37]. Suragolymerization of poly(sodium 4-
vinylbenzene sulfonate) on the surface of ZrS@ RAFT will be carried out as follows:
ZrSQJ/CTCS funtionalized CTA, sodium 4-vinylbenzene eonlte, CTA,
azobisisobutyronitrile, and toluene will be addedoi a three-neck flask (reactor),
mechanically stirred and reacted af@%or 20 hours under nitrogen. The product will be
filtered, washed with toluene and then dried inaguum oven at 8C for 24 hours.
Surface polymerization of poly(sodium 4-vinylbeneesulfonate) on the ZrSOvia

RAFT and ion exchange mechanism is shown in Fitjdre



91

9
§—0Na
HZGV©/ © o or - gcH
AN L l ~
? ? OCH;  AIBN, N, 85°C, 20 hours .—Sl"(CHz)S—ﬁ/ s
‘—Si—(CHz)g—ﬁ—S o

S
T : /
g : jogas
H,CO' O=IS=O
NaO _m
\? (ﬁ _ _ OCH, \Cl) (ﬁ 3 _ ocH,
@ s—cr—5 ~s Q@ s—cr)—3 ~s
(I) g HCI (2N) (I) g
S S
/ EEe— /
24 hours
o=:|;=o o=:l;=o
L NaO _|m L HO _Im

Figure 17 — The mechanism of surface polymerizadfgooly(sodium 4-vinylbenzene

sulfonate) on ZrS@via RAFT and ion exchange.

5. Conclusions

Novel composite proton exchange membranes have bpegpared from non—
fluorinated polymer and non-surface coated andasartoated heteropoly acids (HPA).
Composite membranes were successfully prepared B&8 and various HPAs. It was
found that SIWA has the highest conductivity as parad with PWA and PMoA at the
same concentration or even higher. Atom transfdicah polymerization (ATRP) has
been successfully used in the grafting of polyfdiibenzene) on the surface of SIWA
particles. The SIWA was added to the PES to upOtavB%. In order to increase the

compatibility between SiWA and PES, SIWA was sufaoated. Surface coated SiWA
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particles can be added to the polymer matrix upQownt.% to form a homogeneous
membrane. The characterization of surface polyradrigoly(divinyl benzene) on the
SiIWA particles have been carried out. This rout® dlas the potential to increase the
conductivity by sulfonation of grafted polymer baoke, and to avoid “washing out” of
HPAs in the fuel cell. The grafted polymer backbamethe SiWA particles should be
sulfonated in order to increase the conductivitythed composite membrane. PES was
also sulfonated using chlorosulfonic acid in orderenhance the conductivity. The

highest conductivity of sulfonated PES with 60 wEsA was 1.7 x 18 S/cm.
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CHAPTER Il

Composite Membranes by Surface Modification of SiGotungstic Acids
and Their Characterization for Proton Exchange Memlyane Fuel Cells

(PEMFCs)

Abstract

Novel composite proton exchange membranes have pempared by surface
modification of heteropolyacids (HPA), namely: &diiungstic acid (SiWA), and
sulfonated poly(ether ether ketone) (SPEEK) as pgblymer matrix. Atom transfer
radical polymerization (ATRP) has been used fofesér polymerization of sodium 4-
vinyl benzene sulfonate (S4VBS) on SIWA. PEEK haserb sulfonated using
chlorosulfonic acid. The major outcome of this wares the surface coating of SIWA—-
poly(S4VBS) which resulted in homogenous composigmbranes as compared with
non-surface coated SiWA. The thermal propertiesusface polymerized S4VBS have
been characterized using differential scanning roaktry and thermogravimetric
analysis. The molecular weight of poly(S4VBS) haserb determined using gel
permeation chromatography. The SiIWA particles arab< section of the composite
membrane have been imaged using DSC. Composite raeenloonductivity has been
characterized using electrochemical impedance gsecpy. This approach provides a

membrane with high proton conductivity becausehefgresence of sulfonic acid groups
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on the grafted polymer backbone, avoids “washing ouHPA particles, and retains the

bound water in HPA up to 380.

1. Introduction

Proton exchange membranes (PEMSs) play a centelimduel cell operation. In
the fuel cell, PEMs provide three main contribosio as ion transfer media, for
separating reactant gases (hydrogen and oxygemhweact at the cathode and anode,
and as a catalyst support [1]. Proton exchange masmab with high ion conductivity,
low gas permeability, and high mechanical strergéhdesirable [1]. Nafion™ (E. I. Du
Pont de Nemours and Company) is the current sfateecart PEM. Hydrated Nafidd
membrane has high proton conductivity and is useadnaperatures up to 8C. Above
that temperature it will release water and the@ratonductivity will decrease. Because
of the limitations of Nafion™ researchers have bdemeloping non-perfluorosulfonic
membranes. Some of these limitations include: kiggt, low conductivity due to water
loss at high temperature, low humidity and highnpesbility to methanol [2]. Many
PEMs have been developed based on polystyrenegthelgulfones (PES), poly(ether
ether ketone) (PEEK), polyphosphazene, and polybedazole (PBI). Fuel cells have
great promise as environmentally friendly powerrees and efficient energy systems.
The fuel cell system consists of the following caments: anode, catalyst, PEMs, and

cathode shown in Figure 1.
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Figure 1 — Proton exchange membrane fuel cellsradge

For ionomeric membranes, thermal degradation, gtemssition temperature,
proton conductivity and water uptake have all bieeestigated for blended SPEEK and
PES membranes [3]. An ionomeric membrane blend atss been synthesized with
polybenzimidazole (PBI) and sulfonated partiallyoilinated poly (arylene ether sulfone)
[4]. There are several modifications to allow ugehgdrophobic polymers as proton

exchange membranes, e.g: acid doping, syntheseimgmposite with an inorganic
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proton conductor, and direct synthesis from sulfetia monomers. Composite
membranes — which may include heteropolyacids amtmorillonite have been reported
to increase the membrane mechanical propertiesewirbintaining high proton
conductivity [5-6]. PEEK is one example of a hydropic polyether polymer. In order
to use PEEK as a PEM, it has to be modified byosalfion. The sulfonated PEEK can be
synthesized in two ways; first, sulfonation of plyer monomer followed by
polymerization [7]. The sulfonation can be achiebgdreacting the fluorophenyl group
with fuming sulfuric acid [7]. Second, sulfonati@an be achieved by reacting of the
sulfonic acid group on to the polymer backbone. eBav post-sulfonation polymer
techniques have been investigated. PES and PEEKbraass were sulfonated using
chlorosulfonic acid and the membrane charactesistiere investigated [8-10]. It has
been demonstrated that for PES, three sulfonatiggnta can be used; oleum,

chlorosulfonic acid, S@or its complexefs].

A composite membrane, a mixture of inorganic salbstri.e: heteropolyacids
(silicotungstic acid, phosphotungstic acid, phospblybdic acid, and silicomolybdic
acid), and a polymer matrix, may experience sefahares due to incompatibility at the
interface. This problem can be overcome by surtaxaing of the inorganic substrate.
Atom transfer radical polymerization (ATRP) is alM@own technique to graft polymer
on the substrate. ATRP involves a reduction-oxaiatieaction of an organic halide
initiator (R-Br) and metal halides (CuBr). The mese of a ligand (L) improves the
solubility of metal salt in the organic reactiorssgm [11]. During the initiation stage, the

released electron from the redox process initidtesorganic halide initiator. The active
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radical will initiate the monomer and the monomell wropagate becoming an active
polymer. Then, polymer will be terminated and emgbped by a halide group in the

termination stage [11-13].

The organic halide initiator should be covalentinted onto the surface of
inorganic substrate. For instance, chloro silanara®rganic halide initiator will react
with a hydroxyl group from the surface of the sutgt This reaction results in silanol
group formation [11-13]. The application of ATRPr feurface polymerization of
inorganic substrates has been investigated by Fethal [13, 14]. The silicotungstic
acid and iron particles have been coated using(giglpyl benzene) and poly(butyl
acrylate), respectively. Both surface coating psees involved an organic halide
initiator, 2-(4-chlorosulfonylphenyl)-ethyltrichlosilane (CTCS), to covalently bond the
polymer onto the surface of the silicotungstic aidl iron via a silanol functional group.
A uniform composite membrane was obtained fromasarfcoated SIWA particles and
SPES as a polymer matrix [14]. ATRP has severah@idges which include: formation
of polymers with controlled topologies, functionis, narrow polydispersity index, and
composition. ATRP is also more flexible in termgofsible monomers. A wide range of
monomers can be polymerized using ATRP either dtl monditions or elevated

temperature [11-20].

In the present work, a novel and homogenous corgosembrane has been
prepared from surface coated SiWA particles witly@sVBS) and PEEK at various

concentrations of SiIWA particles. ATRP was used fioe surface polymerization
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technique. This route offers several advantages, to enhance compatibility between
the polymer matrix and SiWA, to minimize the podgip of mechanical failures and

“washing out” of SIWA particles due to interfacecampatibility, and to enhance the
membrane conductivity because of the presencelioingtacid groups on the surface of

grafted polymer backbone, as well as the polymdrimg@ulfonated PEEK).



2. Experimental Section

2.1. Materials and Synthesis
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Hydrochloric acid (HCI) H—CI Sigma Aldrich
CH

Toluene anhydrous @’ 3 Sigma Aldrich
Chlorosulfonic acid (98%) CIsi Sigma Aldrich
Sulfuric acid (85%) HSOy Sigma Aldrich

Cl (e}

2-4(-chlorosulfonylphenyl)- | ||

Cl—— Si—(CH,),—S—Cl Gelest, Inc.
ethytrichlorosilane (CTCS) | L|
Cl

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

Surface Using ATRP [14, 21]

Silicotungstic acid (30 g) was dried in the vacuoven at 10€C for 8 hours and
stored in a desiccator. SIWA was then pulverizedumally using a mortar and pestle and
sieved using 270 mesh sieves. Dried SiWA partislese added and reacted at &5
with 2-4(-chlorosulfonylphenyl)-ethytrichlorosilan€CTCS, 12.6 g)) for 36 hours in
anhydrous toluene (60 mL) as a solvent in inert (@#sogen). The mixture was then
filtered and washed with anhydrous toluene in otdeemove excess CTCS. The residue
(SIW-CTCS) was dried in a vacuum oven at low terapge (50 °C) for 24 hours.
Functionalized SiW-CTCS (6 g) was reacted with C((B84 g), PMDETA (1.05 g), and

monomer (sodium 4-vinyl benzene sulfonate, 10.3ih@nhydrous toluene (25 mL) at
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85 °C for 24 hours under nitrogen. Finally, the mixturas filtered, washed several times
with anhydrous toluene and dried in a vacuum ovdova temperature (50 °C) prior to

use. The scheme of surface polymerization of SIMIAGIATRP is shown in Figure 2.

Cl (0] \O
cTcs

| I | I
O—OH - CI—Si—(CHZ)S—ﬁ—CI E— O—O—Si—(CHz)e—ﬁ—Cl
| ]

(0]
cl 0 o
-
|
\O o \N/\/N\/\N/ \0

| PMDETA
O_O_Si_(CHZ)S_ﬁ_Cl > O_O_li_(CHZ)S_!* _: CuBrCI/PMDETA
CuBr

P o) . ©
N e o
O—O—S|i—(CH2)S—s| * T O—O—Si—(CH2)3—5|
I |
P ch) uene o 0

SO,Na

O . Heteropolyacids (HPAs)

Figure 2 — The scheme of ATRP surface polymerinadio SiWA.

2.1.2. Sulfonation of PEEK

Five grams of PEEK were dissolved in 100 ml conegad sulfuric acid at room

temperature under constant stirring (400 rpm foh@drs). A clear solution was formed
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after complete dissolution. The PEEK solution terapge was kept at room temperature
prior to the sulfonation reaction. Then, chlorosult acid was added drop-wise to the
PEEK solution. The reaction was allowed to prodeed®4 hours. The sulfonated PEEK
(SPEEK) was poured slowly into DI water and isalat€he un-reacted chlorosulfonic

acid in the polymer solution was washed using Diewantil the pH was 7. Finally, the

polymer was dried in a vacuum oven 24 hours poarde. The chemical composition of
the PEEK sulfonation process is listed in Tabl@He sulfonation reaction mechanism is

shown in Figure 3 [8, 22].

L OOt + -

PEEK Chlorosulfonic acid

Concentrated SO,
24 hours
Room temperature

O
X
SOH

Sulfonated PEEK

0O—0

Figure 3 — Sulfonation reaction mechanism [8, 22].
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Table 1— Composition of PEEK sulfonation process.

SPEEK | PEEK| Chlorosulfonic acid

Type 1 59 5mL
Type 2 59 15 mL
Type 3 59 25 mL

2.1.3. Preparation of SPEEK/SIWA Composite Membranes

SPEEK 15mL CSA was weighed and dissolved in dimatefamide (DMAC)
and followed by adding and mixing SIWA (30 wt.% a2l wt.%) at room temperature.
Then, the mixing process was continued using acaton for an additional 30 minutes in
order to obtain a uniform SPEEK/SIWA solution. Thére solution was poured into the

mold followed by solvent evaporation in a vacuunemmat 70-8%C 24 hours.

2.1.4. lon Exchange of SPEEK/Surface Coated SiWA Composite Membranes

SPEEK/surface coated SiWA composite membranes s@aked in 3 M HCI
solution for 12 hours. The composite membrane washed with DI water to remove
excess HCI. Then, the membrane was characteriz&086 relative humidity at room

temperature. The ion exchange reaction mechanishoisn in Figure 4.
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Figure 4 - lon exchange reaction mechanism.
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2.2. Characterization

2.2.1.'H Nuclear Magnetic Resonance (NMR) Spectroscopy

'H nuclear magnetic resonance spectroscopy was usedonfirm the
polymerization after 24 hours. The NMR spectrum vex®rded using Agilent NMR 400

(*H at 400 MHz) in DMSQd at 25C.

2.2.2. Gel Permeation Chromatography (GPC)

Shimadzu DGU-20Adegasser, LC-20AD pump, CTO-20AC column oven, RID-
10A refractive index detector, CBM-20A controlleand single Phenogel & 10
Angstrom column which have effective molecular virti§,000-500,000 g/mol was used
to determine the molecular weight of poly(S4VBSheTmobile phase was N,N-
dimethylformamide 99.9% HPLC grade with a flow raté 0.8 mL/min, column
temperature was set at °85 and 20 L of polymer solution was injected through
column. A calibration curve was generated with meanodisperse polystyrene standards
purchased from Sigma Aldrich (certified by SciantPolymer Product, Inc.). Molecular
weight averages and polydispersity index (Mw/Mn) sjnthesized polymer was

calculated against polystyrene standards by usatgsblutions software.
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2.2.3. Fourier Transforms Infra Red (FTIR) Spectroscopy

Perkin-Elmer Spectrum 100 Fourier transforms indich spectroscopy was used to
analyze the chemical bond of poly(S4VBS), graftetl($4VBS)-SiWA, immobilized
surface initiator silicotungstic acid particles \(BA—CTCS), and uncoated SiWA
particles. Samples were dried in a vacuum ovenOXE Gor 24 hours and stored in a
desiccator prior to characterization. The samplesewniformly mixed with KBr powder
at a weight ratio of 1:50, before mechanically pieg them to form moisture-free KBr
pellets. All samples were scanned from 4000"ea%00 cnT at room temperature with

resolution of 4 cni.

2.2.4. Thermogravimetric Analysis (TGA)

Perkin-Elmer STA6000 thermogravimetric analysis waed to characterize the
thermal properties of poly(S4VBS), grafted poly(B88)J—SiWA, immobilized surface
initiator silicotungstic acid particles (SIWA-CTCS)nd uncoated SiWA particles. The
analysis was performed on samples in nitrogen witlow rate of 20 mL/min. Initially,
the sample was held at temperature oiC36br 5 minutes, followed by scanning the

sample at a rate of 30/min from 30C to 80GC, and held at 86T for 5 minutes.
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2.2.5. Differential Scanning Calorimetry (DSC)

The thermal properties of the polymer for surfacated silicotungstic acid
particles were characterized using Perkin-ElmeisPydifferential scanning calorimetry.
The samples were dried in a vacuum oven &E606r 24 hours and stored in a desiccator
prior to characterization. Then, surface coated Apdrticles (37.86 mg) were weighed
and placed in the DSC sample pan. The sample vemssttenned isothermally at°60
for 3 minutes, followed by temperature scanningnfle®C to 350C with a heating rate
of 10 °C/min, and temperature hold at 860for 3 minutes. This characterization was

done under nitrogen purge of 20 mL/min.

2.2.6 Scanning Electon Micrcrosopy — X-ray Energy Dispersive Spectmu (SEM-

XEDS)

The surface morphologies of grafted poly(S4VBS)-S8ipéarticles, cross section
of the membranes, and chemical analysis of surfawsed SiIWA particles were
characterized using scanning electon micrcrosop§tray energy dispersive spectrum
(SEM-XEDS) by Hitachi S-4700 equipped with an Oxf@@DS System. The sample was
magnified from 800X to 35,000X at an acceleratingteptial of 20kV. EDS
microanalysis was performed on the samples at riegidons ranging from 10,000X to
30,000X and an accelerating potential of 20kV. SEAMhples were placed on carbon

tapes adhered to an aluminum SEM sample holder.nbented samples were then
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coated with a thin layer of platinum using an argdasma sputtering system. The

platinum coating was done at an approximate ra5680 nm/min with 85mA current.

2.2.7. Electrochemical Impedance Spectrometer (EIS)

The proton conductivity was determined using a d&tion Instruments 2273
electrochemical impedance spectrometer (EIS) aBekktech four point conductivity
cell. A membrane was cut and placed on the condtyctiell, having 25 crhof effective
membrane area. The conductivity cell consists afr fplatinum wires, a membrane
clamp, and a Teflon support block. The two outetiptm wires connect the working
(W) and counter (C) electrodes which feeds theeturto the membrane. The inner
platinum wires, 0.425 cm apart, were connectedht reference (R) and sense (S)
electrodes and measured voltage drop. This methmodided a Nyquist plot which
showed both real and imaginary resistances of tm@lmnane from low frequency (1 Hz)
to high frequency (1 MHz). The conductivity measneat was carried out at room
temperature and 100% humidity (immersed in highitpuwater, 18.2 M .cm in
resistance at 28). The conductivity was determined from the reslistance using the
following equation:

|
R

Equation [1]

n
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Where is conductivity (S/cm), | is the distance betweeference and sense electrodes

(0.425 cm), R is the real resistance (ohm), arglcsdss sectional area of the membrane

(cn?).
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3. Results and Discussion

3.1.'H Nuclear Magnetic Resonance (NMR) Spectroscopy

10 8 6 4 2 0

Chemical Shift (ppm)

Figure 5 -*H spectrum of poly(S4VBS) at %5 recorded in DMSQ@s.

Figure 5 shows théH spectrum of poly(S4VBS) after 24 hours of reattin
DMSO-ds. According to the reported literature [23], theewtical shift of vinylic
hydrogen in the pure monomer of sodium 4-vinyl lee@zsulfonate is at 6.4 ppm and it

was reported that a high conversion has been aahievonly 120 minutes. Hence, the
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disappearance of the double bond of the vinyl pgake monomer can be seen in Figure
5 which corresponds to polymer formation after 8dirls. The polymerization of S4VBS
using ATRP takes place quickly at°80and the molecular weight increases linearly.
Figure 6 shows the weight average molecular weight) over the reaction time where
the MW of poly(S4VBS) reaches 73,600 g.thelith a polydispersity index ~ 1. The
rapid polymerization of S4VBS is in agreement witported literature [23] where
controlled radical polymerization, namely reversibaddition fragmentation chain
transfer (RAFT), was also used and the experimest @arried out at lower temperature

(70°C) than this work.

100 -
_l] pe —— —*
0 R2=0.9673
1
39 10 A
X
W
M
g 1 I I 1 1 1
0 5 10 15 20 25
Reaction time [hr]

Figure 6 — Evolution of M for poly(S4VBS) using ATRP at 80.
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3.2. Fourier Transforms Infra Red (FTIR) Spectroscopy

% Transmittance

4000.0 3600 éOOO iSOO '].OOO ' 500' 400.0
Wavenumber [cnTl]

Figure 7 — FTIR spectra of: SIWA (above), SIWA-CT@8ddle), and SIWA—-

CTCS—poly(S4VBS) (bottom).

The grafted poly(S4VBS)-SiWA, immobilized surfaodiator silicotungstic acid
particles (SIWA-CTCS), and uncoated SiWA partictes shown in Figure 7. From
SiIWA and SIWA-CTCS spectra, the hydroxyl stretchsvgaown by a peak at 3500 —
3400 cni[24, 25]. The peaks, SIWA-CTCS and SiWA-CTCS—pol(BS) spectra, in
the range of 1490 — 1580 &nf24, 26—28] are assigned to a double bond (C=1@)cst of
the benzene ring of surface initiator and poly(S&YBrhe O=S=0 stretching vibrations
bond, from the surface initiator and sodium sulfengroups, is represented by peaks at

1100 — 1250 cfh[24, 27, 29, 30]. The peaks shifted at 680 — #80 and 570 — 580 cm
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! are caused by stretching bonds of S—O and C-$grouisodium benzene sulfonate,

respectively [28, 30, 31].

3.3. Thermogravimetric Analysis (TGA)
(a)
(b)
(c)

(d)

Figure 8 — Thermogravimetric curves for: (a) SIWB} SIWA-CTCS; (c) SIWA-

CTCS—poly(S4VBS): (d) Poly(S4VBS).

Figure 8 shows the thermal stabilities of SIWA, 3WCTCS, SIWA-CTCS-
poly(S4VBS), and poly(S4VBS) as function of weidbss in the range of 50-80D.
From the SIWA and SIWA-CTCS TGA profiles, it can $een that 4.8% mass loss of

water occurs from 150-225 which corresponds to bound water in SiWA particlEhe
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slow degradation of surface initiator (CTCS) tagksce in the temperature range of 475—
625°C. The amount of grafted surface initiator can beednined by subtracting SiWA
and SIWA-CTCS TGA curves at 625 which is 4.2 wt.%. From the SIWA-CTCS-
poly(S4VBS) curve, it can be concluded that surfgiadted polymer provides a benefit
by retaining bound water in SiWA particles up td0%5. As a result, surface grafted
SIWA particles offer an advantage at high tempeeahy maintaining the water content
which is associated with maintaining constant catigitly. By comparing the SiWA-
CTCS—poly(S4VBS) and poly(S4VBS) curves over tmagerature range of 250—7%1)

it can be seen that surface grafted polymer orgaruc substrate increases stability. This
phenomenon may caused by the covalent bond betpagmer and inorganic substrate

via surface initiator.

From reported literature [32], it is suggested thaly/(S4VBS) experiences four
stages of thermal degradation. In the literatutedcithe first stage accounts for 5.4 %
weight loss which occurs in the temperature rarfgg26—-300C. The 8.3% weight loss
(second stage) is observed in the temperature rahg&5-478C. The third stage of
thermal degradation occurs at 500-&D@vhere the polymer loss its 15.6% weight. The
additional weight loss (40% residual weight) occatsthe final scan temperature of

750C.

The thermal degradation process of poly(S4VBShitsalized by bonds breaking
between carbon from the benzene ring and sulfun fitee sulfonate group, resulting in

sodium sulfonate (+SfDa) and styryl (¢GHgs~) radicals. These radicals will attack and
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degrade the rest of polymer chains 32]. The degjaadaroducts of poly(S4VBS) may
contain water, sulfur dioxide, methyl styrene, &la, benzene, styrene, and carbon

monoxide [32].

3.4. Differential Scanning Calorimetry (DSC)

Figure 9 presents the DSC thermogram of non- arfdcgicoated SiWA particles
at a heating rate of 10°C/min. For non-coated Sip&f#ticles, the thermal transition
shown in the DSC thermogram was caused by an eswoith peak which appeared in
the ranges of 200°C to 240°C. On the other haedeniklothermic peak disappeared after
coating with poly(S4VBS) and shifted in the rande280°C to 335°C. This resulted in
better thermal properties of the SiIWA particles. alidition, by comparing the DSC
thermograms of non- and surface coated SiWA pasgjthe endothermic peak of surface
coated poly(S4VBS) appeared in the range of 176°C82°C. The grafted poly(S4VBS)
which has been synthesized in our laboratory hglsehithermal transition temperature
than the bulk poly(S4VBS) which has a thermal titeors temperature of 100-140°C [33]
depending upon the sulfonate concentration. A higmergy is required to achieve the
glassy state of the grafted poly(S4VBS) before higwme the thermal transition
temperature because poly(S4VBS) was covalently émnd the SIWA particles surface

which restricts the mobility of molecules [18].
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Figure 9 — DSC Curve of SiWA particles (dash liae)l grafted poly(S4VBS) on the

surface of SIWA particles (solid line).

3.5. Scanning Electon Micrcrosopy — X-ray Energy Dispersive Spectnu (SEM-

XEDS)

The particle size of ground SIWA particles was iethgusing SEM. It was
observed that particle size decreased from 500-X6@Pons to 1-3 microns after
grinding. Prior to observation, samples were subgedo platinum sputter coating in

order to prevent the charging of the organic compouo distribute the effects of
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heating, and to increase the intensity of secondadyback-scattered electrons at high
resolution. Appropriate selection of the electr@ain acceleration voltage is required to
avoid thermal degradation of sample, especiallroigmaterial, and to achieve accurate
element quantification. The electron beam acceteratvvoltage used during this

observation was 20 keV. The SiWA particle shapeseevm®t spherical and exhibited a
wide size distribution. From the captured SEM insgaghe SiWA particles appeared to
agglomerate after immobilization of the surfaceiaor (CTCS) and the surface coating
because the size of the particles increased. Tloe cdoange from white powder (SiWA)

to brown colored powder represented the occurrefdbe grafting reaction of CTCS

onto the SIWA patrticles. In addition, the SIWA pelgs turned into green powder after
surface polymerization of S4VBS. The SiWA partickeze distribution and shape, before

and after surface polymerization,are shown in FdLd.
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@) () (c)
Figure 10 — Optical (above) and SEM (bottom) imagfega) SiWA particles, (b) SIWA
with surface immobilized CTCS, and (c) The grafpety(S4VBS) on the surface of

SiWA patrticles.

From the reported literature [14], by surface cuathe SiWA particles, a higher
concentration of SIWA can be added to polymer mg®ES) without any compatibility
issues, i.e.: a saturated concentration of HPAépolymer matrix may be achieved at
50 wt.% without polymer coating. Figure 11 représdahe cross section of SPEEK and
SPEEK/SIWA composite membranes. The surface co@tédA particles provided a
more uniform composite membrane and better interéaenpatibility between the SIWA
particles and SPEEK matrix up to 40 wt.% conceiutnatHowever, poor bonding

between non-coated SiWA particles and polymer tedulBy surface coating SiWA
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particles excellent compatibility resulted. Moregvéhe polymer coating backbone
(styrene group), which is relatively hydrophobiceyents “washing out” of SiWA
particles under a humidified environment becaugeSIWA paricles are hydrophilic in

nature.
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Figure 11— The cross sectional SEM micrograph$adfSPEEK, (b) SPEEK/non-coated
SiIWA 30 wt.%, (c) SPEEK/coated poly(S4VBS) 30 wtand (d) SPEEK/coated

poly(S4VBS) 40 wt.%.
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Figure 12 represents the XEDS spectrograms of Sigvid SiWA modified
particles. The electron beams may penetrate onfigwananometers in depth of the
sample surface in elemental analysis with XEDS.aBsee of that limitation, XEDS
analysis was aimed only to determine the occurgerafeimmobilization of surface
initiator (CTCS) and the polymerization of poly(SBS) on the SiWA particles. The x-
ray peaks were generated and used to record thele that existed on the SiWA and
SiWA modified particles during scanning. The eletaémaps for the elements were also
generated automatically during the scan. By compatine number of carbon, silicon,
and sulfur atoms between SIWA and SIWA-CTCS, a driglveight percentage of
carbon, silicon, and sulfur atoms on SIWA-CTCS wasserved for the CTCS
compound. These results confirmed that immobilaratrf the surface initiator (CTCS)
occurred. Moreover, this result was supported bgredesing the number of tungsten
atoms after SIWA surface modification which meams $iWA particle was covered by
the surface initiator (CTCS) as a coating. The oberice of surface polymerization
poly(S4VBS) was shown by increasing the weight @etage of carbon, and sulfur atoms
from SIWA-CTCS to SIWA-CTCS—poly(S4VBS). It was alsupported by drastically
decreasing the weight percentage of tungsten atboms SIWA to SIWA-CTCS-
poly(S4VBS) due to coating of poly(S4VBS) on SiWArticles. The weight percentage
of each element for SIWA particles, SIWA with sedaimmobilized CTCS, and the
grafted poly(S4VBS) on the surface of SIWA partickeom x-ray energy dispersive

spectrograms is listed in Table 2.
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Figure 12 — Energy dispersive X-ray analysis of J&VA particles, (b) SIWA with
surface immobilized CTCS, and (c) The grafted @#(BS) on the surface of SIWA

particles.
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Table Z — Element analysis from X-ray energy dispersiveERS).

Weight %
Element
SIWA | SIWA-CTCS| SIWA-CTCS—poly(S4VBS

C 16.79 18.44 52.66

@] 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 apmoir electrochemical
method. The four point method consists of two saeaprobes to supply current to the
cell, and two additional voltage sensing probesnaasure the potential across the cell.
As compared with the two point method, the fournpanethod has higher accuracy,
especially at the high frequency range when etsdtfields from surrounding instrument

may affect the measurement [34]. The membranes sgaiened at a frequency range of
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1 Hz to 1 MHz and the scan data is represented Myqaiist plot which consists of real

and imaginary impedances. A typical Nyquist plagh®wn in Figure 13.

200 ~
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Figure 13 — Nyquist plot of SPEEK Type 2 membrane.

The membrane conductivity of the SPEEK/SIWA comigosnembranes was
calculated using Egn. 1 and measured at room teryserand 100% relative humidity.
PEEK is well known as a hydrophobic polymer whids bexcellent properties as an
insulator. Thus, sulfonation of the polymer mathas been carried out in order to
increase the overall composite membrane condugtiVtie sulfonation process has been
conducted using chlorosulfonic acid as sulfonataggnt which attaches at tletho
position of the PEEK aromatic ring [35]. For SPEBEKe conductivity was found to

increase with the amount of sulfonating agent (ddolfonic acid) added. In addition,
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the conductivity of the SPEEK/SIWA composite menmmesawas also found to increase
with the mass of surface coated SiWA particlescdntrast, the conductivity was found
to decrease by comparing SPEEK Type 2 and SPEEIK ZA®iWA composite (30 wt.%
and 40 wt.%) which may have been caused by the mintd . 5QH" on the backbone of
the surface polymerized poly(S4VBS) which was lotixan the amount of S8 on the

SPEEK backbone.

According to reported literature for sulfonated nbeames, the mechanism of
proton conduction can be represented by two modelsicular mechanism (bulk ion
transport [36, 37] and Grotthuss mechanism (prdtoopping”). In the vehicular
mechanism, “vehicle molecules”, such as water,uddf through the ionic channels
carrying attached protons. The translational motibthe “vehicle molecules” is caused
by a driving force which is generated by buildupaotoncentration gradient across the
ionic channel in which the “vehicle” is generate86]. The vehicular mechanism
generally occurs when the membrane is humidifié]. [@n the other hand, the Grotthuss
mechanism is associated to the proton movement éregrsulfonic acid functional group
which can be described as the “transport moledol@hother sulfonic acid group. In this
case, the “transport molecules” are stationary.[3Ble Grotthuss mechanism occurs
predominantly at low humidity or anhydrous condi8d38]. A summary of composite

membrane conductivities is listed in Table 3.
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Table 2 - The summary of membranes conductivity.

Composite membrane Conductivity (S/cm)
SPEEK Type 1 4.4x 10
SPEEK Type 2 48 x 10
SPEEK Type 3 56x 10
Composite 30 wt.% SiWA-poly(S4VBS 2.3x10
Composite 40 wt.% SiWA-poly(S4VBS 3.5x10
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4. Conclusions

Novel composite proton exchange membranes have fregared from sulfonated
poly(ether ether ketone) and surface coated gilgitic acid. Atom transfer radical
polymerization has been successfully used for thefase polymerization of
poly(S4VBS) on the surface of SIWA particles. Tharface polymerization of
poly(S4VBS) has been characterized using a vapétipstrumentation, including'H
nuclear magnetic resonance spectroscopy, Fouaesform infra red spectroscopy, and
elemental analysis. The thermal properties of serfgrafted poly(S4VBS)-SiWA
particles have been characterized using differenieanning calorimetry and
thermogravimetric analysis Novel composite protothange membranes may offer
several advantages, i.e.: the enhancement of tlyenpo matrix and silicotungstic acid
particle interface compatibility, increased protmmductivity due to sulfonic acid groups
on the grafted poly(S4VBS) backbone, minimizatiériveashing out” of SiIWA particles
in the fuel cell device, and retention of bound evdh SiWA up to 358C. Poly(ether
ether ketone) has been sulfonated using chlorasualfrid. The proton conductivity was
found to increase with the amount of sulfonatingragnd surface coated SiWA particles

concentration. The highest proton conductivity azaid was 5.6x10S/cm.
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CHAPTER IV

Surface Coated Iron Particles via Atom Transfer Radtal
Polymerization (ATRP) for Thermal-Oxidatively Stable High Viscosity

Magnetorheological Fluid (HVMRF)

Abstract

A surface grafting technique for poly(2-fluorostge) onto iron particles via
atom transfer radical polymerization (ATRP) is déssd. Grafted poly(2-fluorostyrene)—
iron particles were synthesized by immobilizing (2eilorosulfonylphenyl)-
ethytrichlorosilane to the iron particles throudte tcovalent bond of a silanol group,
followed by the polymerization of 2-fluorostyreneonomer. The grafted polymer—iron
particles showed a higher thermal transition temjpee compared to bulk polymer
because the covalent bond between the polymer baekbnd the surface of the iron
particles restricts the molecular mobility. The swllar weight of synthesized poly(2-
fluorostyrene) has been measured and it has awarrolecular weight distribution
(Mw/Mn < 1.1). From thermogravimetric analysis, tkigermal stability of poly(2-
fluorostyrene) was superior to polystyrene. Al$® high viscosity magnetorheological
fluid (HVMRF) prepared from surface coated iron tdes has excellent thermo—
oxidative stability, having nearly constant vis¢épsiThese materials exhibit high change

in shear vyield stress for off- and on-state comgphdoea benchmark HVMRF and non-
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surface coated iron particles HVMRF. In additiohisttype of fluid eliminates iron
particle settling which is a common problem foumdtiaditional magnetorheological

fluids (MRF).
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1. Introduction

Atom transfer radical polymerization (ATRP) wasaatuced by Matyjaszewski’s
group and was widely used to synthesize polymeas tiave controlled topologies,
functionalities, and compositions [1]. This polymaetion technique involves an organic
halide initiator, metal halides as catalyst anibard to improve the solubility of metal
halides in the organic reaction system [1, 2]. ATg6vides more flexibility in terms of
the variety of monomers available. A wide rangenohomers can be polymerized using
ATRP either at mild conditions or elevated temp@et The polymers that have been
synthesized using ATRP have a narrow polydispeiisithex due to the high ratio of

dormant species to active species [1 — 5].

The grafting technique of thermo-responsive pwigopropylacrylamide)
(poly(NIPAAmM)) onto silica nanoparticles using ATRRs been investigated [4, 5].
ATRP has been used for the polymerization seriesubstituted styrenes [6]. It has been
shown that these polymers have polydispersitiesaterelatively low (Mw/Mn < 1.5).
Surface polymerization of block co-polymer - pslyfene-b-methyl methacrylate) (PS-
b-PMMA) and polystyrene (PS) with polydispersitydex (PDI) of 1.29 on silica
particles using ATRP has been investigated [7]. ploperties of composite materials,
such as magnetorheological fluids (MRF) which csinef an inorganic substrate can be
improved by introducing a polymer coating on therganic substrate. ATRP can be used

as a tool to covalently graft various polymers ah&inorganic surface.
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MRF is an intelligent, composite material which hamtrollable rheological
properties. MRF consists of magnetic particles amarrier fluid which is the dispersion
medium for the magnetic particles. MRFs have egoélmechanical and rheological
properties which can be controlled using an extenmagnetic field. MRFs also have
properties similar to Newtonian fluids in the ofé#® condition (without magnetic field).
Magnetic particles create chain-like structureshimithe MRF when external magnetic
fields are applied and fluid flow is then restrittd his fluid-like material then transforms

into a pseudo-solid material.

Generally, a MRF consists of three different congras: magnetic particles
(iron), carrier fluid and additives. Carrier fluidst to suspend the iron particles and other
components, while additives serve as stabilizegspaiatect the iron particle surface. This
provides a long operating life and prevents damagevices which are used with these
fluids. In addition, iron surface treatment pregeaggregation between the iron particles.
MRF has several features including: low device sibrg low settling, re-dispersibility, a
wide range of operating temperatures (typically’é58 150C), chemical stability, high

magnetic saturation, and excellent durability.

Preventing settling of iron particles in MRF islallenge. There are several ways
to reduce iron particle settling. By adding thic&es) settling of iron particles is reduced,
resulting in a high viscosity magnetorheologicaidl (HVMRF). Another way to reduce
settling is by coating the iron surface using padysn Surface coating decreases the

density of the iron particles, and re-dispersionaccomplished easily. Even though
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particle settling takes place, only slight sheariagrequired to re-disperse the iron
particles in the carrier fluid. Fuchs et al. hasahvestigated supramolecular polymers to
coat iron particles using coordinated zinc terpgpedwhich offers better re-dispersion of

iron particles [8]. The settling behavior betweeiRiMand HVMRF as a function of

elapsed time is shown in Figure 1.

Figure 1 — The settling behavior between MRF (left)l HYMRF (right) as function of

elapsed time; (a) 0 min, (b) 1 min, (c) 3 min, &id30 min.
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The carrier fluid in HVYMRF plays an important radiele to issues of chemical
resistance, operating temperature range, viscoaitg, vapor pressure. Mineral oll,
poly(alfa olefins) (PAO), and silicone oil are commcarrier fluids in HVMRF [9]. The
thickeners used in most high viscosity fluid (HV&)e made from metal-salt soaps,
generally from one of the following types: “alumimu aluminum complex, calcium,
calcium complex, lithium, lithium complex, polyureand clay” [9]. The cause of
degradation in greases is the metal-salt soapyezathreaction between the hydrocarbons
and oxygen. The oxidative stability of esters wasgproved through addition of
phosphorus derivatives [10]. Improvement in thebitg of magnetorheological fluid
has been investigated using viscoelastic mediumikialves mixing vacuum grease and
silicone oil as carrier fluids and magnetic nantipkr additives ~30 nm in diameter
(CrOQ, particles) [11]. An oil-soluble cadmium dipropylkiibphosphate has been
synthesized. The soft cadmium layer deposits playeihportant role in improving anti-
wear and load carrying capability [12]. Four raestle hexadecylate (La, Pr, Sm, Gd)

complexes are used as additives in lithium HVF.

For engineering applications, Rabinow investigdil effects in the late 1950s.
In the 1980s, MRFs were investigated extensivelyréhtly, several novel applications
for HYMRFs are being explored — these include: ghabsorbers, engine mounts,
clutches, seat dampers, exercise equipment, anchbf@nses [13]. The application of
MRFs in the “fail-safe” damper devices for bicyctaptorcycle, and land vehicles has

been investigated [14].
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In the present work, grafting of poly(2-fluorostme) onto iron particles via
ATRP polymerization and then characterization &orted. Thermo-oxidatively stable
HVMREF is synthesized from PAO (carrier fluid), saré coated iron particles served as
magnetic particles, and additives for improved Hilitg. The concentration of magnetic
particles is 80 wt.%.. Poly(2-fluorostyrene) hasiarow polydispersity index which
implies that the thickness of the surface coatingtlee iron particles is uniform. In
addition, the viscoelastic properties of HYMRF, pedies of the surface coated polymer,
and the thermal—oxidative effect on the viscoetagtroperties of HVMRF are
characterized and compared to a benchmark HYMRREh&dest of our knowledge, this
is the first time that surface coated iron partidlsing poly(2-fluorostyrene) have been

used for a thermal-oxidativey stable HVMRF applaat



144

2. Experimental

2. 1. Materials

The chemicals used in these studies were usede@isad. Carbonyl iron powder
CN (3-7 microns, BASF), 2-fluorostyrene (Aldrichjpethanol (Aldrich), ethanol
(AAPER), 1-octyl-2-pyrrolidone (Aldrich), CuBr (Atith), CuBg (Aldrich), sparteine
(Aldrich), toluene (Aldrich), 2-4(-chlorosulfonylgmyl)-ethytrichlorosilane (CTCS)
(Gelest Inc.), poly(alfa olefin) (PAO) (CP Chem)ineral oil (PTI Process Chemicals),
sorbitan monooleate (Span 80) (Aldrich), modifiedestite clay (Claytone), poly BD
R-45 HTLO (Sartomer company), PAPI 27 (Dow), sieacid (Alfa Aesar), lithium

hydroxide (Alfa Aesar), boric acid (Alfa Aesar)istnonylphenyl) phosphite (Aldrich).

2. 2. Synthesis

2. 2. 1. ATRP of 2-fluorostyrene for iron particles surface coating

The procedures for surface coating of iron pasialsing poly(2-fluorostyrene)
via ATRP were as follows: 400 grams of iron paeticivere washed with distilled water
and followed by ethanol. Then, they were dried igaauum oven at 5C and under
nitrogen purge for 24 hours and cooled down. Diireth particles were added and

reacted at 8% with 6 grams CTCS for 24 hours under nitrogerhwifi0 grams of
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toluene as a solvent. The mixture was filtered araghed with methanol in order to

remove excess CTCS.

The residual (Fe-CTCS) was dried in a vacuum oue#®C for 24 hours. 2-
fluorostyrene (monomer) 1.5 grams, 120 grams oftfanalized Fe-CTCS were reacted
with 0.1 grams CuBr, 0.05 gram CuyBrand 0.1 grams spartein in 65 grams octyl
pyrrolidone at 8% in a four port reactor flask for 24 hours undirogen. Finally, the
mixture was filtered, washed several times withlrarbl, and dried in a vacuum oven at
40°C prior to use. Synthesis of poly(2-fluorostyrenéd ATRP and surface grafted
poly(2-fluorostyrene) on iron particles is showrFigure 2. The molecular weight of the
surface grafted polymer was determined by reaafansimilar composition without the
presence of iron particles. The poly(2-fluorostgewas isolated in acetone and washed

several times.

2CHy CTCS al
F > n

CuBr, CuB», Sparteine, 8%

Grafted poly(2-fluorostyrene)

™~

T |C|)
(:B—O—Si—(CHZ)Z@—S - Cl

| Loy

O O

~

Figure 2 — Synthesis of poly(2-fluorostyrene) viaR¥ and surface grafted poly(2-

fluorostyrene) on iron particles.
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2. 2. 2. Benchmark HYMRF

The benchmark HVYMRF was synthesized based on tdtlire [15]. The iron
particle content was maintained at 80 wt.%. A HV&swrepared using mineral oil as the
carrier fluid. Initially, mineral oil was added ta beaker that was equipped with
mechanical stirring and heating plate. The min@ialwas then heated up to M@
followed by gradually adding stearic acid until thi€is fully dissolved. The remaining
chemicals: lithium hydroxide and boric acid, wedded slowly while being mixed at
200-500 rpm. The temperature of the mixing proaeas decreased to 4D and the
mixing process was continued for 48 hours. BenckniWMRF was synthesized by
mixing lithium based HVF and pristine iron partElé80 wt.%). The iron particles were
added slowly to lithium based HVF while stirred2@0 rpm until a uniform mixture was

obtained. The composition of benchmark HVF is tisteTable 1.

Table 1 — Composition of benchmark HVF [15].

Component Weight %
Mineral oil 79.6
Lithium hydroxide, LIOH - H20 3.8
Boric acid, HBO3 2.4
Stearic acid, CE{CH2),sCOH 14.2
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2. 2. 3. HYMRF

Two different types HVMRF were prepared: Type | wamthesized using
surface coated iron particles/poly(2-fluorosytejeaad Type Il was prepared using non—
surface coated iron particles. Poly(alfa olefinA@ was used as a carrier fluid of
HVMREF. The iron particle content was maintained@twt.%. First, the preparation of
PAO based HVF was performed as follows; PAO wagle at a specified amount and
added into beaker glass equipped with a mechasitahg and heating plate system.
PAO was then heated up to°@0and followed by adding all ingredients (sorbitan
monooleate, modified smectite clay, tris(nonylpHenyphosphate, and liquid
polyurethane) slowly. The mixture was stirred aD-2800 rpm until a homogenous
mixture was obtained. Liquid polyurethane was pregdy reacting hydrocarbon polyol
(Poly BD R-45 HTLO) and polymeric MDI isocyanate (Dow PAPT). The weight
ratio of polyol to isocyanate was 8.4 to 1. SecdidMRFs preparation were as follows;
non-coated and coated iron particles/poly(2-flupmene) were added to PAO based
HVF until 80 wt.% HVMRF was obtained, followed byiximg until HYMRF mixture

was uniform. The composition of HYMRF Type | andp@yil is listed in Table 2.



Table 2 — Composition of HVMRF.
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Weight %
Component Role
Type | Type Il
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-oxidgjt
Polyurethane 0.20 0.20 Thickener
80.00 80.00
Iron particles Magnetic particles
(coated) (non-coated)
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2.3. Characterization

2. 3. 1. Oxidation Test

A thermo-oxidative study of HVYMRF was performedatccelerate the oxidation
and degradation of the HVMRF components at highpemature and pressure. The
HVMRF was oxidized using a high pressure and héghperature stainless steel reactor
equipped with inlet and outlet gas ports, thermemgiort, and pressure gauge. The
samples were placed in petri dishes and insertedeoaluminum rack within the reactor.
The thermal oxidation study conditions were set-®I’C 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 revecharacterized using a
Perkin-Elmer Spectrum 100 FTIR spectroscopy. Tledten poly(2-fluorostyrene)/iron
particles were dried in a vacuum oven at@@or 24 hours and stored in a desiccator
prior to characterization. The following samples reveprepared: grafted poly(2-
fluorostyrene)/iron particles (Fe — CTCS — poly{@sfostyrene)), immobilized surface
initiator iron particles (Fe — CTCS), and uncoated (Fe). The samples were uniformly

mixed with KBr powder at a weight ratio of 1:50,fdw® mechanically pressing them to
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form moisture-free KBr pellets. All samples werarseed from 4000 cih— 400 crit at

room temperature.

2. 3. 3. Gel Permeation Chromatography (GPC)

The molecular weight of poly(2-fluorostyrene) wabaracterized using a
Shimadzu DGU-204A degasser, LC-20AD pump, CTO-20AC column oven, RO
refractive index detector, CBM-20A controller, asidgle Phenogel 5n 1¢' angstrom
column which has effective molecular weight 5,00@,900 g/mol. The mobile phase
was N,N-dimethylformamide 99.9% HPLC grade witHawfrate of 1 mL/min, column
temperature was set at °85 and 20 L of polymer solution was injected through
column. A calibration curve was generated with lyeamonodisperse polystyrene
standards purchased from Sigma Aldrich (certifigdSoientific Polymer Product, Inc.).
Molecular weight averages and polydispersity ind®bkwv/Mn) of the polymer was

calculated against polystyrene standards by usaigblutions software.

2. 3. 4. Thermogravimetric Analysis (TGA)

The thermal stability of the poly(2-fluorostyrera)d polystyrene were analyzed

by Perkin-ElImer STA6000 thermogravimetric analy§iBGA). The analysis was

performed on samples in a nitrogen atmosphere avitbw rate of 20 mL/min. Initially,
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the sample was held at a temperature 8C3f@r 5 minutes, followed by scanning the

sample at a rate of 30/min from 30C to 706C, and held at 76T for 5 minutes.

2. 3. 5. Scanning Electron Microscopy — X-ray Energy Dispersive Spectrum (SEM-

XEDS)

The surface morphologies of grafted poly(2-fluoyoshe)/iron particles and
chemical analysis of surface grafted poly(2-flutyosne)/iron particles were
characterized using scanning electon micrcrosopy X-fay energy dispersive
spectroscopy (SEM-XEDS) with a Hitachi S-4700 eqaipp with an Oxford EDS System
at magnifications from 400X to 15,000X at an acadlag potential of 20kV. EDS
microanalysis was performed on the samples at rfiegtions ranging from 3,000X to
15,000X and an accelerating potential of 20kV. S&avhples were prepared by placing
surface grafted poly(2-fluorostyrene)/iron particlento carbon tapes adhered to an
aluminum SEM sample holder. The mounted surfacéegtgoly(2-fluorostyrene)/iron
particles samples were then coated with a thinrlafglatinum using an argon plasma
sputtering system. The platinum coating was donaratapproximate rate of 25-30
nm/min with 85mA. The number of atomic carbon afsenface polymerization of
poly(2-fluorostyrene) is expected to increase aspared with un-coated iron particles.
Also, the presence of fluorine atoms providess enwe 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-fligiyoene) on the iron particles
surfaces were characterized using Perkin-ElmersRyiSC. Two pans placed in the
DSC, one containing the sample and the otherholdimgference sample. The grafted
poly(2-fluorostyrene)/iron particles were driedanvacuum oven at 80 for 24 hours
and were stored in a desiccator prior to charaadgon. 17.3 mg of poly(2-
fluorostyrene)/iron particles were placed in thenpke pan and scanned from°60to
35(°C with a heating rate of ¥0/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 arghear stress, were
investigated using a parallel-plate MR fluid rhetengPaar Physica model MCR 300
and MRD180). The rheometer schematic is given guf@ 3 (a). For this study, parallel
plates with a diameter of 20mm were used to ohtaéological properties of HYMRF
under the application of a magnetic field (on-st8t@82Tesla and 0.529Tesla). The MR
rotational rheometer could provide absolute quativg measurements of viscosity and
viscoelasticity of HYMRF samples at a range of temafures from 1%-8CF°C. A sample

mass of approximately 0.315mL was filled in a canstgap of 1.0mm between two
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parallel plates during the experiment. Resultsiobthhave a possible error of £0.05mL
due to the difficulty in filling the gap with HYMRFA constant shear rate over the range
of 1-400 & was applied, and shear stress and shear visewsity obtained and plotted.
In addition, the MR fluid rheometer system was ppad with an MR cell having a

parallel-plate configuration. The schematic of MR cell is given in Figure 3 (b).

(@) (b)

Figure 3 — (a) MR rheometer system; (b) MR celtetys[19].

MCR 300 has a JULABO F25 temperature control umitigped with a circulator
head and a cooling machine with a bath tank, am@stbeen designed for heating and
cooling of liquids in the bath tank. An electronacoportional temperature control
regulates the heat supplied to the bath. The rhgolstudy was carried out for
temperatures of 2C and 66C (for off-state) with an accuracy of +0%Clin the
measurements. Error analysis of experiment, 95%dmnce interval (Cl) was used, and

was performed based on three experimental measaterioe data taken (each achieved
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value at 400°$ of shear rate for viscosity and each value ofapdiated data for shear

stress at 0'50f shear rate for shear stress).
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3. Result and Discussion

3. 1. Fourier Transform Infrared (FT-IR) Spectroscopy

The comparison of the FT-IR spectra of iron pagsclimmobilized surface
initiator on the iron particles, and grafted pokli{@orostyrene)—iron particles are
investigated. The hydroxyl stretch is shown by akpat 3500 — 3400 cfi20, 21]. The
double bond (C = C) stretch of the benzene ringsafface initiator and poly(2-
fluorostyrene) is shown in the range of 1650 — 16®0 [20, 22, 23] and the peak shift at
2950 — 2850 cim[24] is caused by the C — H bond stretching amtlimgy of the surface
initiator. In addition, the presence of the surfagatiator and grafted poly(2-
fluorostyrene) is also confirmed by the presenca Gf— F and S{stretching bond and a
C — Cl bond which occurs at peaks at 1000 — 1256 [@®, 23, 25] and 800 — 600 &m
[20, 23, 24, respectively. It can be concluded thia poly(2-fluorostyrene) is
successfully covalently bonded on the surface efitbn particles using a silane based

surface initiator by comparing the three infrarpddra.

3. 2. Gel Permeation Chromatography (GPC)

The GPC analysis shows that the polydispersity xndeDI) of poly(2-

fluorostyrene) is narrow (Mw/Mn < 1.1), and the gigi average molecular weight is

48,400. The addition of Cu-(Il) bromide resultsaimarrow molecular weight distribution
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of polymer because it acts as a deactivator wheekd to the reduction of the growing
chain rate (converting the propagating polymer rhato the dormant species) and
reduction of the polymerization rate. In additiohe long polymerization time and the
high temperature of the reaction allow most of tienomer to be converted to polymer
and it leads to the narrow PDI [1, 26, 27]. The enalar 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{Riorostyrene).
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3. 3. Thermogravimetric Analysis (TGA)

TGA of the polystyrene and poly(2-fluorostyrene) nseasured in order to
demonstrate that the thermal stability of poly{@sfiostyrene) is higher than polystyrene.
This is shown in Figure 5. The residual weight ofyptyrene decreases drastically in
comparison with poly(2-fluorostyrene) in the sm@mperature range between 350 —
450°C. Poly(2-fluorstyrene) undergoes two different megtion stages. The first
degradation takes place in the temperature ran@é®f 400C which may relate to the
degradation of the silane compound from the organitator [28]. The second
degradation (which is slower) happens from the tnatpre range of 400 — 7 in
which the fluorinated aromatic ring and polymerkimme bond are broken. The fluorine
atom on the benzene ring may decrease the degradatie because the C — F bond
reduces the structures overall energy and the ooldemically inert as compared with
polystyrene [28, 29]. This results in higher st#pibf the polymer. The 50% residual
weight (Tspe) for polystyrene and poly(2-fluorostyrene) is simowat approximate
temperatures of 468G and 548C. At 600°C, 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-fluastyrene) and polystyrene.

3. 4. Scanning Electron Microscopy — X-ray Energy Dispersive Spectrum (SEM

XEDS)

ATRP is a controlled living polymerization which shaignificant advantages as
compared with the regular radical polymerizatiorogaess because the polymer is
covalently bonded on the iron surface through &asarinitiator (which is silane based),
and uniform molecular weight of the polymer resiiis5 30]. This results in a uniform

coating thickness on the particles surfaces. Also, another ageaoftaATRP is controllable
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polymer architecture [1-5]. In this work, surface coating iron partictedtesl in uniform “hairy”
like polymer architecture. The “hairy” like surfaces aufated iron particles and the spherical

shape of iron particles was maintained as is shown in the &&ges.The SEM images of

non- and surface coated iron particles are shoviaiguare 6.

Figure 6 - SEM and images of non- and surface ddete particles.

The presence of fluorine atoms on the polymer baw&bof grafted poly(2-
fluorostyrene)—iron particles is confirmed by quiative elemental analysis which is
recorded by x-ray energy dispersive spectroscopye 3amples are platinum sputter
coated prior to observation. This platinum coafmgvents the charging of the organic
compound, distributes the effects of heating, aegeiases the intensity of secondary and
back-scattered electrons at high resolution. Appatg selection of the electron beam
acceleration voltage is required to avoid thernedrddation of the sample, especially
organic material, and to achieve accurate elementahtification. The electron beam
acceleration voltage used during this observasalbi keV. During the scanning process,

x-ray peaks are generated and used to record éneents that existed on the iron and
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iron modified particles. The elemental maps forittentified elements are also generated

automatically during the scanning time.

The electron beams are only able to penetrate antswometers deep in to the
sample surface. Because of this limitation, X—ED8lysis is used only to determine the
presence of the grafted poly(2-fluorostyrene) om tihon particles. The X-EDS
spectrograms are shown in Figure 7. The numbeartfon atoms increase from pristine
iron particles to the grafted poly(2-fluorostyrerAedn particles. These results confirm
that the polymerization of poly(2-fluorostyrene) tire iron particles is occurred. The
presence of polymer on the particle surface is alggported by measurement of the
weight fraction of iron particle after surface dgnad poly(2-fluorostyrene). The weight
fraction of iron decreases after coating. This msethe iron particle is covered by
poly(2-fluorostyrene) coating. The weight percesta each element for pristine iron
particles, and the grafted poly(2-fluorostyrene}toa surface of iron particles from x-ray

energy dispersive spectrograms is listed in Table 3

(a) (b)

Figure 7 — Energy dispersive X-ray analysis of;,Jaroated iron particles, and (b) The

grafted poly(2-fluorostyrene) on the surface ohiparticles.
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Table 3 — Element analysis from X-ray energy disper(X—EDS).

Weight %
Element
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 graftetymper on the surface of iron
particles is characterized using DSC. The graftely(p-fluorostyrene)—iron particles
shows the glass transition temperature at 160.5a8€ another thermal transition
temperature at 221.8 °C. For comparison, pristioe particles are scanned at the same
temperature and no thermal transition resulted. dddition, grafted poly(2-
fluorostyrene)—iron particles synthesized in otnolatory has a higher thermal transition
temperature than grafted polystyrene on a silicéase, which has a thermal transition
temperature of 133 °C [31]. From the reporteddiiere, the bulk polystyrene and poly(2-

fluorostyrene) have glass transition temperaturel@® °C [31] and 96 °C [32],
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respectively. The higher thermal transition tempegafor the grafted polymer is due to
the covalently bonded polymer on the surface thmosidanol group that restricts the
mobility of the molecules [31]. As a result, adolital energy is required to achieve the
rubbery state of the grafted polymer. The DSC tlogmam of iron particles and grafted

poly(2-fluorostyrene)—iron particles is shown igiiie 8.
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Figure 8 — The DSC thermogram of iron and graftelgl(@-fluorostyrene)—iron particles.
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3. 6. Rheological Measurements

HVMRF of composite magnetic iron particles at a amtration of 80 wt.% in
oils is prepared, and the rheological propertiesleunvarious temperatures are

investigated. From HVMRF shear stress—shear rdteviar, 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 beeavith increasing shear rate, the
slope, which is equivalent to shear stress, deeseahe HVMRF rheology tends to

follow the Bingham model. In addition, from the digs of HYMRF shear viscosity—

shear rate, HYMRF shows shear thinning behaviorcing represented by decreasing
the slope which is equivalent to the shear visgasith increasing shear rate. According
to the Bingham model, the yield stress of MRF carfdund by extrapolating the shear
stress curve at zero shear rates. For instanam, figure 9, at experiment temperature
20°C, the yield stress at 0 Tesla, the shear stresslagar viscosity of MRF are about
369Pa (£ 2%) and 2.21Pa.s (x 2%). In general, vilhershear stress is smaller than the

yield stress, the HYMRF behaves like a solid.
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Figure 9 (a) — Benchmark HVMRF shear viscosityutagfion of shear rate (off—state; O

Tesla) at different temperature of’@0(blue), 46C (pink), and 68C (green).
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Figure 9 (b) — Benchmark HVMRF shear stress astimmof shear rate (off-state; 0

Tesla) at different temperature of’@)(blue), 46C (pink), and 6€C (green).
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On the other hand, HVMRF begins to flow when theli@d shear stress is
greater than the vyield stress. This behavior has &leen reported for MRF and
electrorheological (ER) fluids [33, 19, 34, 35].gkie 9 also demonstrates the
dependency of HVYMRF's shear viscosity and sheasston temperature for off-state
(without applied magnetic field). The experiment ¢gsnducted at three different
temperatures; 2C, 40C, and 66C. Shear viscosity and shear stress is plotted as
function of shear rate up to 400sBoth shear viscosity and shear stress of HYMRF
decrease significantly with increasing temperatwg@ch is in agreement with the results
previously reported in the literature [19, 36]. TBi@gham model is expressed as follow

[37, 38]:

Where:
is shear stress of HVYMRF.
y IS yield stress of HYMRF-.

o is the viscosity at off-state.

is shear rate.

The dependency of HVYMRF's shear viscosity and sste@ss on the temperature
are also investigated for the on—state (with agpireagnetic field, 0.282 Tesla). Figure

10 (a) and (b) demonstrate similar HYMRF rheolobmaperties (shear viscosity and
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shear stress) behavior at the off—state conditiamsn it was characterized at different
temperatures; 2@, 40C, and 66C. When shear viscosity and shear stress are glagte
a function of shear rate up to 400she results show both shear viscosity and shiessss
of HVMRF decrease significantly with increasing tmsrature, which is also in
agreement with results previously reported in itexdture [19]. As a comparison, the
shear viscosity values of HYMRF Type 1 afQp40C, and 66C (0.282Tesla and 400s
!y are 37.5Pa.s, 35.7Pa.s, and 31.3Pa.s (+ 2%katassy. Also, the shear stress values
of HYMRF Type 1 at 28C, 40C, and 66C (0.282Tesla and 4085 are 11.4kPa,
10.3kPa, and 9.2kPa (+2%), respectively. The apmate change of HVMRF

rheological properties is 20—25% from°@0to 606C.
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Figure 10 (a) — HVYMRF Type 1 shear stress as fanatf shear rate (on—state; 0.282

Tesla) at different temperature of°@0(blue), 46C (green), and 6C (red).
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Figure 10 (b) — HVMRF Type 1 shear stress as fonaif shear rate (on—state; 0.282

Tesla) at different temperature of’@)(blue), 48C (green), and 6C (red).

HVMRF of composite magnetic iron particles witlt@centration of 80 wt.% in
oil is prepared, and the rheological propertieseunearious applied magnetic fields
(OTesla, 0.282Tesla, and 0.529Tesla) is investibatel illustrated in Figure 11 (a) and
(b). The rheological properties of all HYMRFs chardyastically when it is exposed to
magnetic fields. The yield stress of HVYMRFs incesass the magnetic density is
increased by applying higher magnetic fields, eitimidp distinguishable MR effects. As
is expected, the MR effect is proportional to thmpleed magnetic field because the

application of higher magnetic fields resulted igher magnetic forces between iron
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particles in the HVMRFs. The investigated rheolagiproperties in this work show
reproducible results and very consistent becausieecdpherical shape and high purity of
the iron particles are used. Similarly, the sheiacosity of HVMRF increases with

increasing applied magnetic fields. The MR effeatalculated using following equation:

_y-on  y_of w100

y_ off

MR Effect

Where y onis yield stress of HVYMRF at on-state agdy is yield stress of HVMRF at

off—state.
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Figure 11 (a) — Benchmark HVMRF shear viscositefuaction of shear rate at 2D

with different applied magnetic field of 0Tesla282Tesla, and 0.529Tesla.
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Figure 11 (b) — Benchmark HVMRF shear stress astifum of shear rate at 20 with

different applied magnetic field of OTesla, 0.288&gand 0.529Tesla.

From Table 4, the MR effect of HVYMRFs, Type | ahgpe II, are higher than
benchmark HVMRF because the off-state yield stodsslVMRFs is lower than the
benchmark. In addition, by comparing HVMRF Typentalype I, it can be concluded
that surface coated iron particles in HYMRF Typeddcrease the MR Effect because the
grafted poly(2-fluorostyrene) is not magnetizabled ait reduces the magnetic

permeability of the iron particles.



Table 4 — The summary of HYMRF MR Effect.

Magnetic field HVMRF MR Effect
[Tesla] Benchmark] Type | Type Il
0 0 0 0
0.282 3,583 40,201 29,793
0.529 6,017 72,042 50,572
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Figure 12 (a) to (d) shows the effect of oxidatitasts on the rheological

properties of HYMRF. By comparing shear stress ahdar viscosity of benchmark

HVMRF and HVMRF before and after the oxidation té$¢YMRFs (Type | and Type II)

exhibit higher consistency than benchmark HVMRFe Thermo-oxidative stability of

HVMREF is related to the carrier fluid, polyalphafohe which has a higher boiling point

than mineral oil. In addition, the additives of HVR#s, such as phosphate based

antioxidant [10], and surface coating of iron pdAes using poly(2-fluorostyrene)

contribute to the HVMRF's oxidative stability. #te off-state and 400shear rate, the

shear viscosity of the benchmark HVMRF before el dhe oxidation test increase by

a factor 1.9. On the other hand, the HVYMRF Typad &ype Il increase by factor of 1.5

and 1.2, respectively. This demonstrates thatHi¥i®IRFs are less subject to oxidative

degradation than the benchmark material.
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Figure 12 (a) — The oxidation effect on HVMRF visitp at off—state (0Tesla) for: Type

| (red); Type Il (green); and Benchmark (blue) @efcolor filled; after—color blank)
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Figure 12 (b) — The oxidation effect on HYMRF shs@ess at off—state (0Tesla) for:
Type | (red); Type 1l (green); and Benchmark (bl(lfore—color filled; after—color

blank)
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Figure 12 (c) — The oxidation effect on HVMRF visity at on—state (0.529Tesla) for:
Type | (red); Type Il (green); and Benchmark (bl(lfore—color filled; after—color

blank)



174

40,000 -

32,000 -

24,000 -

16,000 -

Shear stress [Pa]

8,000 -

O T T T !

0 100 200 300 400
Shear rate [1/s]

Figure 12 (d) — The oxidation effect on HYMRF shs@aess at on—state (0.529Tesla) for:
Type | (red); Type 1l (green); and Benchmark (bl(lefore—color filled; after—color

blank)

Surface grafted poly(2-fluorostyrene) on the stefaf iron particles helps to
maintain the thermo-oxidative stability of HVYMRF dg |. Poly(2-fluorostyrene) has
unique properties result in from the contributiohfloorine atoms which has a high
electronegative nature and strong electron—withiorgwThe presence of the fluorine
provides greater thermo-oxidative stability to gudy(2-fluorostyrene) coating. [28, 39—
42]. The summary of shear viscosity of HVYMRFs befand after the oxidation test is

listed in Table 5.
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Table 5 — The percentage increased of shear vigdmefore and after oxidation test.

Magnetic field Shear viscosity change (%)
[Tesla] Benchmark Type | Type Il
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 thenrparticles is achieved by
using the atom transfer radical polymerization (A)Rechnique which results in a
polymer covalently bonded onto the iron particlagaces through the silanol group of
the surface initiator. The molecular weight digitibn of poly(2-fluorostyrene) is narrow
(Mw/Mn < 1.1). Thermogravimetric analysis (TGA) tiie polystyrene and poly(2-
fluorostyrene) is done to show that the thermabibta of poly(2-fluorostyrene) is
superior to polystyrene. The fluorine atom on tleazene ring reduces the degradation
rate because C — F decreases the structures ogeeally and is more chemically inert
than polystyrene. The grafted poly(2-fluorostyreiiren particles shows a higher thermal
transition temperature as compared to bulk polybsmause the covalent bond between
the polymer backbone and the iron particles surtiac®igh the silanol group restricts the
molecules mobility. In addition, it is found thatHlYMRF containing surface coated iron
particles have excellent thermo—oxidative stabdisymeasured by viscosity as compared

with benchmark HYMRF and non-surface coated iratigda HVMRF.
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CHAPTER V

Multifunctional Materials for Biomedical Applicatio ns From Surface
Grafted Poly(N-isopropylacrylamide) and Poly(Carboxlic Acid) — Iron
Particles via Atom Transfer Radical Polymerizationand Reversible

Addition Fragmentation-Chain Transfer

Abstract

This research relates to the preparation and desization of surface grafted poly(N-

isopropylacrylamide) and poly(carboxylic acid)—noiefsize iron particles via atom

transfer radical polymerization (ATRP). The surfagefted polymers—iron particles

result in multifunctional materials which can besdsn biomedical applications. The
functionalities consist of cell targeting, imagindtug delivery, and immunological

response. The multifunctional materials are syntleesin two steps. First, surface
grafting is used to place polymer molecules onirthre particles surface. Second, the bio-
molecules are conjugated onto the polymer backbeoerier transform infrared (FTIR)

spectroscopy and scanning electron microscopy weeel to confirm the presence of
polymers on the iron particles. The thickness efdhafted polymers and glass transition
temperature of the surface grafted polymers wetergined by transmission electron
microscopy (TEM) and differential scanning calorirge(DSC). The covalent bond

between grafted polymers and iron particles cabsguer glass transition temperature as
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compared with non-grafted polymers. The abilitytagget the bio-molecule and provide
fluorescent imaging was simulated by conjugatiorabimmunoglobulin and fluorescein
isothiocyanate (FITC) labeled anti-rat. The fluoersce intensity was determined using
flow cytometry and conjugated IgG-FITC anti-rat mon particles which was imaged
using fluorescence microscopy. In addition, revdesiaddition fragmentation chain
transfer (RAFT) polymerization is also investigatéok surface grafting poly(N-
isopropylacrylamide) and poly(carboxylic acid)—noiefsize iron particles.

Keywords: ATRP, RAFT, poly(N-isopropylacrylamide), poly(casylic acid), iron

particles
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1. Introduction

The applications of iron particles, with variousyguosition, shapes, and size, in
the biomedical fields have attracted worldwide ratten the past few years [1-3]. Non-
functionalized iron particles only have limited &pgtions. However, surface
modification provides a wide range of applicatiosgch as cell targeting, biomolecule
separation, hyperthermia, magnetic resonance imgagMRI), drug delivery, and
magneto-immune response. The iron particles surfaodification can be done by
coating with biocompatible inorganic (e.g. silicaide and gold) or organic materials.
The organic layer on the surface of the iron plagican be adjusted from a few layers of
atoms up to the nanometer scale by coating withlssnganic molecules or polymers.
The surface functionalized iron particles with thenganic layers are commercially
available, such as Feridex (dextran associatedaxaie) for contrast enhanced MRI [4],
and carboxylic acid functionalized for bio-moleailseparation [5]. For hyperthermia
applications, the heat generated from iron paditig magnetic hysteresis effects result
from on-off switching of the magnetic field [1-3Hence, high magnetic saturation
properties of the iron particles must be maintaiféde particles are subjected to surface

coating.

The stimuli from external conditions, such as temapure and pH, which result in
a molecular property change, can be used to ceeattmuli-responsive polymer. For
instance, poly(N-isopropylacrylamides) (poly(NIPAXNs a thermo-responsive polymer

that exhibits reversible property change in hydtpdydrophilicity when it is exposed
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to a temperature gradient. The poly(NIPAAmM) disediin aqueous media is well known
to experience a lower critical solution temperat@€ST) at approx. 3Z [6]. In
addition, the well defined copolymer of NIPAAm aitelcture has been investigated and
provides an adjustable phase change temperaturd fié] controlled phase change of
poly(NIPAAmM) based on temperature stimuli allowsntrolled drug delivery. The
carboxylic acid moiety can be used to bind therbaecules through the carbodiimide
linkage. A copolymer of poly(carboxylic acid) witholy(NIPAAmM) can be used as
multifunctional polymers for drug delivery, targadi specific cells, and bio-molecules

separation.

Controlled radical polymerization (e.g. atom tf@nsradical polymerization
(ATRP)) is one of the techniques used to synthesgolymers with well defined
architecture. ATRP was developed by Matyjaszewskiak in 1995 [8] and offers
advantages for synthesis, such as wide range ofomers, mild and elevated
polymerization temperatures, narrow polydispersitydex, controlled topologies,
functionalities, and composition of polymers [9-1ATRP involves redox reactions
between the organic halide initiator, metal hali(ieg. copper bromide) as a catalyst, and
ligand to improve the solubility of metal saltstime organic reaction system [9]. The
copper bromide releases electrons and initiatesothanic halide initiator. The active
radical initiates the monomer. The polymer is teréd and encapped by the halide
group on the termination stage which may be usethduas a macroinitiator [9]. The
thermo-responsivity of poly(N-isopropylacrylamides-N-hydroxymethylacrylamide) in

water has been developed using ATRP [7]. The ueT&P to synthesize temperature-
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and pH-sensitive copolymers of NIPAAm and sodiumylate has been investigated
[18]. Poly(NIPAAmM) has been successfully coatedimn surface of silica nanoparticles

and iron nanoparticles [8, 13, 14].

In this research, a synthesis technique and cleaization of multifunctional
materials based on micron-size iron particles reed. Multifunctional materials were
prepared using two steps. First, surface graftihgo@y(NIPAAmM-co-AA) on iron
particles using ATRP at mild temperature in thespree of copper (lI) bromide was
carried out. Second, conjugation of rat immunogliobas a bio-molecule model for
targeting FITC anti-rat was accomplished. The glaassition temperatures of grafted
polymers were investigated and found to be highan ihon-grafted polymers because of
a covalent bond formed between the polymer chaththe inorganic substrate. To the
best of our knowledge, this is the first time tta grafting technique of poly(NIPAAmM-
co-AA) using ATRP on the micron-size iron particlegsas used to prepare

multifunctional materials.
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2. Experimental

2. 1. Materials

Carbonyl iron powder CN (3—7 microns, BASF), methla(Aldrich), ethanol
(AAPER), 1-octyl-2-pyrrolidone (OP) (Aldrich), copp (I) bromide (CuBr) (Aldrich),
copper (II) bromide (CuB) (Aldrich), sparteine (Aldrich), toluene (AldrichR-4(-
chlorosulfonylphenyl)-ethytrichlorosilane (CTCS) dlést Inc.), dimethylformamide
(DMF) (Aldrich), dimethylsulfoxide (DMSO) (Aldrich) N-isopropylacrylamide
(NIPAAmM) (Aldrich), sodium acrylate (Aldrich), mior iron particles functionalized
carboxylic acid (Polysciences, Inc.), ChromPure irmmunoglobulin (IgG), whole
molecule (Jackson ImmunoResearch Laboratories), lfigorescein (FITC)-conjugated
affinipure F(ab’)2 fragment goat anti-rat IgG (Jsok ImmunoResearch Laboratories,
Inc.), fetal bovine serum (FBS) buffer, PolyLinkopgin coupling kit for COOH
microspheres (Polysciences, Inc.): Polylink coupliffer (50mM MES, pH 5.2, 0.05%
Proclin® 300), Polylink wash/storage buffer (10mMsJ pH 8.0, 0.05% bovine serum
albumin, 0.05% Proclin® 300), and Polylink EDAC readiimide). Benchmark iron
particles functionalized carboxylic acid (benchma&&-COOH) (Polysciences, Inc.).

NIPAAmM was purified by recrystallization in meth&ano
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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 atitr onto iron particles was as
follows [19]: 300g of iron particles were washedthwidistiled water and ethanol
respectively. Then, the iron particles were driechivacuum oven at 5 for 8 hours
and cooled down. Iron particles and 100g tolueneevaelded to the reaction flask. Five
grams of CTCS was added to the reactor and théioragas carried out at 8& for 24
hours under nitrogen. The mixture was then filtenad washed with methanol in order
to remove excess CTCS. The residual (Fe-CTCS) wed oh a vacuum oven at 40-50°C

for 24 hours.

The procedure for surface coating iron particlaagipoly(NIPAAmM) via ATRP
was as follows: 509 functionalized Fe-CTCS, 0.06dC 0.03g CuBy, 0.06g Spartein,
and 14.2g NIPAAm monomer, and 60mL DMSO were addethe reaction flask. The
mixture was reacted at 25-8Q for 24 hours under nitrogen. Finally, the mixtuvas
filtered, washed several times with ethanol anddim a vacuum oven at 40-50°C prior

to use [19]. The ATRP mechanism for surface polymadéion is shown in Figure 1.
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2. 2. 1. 2. Surface Grafting Poly(Acrylic Acid)

The procedure for surface coating iron particléagupoly(AA) via ATRP was as
follows: 50g functionalized Fe-CTCS, 0.06g CuBrQ3y CuBp, 0.06g Spartein, and
9.4g sodium acrylate monomer, and 60mL DMSO wededdo the reaction flask. The
mixture was reacted at 25-8Q for 24 hours under nitrogen. Finally, the mixtuvas
filtered, washed several times with ethanol anddim a vacuum oven at 40-50°C prior
to use [19]. The substitution of sodium with hydeogatom was accomplished by
dispersing 1g surface coated poly(sodium acrylat@)-particles in 40mL mixture of
water:ethanol (50:50 %v/v). The suspension was sioacated for 10 minutes. The iron
particles were separated, washed with a mixtungatér:ethanol, and dried in a vacuum
oven at 66C in a nitrogen environment. The mechanism of switigin 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 particlaagipoly(NIPAAmM-co-AA) via
ATRP was as follows: 40g functionalized Fe-CTCR6@. CuBr, 0.03g CuBy 0.06g
Spartein, and 9.4g sodium acrylate and 11.3g NIPAAomomers, and 60mL OP were

added to the reaction flask. The mixture was rekeate25—-30°C for 48 hours under
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nitrogen. Finally, the mixture was filtered, washssderal times with ethanol and dried in
a vacuum oven at 40-50°C prior to use [19]. Thesstultion of sodium with hydrogen

atom was accomplished by the method describedeipitévious section. The molecular
weight of poly(NIPAAmM-co-AA) was determined by sett up another batch of reaction
without the presence of iron particles while mdintag the same composition for each

reactant and DMSO was used as a solvent.

Cl \O
O—OH —: Cl——Si—(CHj)g—S—ClI E——— O—o—s|i—(c|-|2)8—ﬁ—c;|
(0]
Cl /O
Sparteine
H
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Figure 1 — Surface polymerization of various polysnepoly(NIPAAmM), poly(AA), and

poly(NIPAAmM-co-AA) on the iron particles using ATREchnique.
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Figure 2 — The mechanism of substitution of sodwith hydrogen atom.

2. 2. 2. Conjugation of Rat Immunoglobulin on to Iron Particles

12.5mg of surface coated iron particles, that dantiae acrylic acid functional
group (poly(NIPAAmM-co-AA), poly(AA)), were weigheaind placed into a vial. Polylink
coupling buffer (0.4mL) was added into the vial ghd suspension was mixed for 1
minute. The suspension was then separated usinggaanto attract the iron particles
and supernatant was then removed. This step wastegp three times. Iron particles
were suspended in 0.17mL Polylink coupling buffad &20ul of the EDAC solution
(200mg/ml) was added. 200pug ChromPure rat immutadjio (IgG) was added to the
suspension and was mixed gently for 8 hours at rmnperature. After the incubation
process, the iron particles were separated usimggnet and washed twice with 0.4mL

Polylink wash/storage buffer to remove the exceyS.|The conjugated IgG-iron
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particles were stored in 1mL Polylink wash/storbg#er prior to use. The mechanism of

conjugation of IgG on to polymer coated iron pdesdas shown in Figure 3.

HzCH,C-N=C=N-(CHy)3N*H(CHa),CI"
\Cl) i EDAC \O ﬁ
Q—o—si-(CHs—3 et O—o s| (CHo)g— /\CH cl
Cl) v < | 50mM MES, pH 5.2, 0.05% Proclin® 300 I
- /C\\, o=? n Mixing overnight; 28C / \ o—? n
HN (o)
| OH 5
CH \ _— +| -
/\ C=—=N—(CHy)3N"H(CH3),ClI
HsC CHg ch CH3 i

Y HaCH,C—NH
O—o s| (CHZ)S— P CI
Il CIH ClH
)
/O

Figure 3 — The mechanism of conjugation of IgG gratymer coated iron particles.

2. 2. 3. Conjugation of FITC Anti-Rat onto Iron Patrticles

Fifty L conjugated IgG—polymer coated iron particles saspn (12.5mg/mL)
was transferred into a vial and washed with 2 nthlfbovine serum (FBS) buffer. The
suspension was centrifuged at 1200 rpm for 10 rag;wuThe supernatant was then
removed. The conjugated IgG—polymer coated irotighes were then re-suspended in

100 L FBS buffer and mixed gently. 0.8mL of FBS buffeas injected to FITC anti-rat



192

bottle and mixed for 1 minute to dissolve the pomaEmpletely. 100L of solution was
transferred into a vial and diluted 100 times. L®f diluted FITC anti-rat solution was
added to the conjugated IgG—polymer coated irotighes suspension and mixed for 1
minute. The mixture was incubated for 30 minute®ain temperature. The excess FITC
anti-rat was removed by washing with FBS buffere Tthechanism of conjugation of

FITC—anti rat onto polymer coated iron particleshewn in Figure 4.

‘& \o

o}
[
Q—o— s. (CHZ)S—g /\ » Q—o— s. (CH,)g—S ~en cl
| Fetal bovine serum buffer o ” |H
0 ¢ dn Mixing 30 minutes; 25C -~ =C n

/A
HN |

| NH |
CH

l /\
ch CH3 I HaC CHa3

Figure 4 — The mechanism of conjugation of FITCiHattonto polymer coated iron

particles.
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2.3. Characterization

2. 3. 1. Proton Nuclear Magnetic ResonancéH NMR)

The polymerized NIPAAmM-co-AA was characterizedngsiH nuclear magnetic
resonance spectroscopy. The NMR spectrum was regarsing Agilent NMR 400'H

at 400 MHz) in DMSQOds at 25C.

2. 3. 2. Gel Permeation Chromatography (GPC)

The molecular weight of poly(NIPAAmM-co-AA) was datgned using a
Shimadzu LC-20AD pump, CBM-20A controller, DGU-20Adegasser, RID-10A
refractive index detector, CTO-20AC column ovend asingle Phenogel 3n 10
angstrom column which has effective molecular weigh5,000-500,000 g/mol. The
GPC column was calibrated against nearly monodigpepolystyrene standards
purchased from Sigma Aldrich (certified by ScidntiPolymer Product, Inc.). The
mobile phase was N,N-dimethylformamide 99.9% HPL&dg with a flow rate of 0.8
mL/min, column temperature was set at@5and 20 L of polymer solution was
injected through the column. Molecular weight ageisa and polydispersity index

(Mw/Mn) of the polymer were calculated by using Baltutions software.
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2. 3. 3. Fourier Transform Infrared (FT-IR) Spectroscopy

The spectra of uncoated iron, immobilized surfaté@ator iron particles, and
grafted poly(NIPAAm-co-AA)/iron particles were agaéd using Perkin-Elmer
Spectrum 100 Fourier transforms infra red spectqmgcThe samples were dried in a
vacuum oven at 6C for 24 hours and stored in a desiccator priocharacterization.
The particles were uniformly mixed with KBr powdatr a weight ratio of 1:50, before
mechanically pressing them to form moisture-free iiBllets. The spectra were scanned

and recorded from 4000 ¢ 400 crit at room temperature with resolution of 4tm

2. 3. 4. Differential Scanning Calorimetry (DSC)

Perkin-Elmer Pyris-1 DSC was used to characteftiee thermal properties of the
grafted polymers on the iron particles surfaces sAmples were dried in a vacuum oven
at 60°C for 24 hours and stored in a desiccator priachtaracterization. Two pans were
placed in the DSC sample holder, one containingstmaple and the other holding a
reference. Then, surface coated iron particles wesghed and placed in the DSC
sample pan. The sample was then scanned fré@ ®0350C with a heating rate of 10

°C/min. This characterization was done under nitnqgérge 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 surfaeétegl polymers—iron
particles on to carbon tapes attached to an alumiB8&M sample holder. A thin layer
coating of platinum was applied on the mounted desnusing an argon plasma
sputtering system. The platinum coating was donaratapproximate rate of 25-30
nm/min with 85mA. A Hitachi S-4700 equipped with @xford EDS System was used
for characterization of the surface morphologiegmaffted polymers—iron particles, and
chemical analysis of the surface coated iron dagicThe samples were magnified from
800X to 35,000X at an accelerating potential of\20kEDS microanalysis was performed
on the samples at magnifications ranging from 1@O@ 30,000X and an accelerating

potential of 20kV.

2. 3. 6. Transmission Electron Microscopy (TEM)

The polymer coating thickness was characterizedguBE| Titan 80-300 TEM
system equipped with an 80-300 Kv field emissioacebn source, 0.8 Angstrom
resolution in TEM modea and 1.4 Angstrom STEM nesoh, and bright field/dark field

and high angle annular dark field (HAADF) STEM inrag capability. The polymer
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surface coated iron particles were dispersed ianethand drop cast on a copper TEM

grid.

2. 3. 7. Flow Cytometry

The fluorescent intensity of conjugated FITC aatiwith IgG—polymer coated
iron particles was characterized using a flow cygten BD LSR Il equipped with four
lasers (405nm, 488nm, 561nm, and 640nm) with & 66th8 fluorescence detectors. The
sample was prepared by dispersing the conjugat@€ Rnti-rat with IgG—polymer
coated iron particles in FBS buffer, and non-coajad FITC anti-rat with IgG—polymer
coated iron particles were used as a control. Tuspenision was analyzed at room
temperature and the flow rate was adjusted (12,a88, 60 pL/min) depending upon

sample concentration.

2. 3. 8. Fluorescent Microscopy

The fluorescent images of conjugated FITC antiight IgG—polymer coated iron
particles were taken using a Zeiss LSM510 confacal fluorescence microscope. The
suspension of non- and conjugated FITC anti-rat WgG—polymer coated iron particles

were dispersed on to a microscope slide and puh@rsample holder. The image was
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taken at 40X magnification in two different modelkfferential interference contrast

(DIC) and fluorescence.
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3. Result and Discussion

3. 1.'H NMR and Gel Permeation Chromatography (GPC)

The presence of the NIPAAm-co-COONa functional grasi identifed by'H
NMR spectra. The signals peak at about 1.0ppm fileeniso-propyl CH; groups of
NIPAAmM and chemical shift of CHAe, protons adjacent to the amine moiety of
NIPAAmM are shown with the peaks at about 3.9ppm PIB-23]. The multiple peaks at
about 2.0-3.0ppm are associated with methyl omthie chain of copolymer [21]. The
broad peaks around 3.3-3.5ppm are derived fronCtheproton from CTCS [22]. The
proton chemical shift at 7.1 and 7.4 derived fréwa inethylene proton in benzene ring of
CTCS [21]. In addition, Figure 5 shows that theyVigroup chemical shift at around 5.5-
6.5ppm disappeared which confirmed that the polyimeelatively pure after 48 hours
reaction at room temperature and impurities rembyadassing through alumina column.
The polymerization of NIPAAmM-co-COONa at mild temgteire in dimethylsulfoxide
using ATRP results in a copolymer with moleculaigh¢ (Mw) of 5.95x18 g/mol with
polydispersity index of 1.1. Synthesized poly(NIPAAo0-COONa) has high molecular
weight and narrow dispersity index which resultsnir the presence of copper (Il)
bromide. According to the literature [10, 23, 2ddpper (I) bromide plays a role in the
control of the kinetics of reaction by reducing gp@wing chain rate and converts the

propagating polymer chain into a dormant species.



199

9
a b b
—O0—Si 0
© S|' [l c c_lcl
o) S
~ il X y
o) _
a C c=—0
HN/ \o ’
| NaO
CHd
/\
H;C CHg

Figure 5 —"H NMR spectra of poly(NIPAAmM-co-AA)in DMS@ at 25C.

3. 2. Fourier transforms infrared (FT-IR) spectroscopy

Figure 6 shows the spectra of uncoated iron pastifFre), immobilized CTCS on

iron particles (Fe—CTCS), and grafted poly(NIPAADv&A) on iron particles (Fe—
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CTCS- poly(NIPAAmM-co-AA)). The hydroxyl stretchingbration is represented by a
broad band at 3500 — 3400 ¢iim the spectrum of Fe and Fe—CTCS [25, 26], and the
band at 2950 — 2850 ¢hcorresponds to C — H bond stretching and bendinthe
surface initiator methyl group in the spectrumFeCTCS and grafted poly(NIPAAm-
c0-AA) [27-29]. The presence of carboxyl stretchimgpration and N-H-bending
vibration from the amide group of NIPAAm is shown & broad peak at 1500 — 1650
cm? in the spectrum of grafted poly(NIPAAm-co-AA) [280-32]. According to the
literature [29, 31], the contribution of carbox@dtom sodium acrylate is indicated by
the shift peak at 1425 — 1450 ¢im the spectrum of grafted poly(NIPAAM-co-AA) [29]
The stretching bond of S@vhich occurs at peaks at 1000 — 1250'¢a6, 33, 34], in the
spectrum of Fe—CTCS and grafted poly(NIPAAmM-co-A&pnfirms the immobilized
surface initiator. In addition, the C — Cl bondrfr@urface initiator is shown at peaks 800

— 600 cn [25, 27, 33].

The presence of NIPAAm and AA functional groupsvimle drug delivery and
targeting capability. Poly(NIPAAm) exhibits low tidal solution temperature (LCST) at
32°C [22]. This thermal responsive property of polyrisesuitable for drug storage and
release function. The phase transition of poly(NAAA can be varied by copolymerizing
with another monomer. The copolymer of poly(NIPAAw)th a different ratio of
monomers results in a wide range of phase transitieported [7]. The drug uptake and
released capability of poly(NIPAAm), and the praces binding biotin-streptavidin bio-

molecule through poly(AA) functional group was istigated [35-37].
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Figure 6 — FTIR spectra of iron particles (Fe), iofnized CTCS on iron particles (Fe—

CTCS), and grafted poly(NIPAAmM-co-AA) on iron patés (Fe—CTCS- poly(NIPAAmM-

co-AA))

3. 3. Differential Scanning Calorimetry (DSC)

The presence of polymer on the surface of ironiggastand the thermal transition
temperature of the grafted polymers has been agdlysing differential scanning
calorimetry (DSC). A change of heat supplied (h#awv endothermic up — Y-axis)
signifies the individual thermal transition tempgera of each polymer. The glass

transition temperature of polymer grafted ontogbgace of iron particles was measured
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in the experiments. Then, the thermal transitiomperatures from experiments are
compared with available data from the literatureiclwhare found for non-grafted
polymers. The decreased mobility of the polymer tlu¢he covalent bonding on the
surface of the iron particles may result in thdeddnces in glass transition temperatures
between literature and experiment. In addition, izgdrogen bonding among NIPAAmM-
NIPAAmM, AA-AA, and NIPAAmM-AA functional groups magontribute to the increase in
glass transition temperature [30, 38]. The hydrogend scheme is shown in Figure 7.
The results are in agreement with literature [18]olv compared the thermal transition
temperature between polystyrene and grafted pobséyonto the surface of silica oxide.
The literature value was approximately ZD higher for the grafted polymer. The glass
transition temperature of a variety of polymerksted in Table 1 and the DSC results for

surface grafted polymers are shown in Figure 8.
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Figure 7 - The hydrogen bond of: (a) poly(AA), flmly(NIPAAmM), and (c)

poly(NIPAAmM-co-AA).
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Fe-Poly(AA) Fe-Poly(NIPAAM)

(a) (b)

Fe-Poly(NIPAAM-co-AA) Fe-Uncoated

(©) (d)

Figure 8 - DSC thermograms of surface grafted pelgm(a) Fe—Poly(AA), (b)

Fe—Poly(NIPAAmM), (c) Fe—Poly(NIPAAmM-co-AA), and (Be—-Uncoated.
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Table 1 — Tg of grafted polymer and literature.

Grafted polymers ExperimerfiQ) Literature {C)
Poly(AA) 140.4 110 [39]
Poly(NIPAAM) 1515 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 pagschnd surface grafted surface
poly(AA), poly(NIPAAmM), and poly(NIPAAmM-co-AA). Therafted polymers are coated
on the individual iron particles which is a featusé ATRP as a controlled living
polymerization. In addition, a surface initiatorhieh is silane based, covalently bonds
the grafted polymers on the iron surface and aomamolecular weight distribution of
the polymer results [910, 11, 13, 14, 16 Hence, it is possible to contrtie coating
thickness on the patrticles surfacéfie thickness of surface grafted poly(NIPAAM-coJAA
on the particles is measured by TEM image and showiigure 10. From the TEM
image of surface grafted poly(NIPAAm-co-AA), thadikness of coating is in the range

of 2050 nm.
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Figure 9 — SEM images of iron particles: (a) Feyffh), (b) Fe—Poly(NIPAAm), (c)

Fe—poly(NIPAAmM-co-AA), and (d) Fe—uncoated.

The surface coated polymers are not magnetizeahteria and the effect on
decreasing magnetic saturation of iron particlesregligible [42]. The micron-size iron
particles give higher magnetic saturation than natersize particles which results in a

stronger magnetic effect for the microparticlefie Tnagnetic effect on micron-size
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particles is highly dependent on the particle digen concentration, and applied
magnetic field. At equal concentrations and appirehnetic fields, larger iron particles
result in higher magnetic effect [43]. Similarlyhagher concentration of iron particles
and higher applied magnetic field yield a higher MRect [43]. According to the
literature [12], the viscoelastic effect (in terrhshear yield stress) of magnetic fluids,
containing iron particles (80 wt.%) dispersed imdlmedia, increases significantly from
less than 1,000 Pascal to 30,000 Pascal when iew@ssed from O Tesla to 0.529 Tesla
magnetic fields. The controllable viscoelastic mies of the magnetic fluid may offer
advantages for inducing an immune respond by estrdction for in-vivo applications

after magnetic injection and exposureto magnesidsi

(@) (b)

Figure 10 — TEM images of iron particles: (a) Na&ed, (b) Poly(NIPAAM-co-AA).
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The guantitative elemental analysis of x-ray gpetispersive spectroscopy is
mainly used for confirming the presence of carbtoma on grafted polymers. From
elemental analysis, the weight percentage of itoma decreases when the iron particles
are coated with polymers. On the other hand, tmebeu of carbon atoms increases after
a surface coating is applied. As a result, the elgal analysis confirms the surface
grafting of poly(AA), poly(NIPAAmM), and poly(NIPAAnRto-AA) on the iron particles
via ATRP at room temperature is a viable technigugraft covalently bonded polymers
on the inorganic substrate. The weight percentdgeaoh element for uncoated iron
particles, and the grafted poly(AA), poly(NIPAAmgnd poly(NIPAAmM-co-AA) on the
surface of iron particles from x-ray energy disperspectrograms is shown in Table 2.
The X—EDS spectrograms of iron particles, and pelgcoated iron particles are shown

in Figure 11.
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Figure 11 — The X—EDS spectrograms of: (a) Fe—p&y( (b) Fe—poly(NIPAAmM), (c)

Fe—poly(NIPAAmM-co-AA), and (d) Fe—uncoated.

Table 2 — Element analysis from X-ray energy disper(X—EDS).

Weight %
Element
Fe—uncoated| Fe—poly(AA) Fe—poly(NIPAAmM) Fe—poly(NAM-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 polymerrface coated iron particles containing
acrylic acid, is provided by conjugation of rat imnoglobulin. FITC anti-rat is used as a
target cell model. Once the FITC anti-rat is conpegl, the polymer surface coated iron
particles have an additional functionality whichugsed for imaging. The flow cytometry
is used for identifying the presence of fluoresdahtled microparticles. In addition, the
dual imaging, DIC and fluorescence mode, is a heiabfmethod and also used to
support and image the conjugated IgG and FITC rantbn the surface coated iron
particles. In the fluorescence imaging process,-é¢gGugated surface coated iron
particles are used as a control. Figure 12 showsriicroscope images of iron particles
that contain acrylic acid functional group; Fe—gblIfPAAm-co-AA) denoted ag, Fe—

poly(AA) denoted ab, and Fe-COOH denoted as

The acrylic acid functional group from coated pogmon the surfaces provides a
robust platform for covalently bonding rat IgG witlon particles. The conjugated IgG
can be detected by conjugation of FITC anti-rat. dynparing images of; gcontrol,
non-fluorescence labeled) and, &e—poly(NIPAAmM-co-AA)/IgG/FITC anti-rat emits
green fluorescence which represents conjugatety@tvith iron particles. In addition,
the 1gG are also covalently bonded on the Fe—pdy(And Fe-COOH. From
fluorescence images ofjab, and @, the surface polymerized poly(AA) and

poly(NIPAAmM-co-AA) emits brighter fluorescence thare-COOH. However, the
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brightness on the image appears not to be uniform which is caused by adepth of
field. On image h two fluorescence intensity distributions may la&ised by the wide
range of microsphere sizes where smaller iron @astimay labeled more than bigger
ones. The cytometry result shows that the fluomseebrightness of microspheres
increases 100-1000 times after conjugation withCFHnti-rat. Also, the fluorescence
intensity of surface coated iron particles withygalA) and poly(NIPAAmM-co-AA) is ten
times higher than benchmark Fe-COOH. It may beezhby the amount of acrylic acid
functional groups on the polymer which is highearttthe benchmark Fe-COOH. As a
result, it may become beneficial when surface abaten particles with poly(AA) and
poly(NIPAAmM-co-AA) are used for protein separatiamd cell targeting which can bind

greater quantities of proteins and cells.
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(a1)
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(a)
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(by)
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(b2)
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(c1)
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(c2)
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Figure 12 — The microscope images in differentitgdriference contrast mode (left),
fluorescence mode (middle), and cytometry testlrgsght) of Fe-polymer-IgG
(subscript 1, as a control) and Fe-polymer-1gG-Fér-rat (subscript 2, fluorescent
labeled). Wherea is Fe—poly(NIPAAmM-co-AA)b is Fe—poly(NIPAAmM); and is
benchmark Fe-COOH.
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4. Conclusions

In this study, we synthesized and characterizedifonuttional materials based on
micron-size iron particles. The functionalities simh of cell targeting, imaging, drug
delivery, and magneto-immune response. Atom transfdical polymerization (ATRP)
was successfully used as a technique to surfadepgigmers on iron particles at mild
temperature in the presence of copper (II) bromBieface grafting of polymers on iron
particles results in a higher glass transition terafure than non-grafted polymers
because of a covalent bond which results betweempdhymer chains and the inorganic
substrate which restricts mobility of the molecul&€ke surface grafted poly(NIPAAmM-
co-AA) thickness is in the range of 20-50nm whichl wot reduce the magnetic
saturation of the iron particles. The versatility targeting bio-molecules was
demonstrated by conjugation of rat immunoglobuinarget FITC anti-rat. Fluorescence
microscopy and flow cytometry revealed the fluoezse intensity of targeted FITC anti-
rat on the iron particles. The iron particles basedtifunctional materials are low cost
materials for protein separation, drug deliveryrdagand an alternative for hyperthermia
and cancer curing agents through magneto-immupemes by exposing using magnetic

fields.
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5. Future Work — Surface Grafting of Poly(N-isopropylacrylamides-co-acylic acid)

on to Iron Particles Via RAFT

Reversible addition fragmentation chain transfer (RAFT) polizagon is an
alternative technique used to graft polymers on the surface iofbeganic substrate. RAFT
offers an advantage as compared with ATRP because polyaacjdl) can be synthesized
from acrylic acid monomers directly without any further treaxit{44]. The application of
RAFT for surface polymerization of various monomersethyl methacrylate, 2-
(dimethylamino)ethyl methacrylate, and styrene, flat silicon substrates has been
studied. In addition, the polymers have polydispgiadex (PDI) in the range of 1.06
PDI  1.18 [45]. The polymerization of NIPAAm and accylacid using the RAFT
technique at room temperature has been investigataed polymerization resulted in a
PDI near 1 andmolecular weight of polymer in the range of°1§/mol [46]. The
characterizations of synthesized polymers needbetanvestigated further, such as:

monomer conversion and molecular weight of polymar the reaction time.
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5.1. Synthesis of 3-Benzylsulfanylthiocarbonylsufanyl-propionic Acid as al@in

Transfer Agent (CTA)

CTA was synthesized according to the reportedalitee [47]: In a glove box,
mercapto propionic acid (4ml, 0.046 mol) was addeda solution of potassium
hydroxide (5.2g, 0.092 mol) in water (50ml) in @cton flask. Then carbon disulfide
(6ml) was added in drop-wise. The reaction flasls wansferred to fume hood, stirred
for 5 hours under nitrogen purge with a condensed resulted in orange-colored
solution. Benzyl bromide (7.92g, 0.046 mol) wasleati to the solution and heated to
80°C with a temperature controller for 12 hours. Tenafure was kept under @ to
prevent loss of solvent. The mixture was cooletbtom temperature, chloroform (60ml)
was added, and followed by adding hydrochloric acil the organic layer becomes
yellow. The water phase was extracted using cfdamo (2x20ml), then the organic
layer was washed using a solution of sodium cargomawater (2x20ml). The organic
solution was dried over anhydrous magnesium sulfsiter evaporating the solvent, the
product was purified by passing it through a gelooiatography column with a 3:1
hexane, ethyl acetate mixture as the eluent, exsuita yellow powder. The mechanism

of CTA reaction is shown in Figure 13.
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Figure 13 — The reaction mechanism of CTA synthdsis Note: The
mechanism has been drawn by Arianna Rosen witetasse from Robert Fyda (UNR

Chemical Engineering undergraduate student).
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The molecular weight of synthesized CTA has beerastierized using matrix
assisted laser desorption ionization mass spectrpn{®IALDI-MS) from Applied
Biosystems 4700 Proteomics Analyzer equipped witkar and reflector modes. The
CTA was mixed with dithranol as a matrix and siltgfluoroacetate (AgTFA) and
spotted on the MALDI plate prior to characterizatid he calculated molecular weight of
3-benzylsulfanylthiocarbonylsufanyl-propionic a2 atoms hydrogen, 3 atoms sulfur,
11 atoms carbon, and 2 atom oxygen) is 272. Systhed benzyl 4-
methoxydithiobenzoate was confirmed by a peak vaiu@73 on the MALDI mass
spectrogram, which was close to the calculated cotde weight. The MALDI mass

spectrogram for benzyl 4-methoxydithiobenzoatd@s in Figure 14.
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Figure 14 — MALDI mass spectrogram for 3-Benzylanifithiocarbonylsufanyl-

propionic Acid.

5.2. Surface Grafting of Poly(N-isopropylacrylamides-co-acrylic acidpn to Iron

Particles Via RAFT

The surface grafting of poly(N-isopropylacrylamigesacrylic acid) on to iron

particles via RAFT was accomplished in three stepfollows:
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5.2.1. Immobilization of surface initiator on the iron particles.

Surface initiator, CTCS, was immobilized onto so&@®f iron particles according
to reported procedure [19]. Initially, 500 gramnrparticles were washed using distilled
water and ethanol, consecutively. Then, the mixtwes mechanically stirred for 15
minutes and filtered. Finally, iron particles wateed in vacuum oven at 8D for 24
hours. Dried iron particles (200 grams) were addet three neck flask. Then, 3 gram
CTCS was added into the flask and followed by agldia5 mL anhydrous toluene as
solvent. The mixture was reacted at’®5and stirred for 24 hours under nitrogen
environment. The product was filtered and washe&drsétimes using toluene, and dried
in vacuum oven at 8Q for 24 hours prior to use. Surface initiator wasalently bonded
through silanol group from the reaction of hydroxyl the surface of substrate and
chlorinated silane. The reaction scheme of immmdiiion of surface initiator on the iron

particles is shown in Figure 15.
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Figure 15 — The reaction of immobilization of sadanitiator 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 wadetlinto the first three-neck flask
and followed by adding Cu (0) (0.3178 grams, 5.00¢ mol). Then, the flask was
purged with nitrogen and sealed. On the second,f@sBr (1.4345 grams, 10.0 x 10
mol) and 20 mL anhydrous toluene were added, armédtunder nitrogen purge for 30
minutes. PMDETA (1.044 mL, 5.0 x £amol) was added into the flask and stirred for

additional 10 minutes under nitrogen. This mixtwas then added into first three-neck
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flask and stirred for 10 minutes under inert enwinent. The CTA (0.548 grams, 2.0 x
10° mol) was dissolved in 10 mL anhydrous toluene siiied for 30 minutes under
inert condition in another flask. Finally, the CBalution was added into iron particles
suspension in the first three-neck flask and rehete85C for 48 hours under inert
environment. The product was filtered and washeers¢ times to remove impurities
using toluene, and dried in vacuum oven &tC5@r 24 hours prior to use. The atom
transfer addition (ATA) reaction mechanism of CTAhsurface initiated iron particles

is shown in Figure 16.

\o o
O—o—s|i—(CH2)8—L|—C|

o

s o

CuBr ©/\SJ\S/\)LOH
Cu(0)

PMDETA CTA

Y

\o 0 s o
O—O—SL—(CHZ)B—:S:,—S)I\S/\)I\OH

I

Figure 16 - The atom transfer addition (ATA) reastmechanism of CTA with surface

initiated iron particles [48].
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5.2.3. Surface polymerization of PNIPAAmM-co-acrylic acid via RAFT

CTA (0.056 grams) and AIBN (5.45 mg) were addedatohree-neck flask.
NIPAAmM was purified by recrystallization in hexadescribe by [46]. Acrylic acid was
purified by distillation. Purified NIPAAmM (2.887 gms) and acrylic acid (1.820 grams)
were dissolved in 50 ml of anhydrous DMAc and adutethe reactor. The solution was
then stirred under nitrogen purge. 1 gram of serfaitiated iron particles from step two
were added to the three-neck flask and stirred umitt®gen purge for 15 minutes. After
15 minutes the solution was heated #(d6&nd reacted for 24 hrs in inert environment.

Surface polymerization of PNIPAAm-co-acrylic acid WRAFT is shown in Figure 17.
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Figure 17 — Surface polymerization of poly(NIPAAm-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 Blymer

A controlled living polymerization, such as: RAHTas significant advantages as

compared with the regular radical polymerizatiomgass because the polymer has
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uniform molecular weight and polymer is covalenbgnded on the iron surface. The
image of surface coated polymer was taken by uSiBlyl. The non- and coated iron
particles images are shown in Figure 18 (tdp)this work, surface coating iron particles
resulted in uniform polymer thickness. The coating thicknessdets mined using TEM. RAFT

polymerization resulted in coating thickness about 50iw@ TEM images of non- and surface

coated iron particles are shown in Figure 18 (lmjto

Figure 18 — SEM (top) and TEM (bottom) images afineft) and surface coated (right)

iron particles/ poly(NIPAAm-co-acrylic acid) via HA.
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CHAPTER VI

Surface Grafting of Poly(pentafluorostyrene) On Thdron Particles Via
Reversible Addition Fragmentation Chain Transfer (RAFT)

Polymerization

Abstract

A surface grafting technique of poly(pentafluoreste) via reversible addition
fragmentation chain transfer onto iron particlesegorted. 4-methoxydithiobenzoate is
used as the RAFT chain transfer agent. The molegwegght, the surface morphology,
thickness, thermal properties, and monomer cormersi grafted polymer are reported.
The grafted poly(pentafluorostyrene)—iron partick®wed a higher thermal transition
temperature compared to non-grafted polymer bectheseovalent bond between the
polymer backbone and the surface of the iron pasticestricts the molecular mobility.
The monomer conversion is found to be increasettiddpamount of CTA concentration at
early polymerization time. The grafted poly(peniafiostyrene) shows a “hairy” like
polymer architecture with thickness in the range86t100nm. This thin coating is
expected to maintain the magnetic saturation pteseof iron particles. To the best of
our knowledge, this is the first time that poly(ftuorostyrene) has been grafted on the
iron particles by utilizing RAFT and 4-methoxydibbienzoate as a CTA.
Keyword: RAFT, poly(pentafluorostyrene), controlled radigalymerization, surface

grafting.
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1. Introduction

In recent years, the surface grafting of polymansthe inorganic materials has
attracted worldwide researchers’ attention becadfisieeir benefits related to mechanical
and thermal properties, interfacial properties, amwdde range of applications have been
explored in electronics, biomedical, and enginggritron particles are inorganic
materials which have potential applications inliilgent materials due to their magnetic
properties which can be controlled using an extenmagnetic field. Many controlled
radical polymerizations have been investigatedioface grafting polymers on inorganic
substrates, such as nitroxide radical polymerinatfdMP), ring opening polymerization
(ROP), atom transfer radical polymerization (ATRPand reversible addition

fragmentation chain transfer (RAFT) [1, 2].

Since RAFT was introduced by Rizzardo et. al. fildaommonwealth Scientific &
Industrial Research Organization (CSIRO) in the H90s [3, 4], the use of RAFT for
surface grafting polymers has increased signiflgantin general, the advantages of
ATRP, NMP, ROMP, and RAFT include: narrow polymeuletular weight distribution,
well defined building block, end functionalitieshain architecture, compostion, and
controlled molecular weight [5, 6]. In addition,ettRAFT initiator is more flexible.
Commonly used initiators are peroxide base (e.genzbyl peroxide) or
azobisisobutyronitrile (AIBN). However, one of theaitations of RAFT is that the chain
transfer agent (CTA) needs to be synthesized inlaheratory [7]. The CTA can be
prepared from: dithioester, trithiocarbonate, ditlarbamate, and xanthate compounds [6,

8]. The chemical structure of CTA, which considta stabilizing group, is denoted by Z,
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and radical leaving group, which is denoted by R,important for the RAFT
polymerization [9, 10]. Benzyl 4-methoxydithiobeat® is one CTA and it has been
successfully synthesized from benzyl mercaptan 4ngethoxybenzoic acid with the
presence of phosphorus pentasulfide [11]. The m@m®poRAFT polymerization

mechanism is shown in Figure 1 [9].
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Figure 1 — Scheme of RAFT polymerization [9].
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Materials with high thermal stability, excellenterhical resistance, low friction,
and hydrophobic can be synthesized from fully ortigidy fluorinated polymers. The
presence of fluorine atom which has a high electegativity may suppresse the
oxidation process [12, 13]. ATRP and anionic poljizegion has been used to synthesize
copolymers of styrene and pentafluorostyrene [13], The potential application of
surface grafted poly(pentafluorostyrene)-iron e is magnethorheological fluids
(MRFs) for dampers. For MRFs applications, theaaefcoating may reduce the friction
between iron particle and the damper wall. In adujtit has been reported that surface
coated iron particles improved redispersibilityi@n due to settling behavior of MRFs

[16].

The application of RAFT for surface polymerizatioia flat silicon substrate has
been studied [9]. The narrow PDI of poly(methyl hastrylate) was covalently attached
to the silicon substrate through silane based ab#iers and azobisisobutyronitrile
initiator in the polymerization [9]. The combinaticof RAFT and click chemistry
reaction for surface polymerization, creating gpatymers and telechelic functional
groups has been studied [17-19]. A well-definedyelric chain structure has been
grafted onto silica particles using a combinatoregbproach based on RAFT

polymerization and coupling reaction a®8(1].

In the present work, we report the surface grgftiechnique using reversible
addition fragmentation chain transfer (RAFT) of y§pentafluorostyrene) on the iron

particles by utilizing 4-methoxydithiobenzoate a<C&A. The molecular weight, the
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surface morphology, thickness, thermal propertes, conversion of grafted polymer are
reported. From the electron microscope, the graftely(pentafluorostyrene) shows a
“hairy” like polymer architecture with thickness ihe range of 80-100nm. Thin coating
is expected to maintain the magnetic saturatiopgmtees of iron particles. To the best of
our knowledge, this is the first time that poly(ftuorostyrene) has been grafted on the

iron particles by utilizing RAFT and 4-methoxydibbienzoate as a CTA.
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2. Experimental

2. 1. Materials

Carbonyl iron powder CN (3-7 microns, BASF), N,NJN’N”"-
pentamethyldiethylenetriamine (PMDETA, Aldrich), hahol (AAPER), methanol
(Aldrich), 2,3,4,5,6-pentafluorostyrene (Aldrich), 2-4(-chlorosulfonylphenyl)
ethyltrichlorosilane (CTCS, Gelest Inc.), Toluengldfich), Cu(0) (Aldrich), CuBr
(Aldrich), 2,2’-Azobis(2-methylpropionitrile) (AIBN Aldrich), benzyl mercaptan
(Aldrich), 4-methoxybenzoic acid (Aldrich), phospbe pentasulfide (Aldrich), alumina
basic (Dynamic Adsorbents Inc.), neutral aluminalé&o Scientific, GA). AIBN was
purified by recrystallization three times from metiol. PMDETA was purified by
passing through a chromatography column with neattamina and pentafluorostyrene
was purified by passing through a chromatographiyneo 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 (QTA

The CTA was synthesized from the reaction of bemagtcaptan (1.24 grams,
9.98 mmol), 4-methoxybenzoic acid (1.52 grams, r880l), phosphorus pentasulfide
(0.88 grams, 3.96 mmol) as a catalyst, and anhgdi@uene (40 mL) as a solvent. All

chemicals were weighed and transferred into thesksflask inside a glove box under
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nitrogen purge. The mixture was reacted and refluaetemperature 90-85 for 10
hours under nitrogen environment in a laboratorgchd he solution was then cooled at
room temperature. The product was then purifiedgusi chromatography column with
neutral alumina (6 grams) and anhydrous toluene wgasl as an eluent. Toluene was
removed by evaporating in a vacuum oven aC5&vernight [11]. A red colored oil was

obtained as a final product. The reaction mechais@ITA synthesis is shown in Figure

2.
OH S
SH P4S10 )
+ >
Np, 95°C, 10hrs  H.c
Toluene
OCH;
4-Methoxybenzoic acid ~ Benzyl mercaptan 4-Methoxydithiobenzoate

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 soefaf iron particles according
to reported procedure [20]. Initially, 500 gramsnimparticles were washed using distilled
water and ethanol, consecutively. Then, the mixtwes mechanically stirred for 15

minutes and filtered. Finally, iron particles wetéed in vacuum oven at %0 for 24
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hours. Then, 200 grams dried iron particles wemreddn to three neck flask. Then, 3
grams (8.88 mmol) CTCS was added into the flask falidwed by adding 125 mL
anhydrous toluene as solvent. The mixture was edaat 88C and stirred for 24 hours
under nitrogen environment. The product was filead washed several times using
toluene, and dried in vacuum oven atG@or 24 hours prior to use. The reaction scheme

of immobilization of surface initiator on the irgarticles is shown in Figure 3.

Co DN
O—OH + CI—S|i—(CH2)8—:S|—CI —_— O—O—S|i—(CH2)8—ﬁ—CI
c|:| 0 o 0

Q e cTCS

Figure 3 — Immobilization of surface initiator dretsurface 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 wadedtlinto the first three-neck flask
and followed by adding Cu(0) (0.32 grams, 5.0 mmbhen, the flask was purged with
nitrogen and sealed. On the second flask, CuBr3(fjyrdms, 10.0 mmol) and 20 mL
anhydrous toluene were added, and stirred undeogei purge for 30 minutes.
PMDETA (0.87 grams, 5.0 mmol) was added into thskfland stirred for additional 10
minutes under nitrogen. This mixture was then adithal first three-neck flask and

stirred for 10 minutes under inert environment. TWEA (0.55 grams, 2.0 mmol) was
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dissolved in 10 mL anhydrous toluene and stirred3@minutes under inert condition in

another flask. Finally, the CTA solution was addet iron particles suspension in the
first three-neck flask and reacted at'®5for 48 hours under inert environment. The
product was filtered and washed several times twove impurities using toluene, and

dried in vacuum oven at 80 for 24 hours prior to use. The atom transfer tamu(ATA)

reaction mechanism of CTA with surface initiatezhiparticles is shown in Figure 4.

~ @7(@ ~

o) o) o] 0
O—O—SI|—(CH2)B—%—C| 4-methoxydithiobenzoa>te O—o—ii_(CHz)s_ﬂ_sYQ/OCHB

CuBr, Cu(0), PMDETA

0 o

~ ~

Figure 4 — Modification of surface initiated iroarnticles with CTA through ATA

reaction.

2. 2. 4. Surface polymerization of polypentafluorostyrene on the iroparticles via

RAFT

Initially, pentafluorostyrene monomer (5 grams,786mmol) was purified by
passing through chromatography column packed wdtsicbalumina (1 gram) prior to
polymerization and toluene (50 mL) was used asneluEhe purified monomer was

collected and poured into a three-neck flask (macthe CTA (0.27 grams, 1 mmol),
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AIBN (0.16 grams, 1 mmol), and CTA surface modifieah particles (20 grams) were
added into reactor. The mixture was mechanicailyest and reacted at 85 for 20
hours under nitrogen. The product was filtered, hedswith toluene several time, and
dried in a vacuum oven at %D for 24 hours. Surface grafting of pentafluorost on
the iron particles via RAFT mechanism is shown iguFe 5. The molecular weight of
grafted polymer was determined by a series of RA#®lymerization without the
presence of iron particles in NMR tubes which wealexd with nitrogen with DMS@s

as a solvent. In addition, the ratio of CTA cortcation to monomer concentration was
also conversion carried out in order to study tffece to the molecular weight of
polymer.
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Figure 5 -Surface polymerization mechanism of poly(pentafthstyrene) on the iron

particles via RAFT.
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2. 3. Characterization

2. 3. 1.'H nuclear magnetic resonance (NMR) spectroscopy

'"H nuclear magnetic resonance spectroscopy was tsedetermine the
synthesized RAFT-CTA, conversion of monomer, andfiom polymerization after 24
hours. The NMR spectrum was recorded using AgiliR 400 ¢H at 400 MHz) in

DMSO-ds at 25C.

2. 3. 2.Matrix assisted laser desorption ionization-mass spectrometry (MALDMS)

Matrix assisted laser desorption ionization massspmetry (MALDI-MS) from
Applied Biosystems 4700 Proteomics Analyzer equippeh linear and reflector modes
was used to measure the absolute molecular wefgieosynthesized CTA. The CTA
was mixed with cyano-4-hydroxycinnamic acid as drmaand silver trifluoroacetate

(AgTFA) and spotted on the MALDI plate prior to cheterization.

2. 3. 3.Gel permeation chromatography (GPC)

A Shimadzu gel permeation chromatography consis¢taof LC-20AD pump,

DGU-20A; degasser, single Phenogelnd 16 Angstrom column which have effective
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molecular weight 5,000-500,000 g/mol, RID-10A refrze index detector, CBM-20A
controller, and CTO-20AC column oven, was usedeiganine the molecular weight of
poly(pentafluorostyrene). The column temperaturs se&t at 3%, and 20 L of polymer
solution was injected through column, and mobilagghwas N,N-dimethylformamide
99.9% HPLC grade with a flow rate of 0.8 mL/min. Ecular weight averages and
polydispersity index (Mw/Mn) of synthesized polymeras calculated against
polystyrene standards by using LabSolutions so@éwd# set of near monodisperse
polystyrene standards purchased from Sigma Aldfoertified by Scientific Polymer

Product, Inc.) was used to generate calibratiowecur

2. 3. 4.Fourier transforms infra red (FTIR) spectroscopy

The chemical bond of poly(pentafluorostyrene), gapoly(pentafluorostyrene)—
iron particles, immobilized surface initiator irparticles, and uncoated iron particles was
analyzed using Perkin-Elmer Spectrum 100 Four@nsiorms infra red spectroscopy.
Samples were dried in a vacuum oven &C6fbr 24 hours and stored in a desiccator
prior to characterization. All samples were scanftech 4000 crit — 400 crit at room
temperature with resolution of 4 &nThe samples were uniformly mixed with KBr
powder at a weight ratio of 1:50, before mechatjgatessing 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 characteriee thermal properties of
poly(pentafluorostyrene) and the grafted poly(piundaostyrene)—iron. Two pans placed
in the DSC, one containing the sample and the dib&ting a reference sample. The
poly(pentafluorostyrene) and grafted poly(2-fludyosne)/iron particles were dried in a
vacuum oven at 6C for 24 hours and were stored in a desiccator r ptm
characterization. Small amount of sample were placghe pan and scanned fronfG0
to 250C with a heating rate of 20/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)d ampolystyrene was
characterized using Perkin-Elmer STA6000 thermdgratric analysis. Initially, the
sample was held at temperature of@Gor 5 minutes, followed by scanning the sample
with rate of 16C/min from 36C to 800C, and held at 80C for 5 minutes. The analysis

was performed on samples under nitrogen atmosphétedlow rate of 20 mL/min.
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2.3.7. SEM-EDS

The chemical analysis and surface morphologies ofraftey
poly(pentafluorostyrene)—iron particles was chamared using Hitachi S-4700 equipped
with an Oxford EDS System. The samples were maghifiom 800X to 35,000X at an
accelerating potential of 20kV. EDS microanalysiaswperformed on the samples at
magnifications ranging from 10,000X to 30,000X amdaccelerating potential of 20kV.
Prior to SEM characterization, the samples werg@amet by placing surface grafted
poly(pentafluorostyrene)—iron particles onto carltapes adhered to a round shape
aluminum SEM sample holder. The mounted samples webjected to thin layer
coating of platinum using an argon plasma sputgesiystem. The platinum coating was

done at an approximate rate of 25-30 nm/min witm&5

2.3.8. TEM

FEI Titan 80-300 TEM system that equipped with 80-Xv field emission
electron source, 0.8 Angstrom resolution in TEM maahd 1.4 Angstrom STEM
resolution, and bright field/dark field and highgeannular dark field (HAADF) STEM
imaging capability was used to determine the polyowating thickness. The polymer
surface coated iron particles were dispersed ianethand drop casted on copper TEM

grid.
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3. Results and discussion

3. 1.'H nuclear magnetic resonance (NMR) spectroscopy

NMR results for chain transfer agent (CTA) benzyhdthoxydithiobenzoate

The 'H NMR spectrum of a synthesized benzyl 4-methoxyolitenzoate in
DMSO-d; after 10 hours reaction at @) purification by passing through alumina
column, and solvent (toluene) removal in vacuumnoig shown in Figure 6. The
spectrum is recorded at room temperature. The lygtrdrom methyl compound (GH
#18) of stabilizing group is represented by chefrsbét at 3.8ppm. The hydrogens from
benzene ring of stabilizing and leaving groupssirewn by multiple peaks at chemical
shift at 7 — 7.5ppm. In addition, the hydrogen cloashift from methyl group between

leaving group and sulfur atom (GH#9) is shown by peak at 4.6ppm.
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Figure 6 -'H NMR spectrum of a synthesized benzyl 4-methokyjolitenzoate in

DMSO-a;.

ConsistencyH NMR results for different ratio of [CTA] to [Monomer]

The synthesis of poly(pentafluorostyrene) from th@nomers was conducted in
triplicate. Figure 7 (a), (b), and (c) shows tHeNMR spectrum of chemicals involved in
synthesis of poly(pentafluorostyrene), include: CTAAIBN (initiator), and
pentafluorostyrene monomer in DMS@-Hefore reaction. The chemical shift of the

vinylic hydrogens from the monomer is shown by iipldt peaks at 5.7ppm and 5.9ppm.
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The chemical shift at 2.1ppm represents the hydrdgem methyl group of 1, 3, 5,
trimethylbenzene which is used as reference taizk the monomer conversion. From
three'H NMR spectra of the vinylic hydrogens from the roorer, it can be seen that the

area is relative equal and consistent.
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Figure 7 (a) *H NMR spectrum of chemical in synthesis of poly(adinorostyrene)

before reaction in DMSOegdor ratio of [CTA] to [Monomer] 1:13.
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Figure 7 (b) *H NMR spectrum of chemical in synthesis of poly(@énorostyrene)

before reaction in DMSOegdor ratio of [CTA] to [Monomer] 1:26.
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Figure 7 (c) “H NMR spectrum of chemical in synthesis of poly(dinorostyrene)

before reaction in DMSOgdor ratio of [CTA] to [Monomer] 1:43.
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'H NMR results for monomer conversion for different ratio of [CTA] to [Monomer]

The RAFT polymerization of pentafluorostyrene isrieal out at 8%C in a
nitrogen environment showed a fast conversionairittial reaction time. It can be seen
by significant change area from 0 hours to the fiaur of reaction. Figure 8 (a), (b), and
(c) show that théH NMR spectrum of the pentafluorostyrene monomeweocsion can
be monitored by decreasing the area of the virtyidrogens at chemical shift multiple
peaks at 5.7ppm and 5.9ppm. In addition, the chalrshift at 1.3ppm for the®1hours to
24" hours of reaction time represents the hydrogem froethyl of single (CHCH,)
bond of poly(pentafluorostyrene) backbone. By cornmgathe peak area at 5.7ppm and
5.9ppm to peak area of methyl group of referen¢@,(5, trimethylbenzene) at chemical

shift 2.1ppm, the monomer conversion can be detesthi
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Figure 9 shows the plot of pentafluorostyrene mogrooonversion as function of
reaction time (1, 2, 3, 4, 5, and 24 hours) 4C8%or the 1 hours of polymerization, the
formed CTA radicals amount increase by the CTA eatration, i.e: by comparing
[CTA] to [Monomer] 1:13 and 1:26, the CTA concetiva is 0.071 and 0.037,
respectively. As a result, the monomer conversatso increases by the amount of CTA
concentration, i.e: by comparing [CTA] to [Monomér]Ll3 and 1:26, the conversion is
69% and 52%, respectively. It can be seen thatersion of monomer at early reaction
times increases abruptly. At the early stage oymperization, the monomer conversion
for ratio of [CTA] to [Monomer] 1:13, 1:26, and Bdare 69%, 52%, and 47%,
respectively. The monomer conversion linearly iasgs from thethour to the % hour.
However, the monomer conversion for the ratio of ALto [Monomer] 1:13 does not
significantly change from the ™3 hour to the 2% hour because the monomer
concentration is low. Also, the possibility of temation between the CTA radicals that

formed occurs because of the high concentratiddiTa.

Figure 9 — The monomer conversion as function attien time in synthesis of
poly(pentafluorostyrene) in DMSQOs6bor different ratio of [CTA] to [Monomer].
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The RAFT polymerization provides significant adizage as a controlled radical
polymerization because the monomer conversioméali up to a certain time. Figure 10
shows the plot of monomer concentration of pentaflstyrene as a function of reaction
time (1, 2, 3, 4, and 5 hours) at’85 The kinetic study of RAFT polymerization in this
system is approached by using “irreversible unimadkr type first order kinetic
reaction”. The empirical kinetic first order reaeticonstant is determined from the slope
of linear regression. The integral method is wiizo analyze the kinetics of “simplified
polymerization” rate equation by integrating andnparing the predicted monomer
concentration as a function of reaction time wita experimental data. From the plot, it
can be seen that the RAFT polymerization constareases when the ratio of CTA to
monomer concentration increases. The summary dRAFET polymerization constant is
listed in Table 1. The determination of RAFT polyination constant (rr) by curve

fitting from experimental data is as follows [21]:

Monomer 7 Polymer
A Krart P

The first-order rate equation,

dC
Fa th Krarr Ca (Eq. 1)

Where:
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-ra is polymerization rate of monomer A (Note: minugns correspond to the

disappearance of monomer A by the timej).i€€concentration of monomer A at specific

time. karr is the “simplified RAFT” polymerization constant. chIiA is the

concentration change of monomer A over the time.

By rearranging and integrating Eq. 1, we obtain:
Rearranging Eq.1:

dc,

Krarr C
dt RAFT ~A
dc, _ (Eq. 2)
CA RAFT
Integrating Eq. 2:
C t
*dC
S A Kpuer dt (Ea. 3)

Cao “A 0

By assuming the “simplified RAFT” polymerizationregtant is not changing respect to

reaction time, Eq. 3 becomes:

C t
~dC
B Kpaer dt (Eq. 4)
CA 0

CAO

After integration, Eq. 4 becomes:

A
IN—=- Kgppr t
A0
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or
c !
In CA Keaer 1
A0
(Eq. 5)
Cho
In < Kpaer t
A

By plotting In % versus reaction time (t) and applying regressiioa “simplified

A

RAFT” polymerization constant gke1) can be determined from the slope as follows:

y ax b

where:
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Figure 10 — Monomer concentration as function atten time in synthesis of

poly(pentafluorostyrene) in DMSQs6br different ratio of [CTA] to [Monomer].

Table 1 — The summary of RAFT polymerization constar synthesis of

poly(pentafluorostyrene) in DMSQs6or different ratio of [CTA] to [Monomer].

RAFT polymerization constant gkrr)
Ratio [CTA] to [Monomer]
(sh
1:13 0.1821
1:26 0.3763
1:43 0.5045
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1% NMR results for fluorine compound for differeatio of [CTA] to [Monomer]

Figure 11 (a), (b), and (c) shows thé’F NMR spectrum of
poly(pentafluorostyrene) in DMSQOsdor different reaction time (1, 2, 3, 4, 5, and 24
hours) and for different ratio of [CTA] to [Mononjet:13, 1:26, and 1:43 at 85. The
chemical shift for fluorine atoms on the benzemg iare shown in the peaks at -144ppm
(#9, #13), -156ppm (#11), and 163ppm (#10, #12psehchemical shifts offF NMR
spectrum is one of evidences that poly(pentaflugrese) can be synthesized using

RAFT polymerization.
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Figure 11 (a) X°F NMR spectrum of synthesised of poly(pentaflugyastie) in DMSO-

ds for ratio of [CTA] to [Monomer] 1:13.
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3. 2. MALDI-MS of chain transfer agent (CTA)

The synthesized CTA was characterized by measuteafets molecular weigh
by using matrix assisted laser desorption ionizati@ass spectrometer. MALDI-MS uses
a laser beam directed at the analyte/matrix spothensample plate. The energy from
laser beam ionizes the analyte and matrix. Theehanalyte and matrix passes to the
mass spectrometer for analysis. The calculated culsle weight of benzyl 4-
methoxydithiobenzoate (14 atoms hydrogen, 2 ataitisrs 15 atoms carbon, and 1 atom
oxygen) is 274. The MALDI mass spectrogram shovesxtaxis, molecular weight and
the y-axis, intensity. Synthesis of benzyl 4-metfethiobenzoate was confirmed by a
peak value of 275 on the MALDI mass spectrogramiciwhvas close to the calculated
molecular weight. In addition, the matrixCyano-4-hydroxycinnamic acid molecular
weight was also characterized. The calculated mtdeaveight matrix is 189 and the
measured molecular weight of the matrix by MALDI svd90. The MALDI mass
spectrogram for benzyl 4-methoxydithiobenzoate atiee matrix -Cyano-4-

hydroxycinnamic acid are shown in Figure 12 andifgdL3, respectively.



259

Figure 12 — MALDI mass spectrogram for benzyl 44moat/dithiobenzoate.

Figure 13 — MALDI mass spectrogram for matreCyano-4-hydroxycinnamic acid.
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3. 3.Gel permeation chromatography (GPC)

The GPC analysis shows that the polydispersity xnd@DI) of
poly(pentafluorostyrene) is narrow (Mw/Mn1.1) for different polymerization times for
ratio of [CTA] to [Monomer] 1:26, and the weightexage molecular weight (Mw) is in
the range of 12,800 to 13,590. From this experimtet molecular weight of polymers
for different polymerization times increase, butt significantly. It is possible to be
caused by polymer precipitation once the molecwksight of polymer reaches a certain
value. For the polymerization which has a ratio[GTA] to [Monomer] 1:26, it is
suggested that the longer polymerization time oebults in higher conversion and not a
significant change in the molecular weight. The Gib@matogram for elution time and
molecular weight distribution of poly(pentafluorgstne) for ratio of [CTA] to
[Monomer] 1:26 is shown in Figure 14. The precif@thpolymer in the NMR tube is
shown in Figure 15. The summary of molecular weightl polydispersity index for

different polymerization time with ratio of [CTApt[Monomer] 1:26 is listed in Table 2.
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Figure 14 — Elution time and molecular weight disition of poly(pentafluorostyrene)

for different polymerization time for ratio of [CT/Ao [Monomer] 1:26.
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Figure 15 — Polymerization in NMR tube for conversdetermination and precipitated
poly(pentafluorostyrene) on the bottom of tubedifferent polymerization time with

ratio of [CTA] to [Monomer] 1:26.
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Table 2 — Molecular weight of poly(pentafluorostye¢ for different polymerization time

with ratio of [CTA] to [Monomer] 1:26.

Reaction| Number average polymer Weight average polymef Polydispersity
Time molecular weight (Mn) | molecular weight (Mw) | 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 spectraasf particles, immobilized
surface initiator on the iron particles, chain gf@n agent modified surface initiated iron
particles, grafted poly(pentafluorostyrene)—irorrtiples, and poly(pentafluorostyrene).
The peak at 3500 — 3400 ¢mepresents hydroxyl stretch [22, 23]. The peaf shi2950
— 2850 cnt [24] is caused by the C — H bond stretching anadimg of the surface
initiator. The double bond (C = C) stretch of thenbene ring of surface initiator, chain
transfer agent, and poly(pentafluorostyrene) issshin the range of 1650 — 1600 ¢m

[22, 25, 26]. The O=S=0 stretching vibrations boMfam the surface initiator is
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represented by peaks at 1100 — 1250 ¢22, 26—28]. In addition, the presence of C — F
from grafted poly(pentafluorostyrene) and C — GCbnir surface initiator are also
confirmed by 800 — 600 cfy respectively [22, 24, 26]. It can be concludedt tthe
poly(pentafluorostyrene) is successfully graftedlos surface of iron particles via RAFT
and the polymer is covalently bonded on the surtaosugh silanol group by comparing

the four infrared spectra.

Figure 16 — FTIR spectra of: (a) Fe, (b) Fe—CTCBFE-CTCS-CTA, (d) Fe—-CTCS~

CTA-poly(pentafluorostyrene), and (e) poly(pentaflstyrene).
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3. 5. Differential scanning calorimetry (DSC)

Figure 17 shows DSC thermogram of non-grafted peiy(afluorostyrene), and
pristine iron and surface grafted poly(pentaflutytene)/iron particles. The synthesized
poly(pentafluorostyrene) via RAFT has a thermahsiion temperature of 946G. This
result is in agreement with the reported literatwhech thermal transition temperature of
poly(pentafluorostyrene) was in the range of 9005°@ [14, 29]. From the assigned
temperature scan range of 50 to ¥50the pristine iron particles do not show a héat f
peak because the melting point is higher than %D0However, the thermal transition of
surface grafted poly(pentafluorostyrene)/iron uéet is shown by heat flow peak, which
is found to be 170.4€. This temperature difference is resulted by higheergy that
required to achieve the rubbery state of graftelgrper due to the mobility of grafted
polymer is restricted by the silanol molecule whedvalently bonded to the surface of

the iron particles.
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Figure 17- DSC thermogram of: (a) non-grafted poly(pentaftsbyrene), and (b)

pristine iron and surface grafted poly(pentaflutycene)/iron particles [30].
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3. 6. Thermogravimetric analysis (TGA)

Figure 18 shows the thermal stabilities of polysty (MW = 17,500) and
synthesized poly(pentafluorostyrene) as functioweight loss in the range of 50-7a0
The degradation curve of the poly(pentafluorostgjdmas same pattern as commercially
available polystyrene. However, poly(pentafluoroste) exhibits higher thermal
stability in the range of 30-40°C. This may caubgdhe difference in chemical structure
of both polymers. The presence of a fluorine atonmh® benzene ring may decrease the
degradation rate because the C — F bond reducestrtietures overall energy and the
bond is chemically inert as compared with polystgr¢12, 13]. From the polystyrene
and poly(pentafluorostyrene) TGA profiles, it cad $een that 5% mass loss) of
polymers occurs at 34@ and 358C, respectively. At approximate temperatures of
407°C and 434C shown, the 50% residual weightsgk) for polystyrene and
poly(pentafluorostyrene) occurs. The 95% mass [0B&qs) oOf polystyrene and

poly(pentafluorostyrene) occurs at temperature4d®@ and 484C.
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Figure 18 — TGA weight loss profiles of poly(pehtafrostyrene) and polystyrene.

3. 7. SEM-EDS of surface coated iron particles

A controlled radical polymerization, such asRAFastsignificant advantages as
compared with the regular radical polymerizatiomoamss because the polymer has
uniform molecular weight [1, 2, 8, 31], unique atebture, and the polymer is covalently
bonded through the surface initiator to the irorfaste. In addition, it has been reported
that polymer synthesis via RAFT commonly has aavarpolydispersity index [2, 8, 9,
16, 31-33]. The grafted polymers are coated onrtliwidual iron particles which is a

feature of RAFT as a controlled living polymerizati Figure 19 shows SEM images
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(top-right) of surface grafted poly(pentafluorostye) using the RAFT polymerization
technique results in a uniform “hairy” like polymarchitecture. In additionhé grafted
poly(pentafluorostyrene) showsiform thicknesswhich was determined using TEM. RAFT
polymerization resuttin grafted poly(pentafluorostyrend#ickness of about 8000nm The

TEM images of non- and surface coated iron pagiale shown in Figure 19 (bottom).

The coated iron particles are expected to havelaimiagnetic saturation as
pristine iron particles. Since the surface coatelgmers are not magnetizeable material,
the coating thickness needs to be controlled i@ minimize the effect on decreasing
magnetic saturation. According reported literat{8d], the magnetic saturation only
decreased 5% as compared with pristine iron pastislhen the iron was subjected to 20
wt.% polymer coating. In this work, the thicknedscoating is in the nanometer scale
with the mass percentage of polymer coating lowan fpreviously reported [34]. So, the

effect of coating on the magnetic saturation ofiiparticles may negligible.
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Figure 19 -SEM and STEM images of (a) non-coated iron partaclé (b) surface coated

iron particle.

Figure 20 shows the X-EDS spectrogram of pristnoa iparticles, immobilized
surface initiator on the iron particles, chain gf@n agent modified surface initiated iron

particles, and grafted poly(pentafluorostyrener-iparticles. X—EDS analysis is used to
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determine the presence of the surface initiatomirchtransfer agent, and grafted
poly(pentafluorostyrene) on the iron particles heseaof the limitation of X-EDS, the
electron beams are only able to penetrate a fewmaters in to the sample surface. The
occurrence of surface grafting poly(pentafluorosty) on to iron particles via RAFT
polymerization can also be supported by the greatenber of carbon atoms from
pristine iron particles to the grafted poly(peniafiostyrene). The presence of surface
grafted poly(pentafluorostyrene) on the iron swefecalso supported by measurement of
the weight fraction of iron particles before andeafthe surface grafting process. The
weight fraction of iron is expected to be decreaafdr coating. This means the iron
particles are covered by the polymer coating. Tle@kt percentage of each element for
pristine iron particles, immobilized surface iniie on the iron particles, chain transfer
agent modified surface initiated iron particlesd @mafted poly(pentafluorostyrene)—iron

particles from x-ray energy dispersive spectrogramtisted in Table 3.
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Figure 20 — EDS spectrogram of: (a) Pristine FeF@-CTCS, (c) Fe—CTCS-CTA, and

(d) Fe—CTCS-CTA-Poly(pentafluorostyrene).

Table 3 — Element analysis from X-ray energy disper(X—EDS).

Weight %
Elemental
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
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 AKR) and 4-

methoxydithiobenzoate as RAFT chain transfer ag€mtA) is used as a tool to graft
poly(pentafluorostyrene) onto iron particles. Thaftgd poly(pentafluorostyrene) shows
a “hairy” like polymer architecture with thicknessthe range of 80-100nm. The grafted
poly(pentafluorostyrene)—iron particles showed ghar thermal transition temperature
compared to non-grafted polymer because the covdlend between the polymer
backbone and the surface of the iron particlesricestthe molecular mobility. The
monomer conversion also increases with concentrati€TA at early polymerization
time. The molecular weight, the surface morpholdgickness, thermal properties, and
monomer conversion of grafted polymer are reporteds suggested that the longer
polymerization time only results in higher conversiand not significant change in the
molecular weight because the polymer precipitatedeothe molecular weight of the
polymer reached a maximum value. This thin coaisgxpected to maintain the
magnetic saturation properties of iron particlehisTwork provides the potential to
create a super hydrophobic surface for medicalather 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 Chan Transfer
(RAFT) Polymerization and Click Chemistry for Magnetorheological

Elastomer (MRE)

Abstract

The combination of reversible addition fragmentataain transfer (RAFT) and
click chemistry is successfully demonstrated forfesze grafting poly(tetrafluoropropyl
methacrylate) on iron particles. 3-benzylsulfangitiarbonylsufanyl propionic acid is
synthesized and used as a chain transfer agent )(GQTAA and iron particles are
functionalized with alkyne and azide groups, resipely. The CTA molecular weight,
surface morphology and thermal properties of gdafielymer are reported. From the
electron microscopy results, the grafted poly(fetcopropyl methacrylate) provides
auniform thin coating. The grafted polymer—iron tjgdeés show a higher thermal
transition temperature compared to non-grafted. ddwalent bond between the polymer
and the surface of the iron particles restrictsrttwecular mobility. The surface coated
iron particles via click chemistry-RAFT are expetteo provide a better interface
between iron particles and polymer matrix for magrieeological elastomer (MRE).
Various types and shapes of MRE are fabricated chadlacterized. The MR effect of
MRE achieves up to 90%.

Keywords: RAFT, Click chemistry, Magnetorheological, ElasenmnSurface grafting.
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1. Introduction
Magnetorheological Elastomers (MRE) are one exaroplatelligent materials

which are synthesized from a polymer matrix and mefig particles. Similar to fiber-
reinforced composites, it is possible for MRE tosdnalirectional material properties.
MREs are intelligent materials which are synthedisi®m a thermoset polymer and
magnetic particles. Typically, the iron particleg anixed into a liquid-state elastomeric
matrix. A magnetic field is applied to the liquidlpmer in order to form chain or column
structures during curing solidification. MRE hassagelastic, magnetoresistive [1]
properties which can be used for a passive—adidator. This is possible because of the
alignment of the magnetic particles in the polymreatrix. Chainlike magnetic particles
are formed by the induced magnetic field. Theseinshare locked in place during
chemical cross linking of the elastomer. In additichanges in the magnetostrictive
properties are controlled by varying the magneigtdf Chain-like magnetic particles

provide a rapid time response of milliseconds [2].

The magnetostrictive effect of MRE is caused byngmag the distance between
magnetic particles in the elastomer matrix under ittfluence of an external magnetic
field. The magnetostrictive effect includes stifsechange and dimensional change [3] in
MRE. Under the influence of a magnetic field the MRecomes stiffer due to decreased
in distance between the magnetic particles. An gkarmaf the magnetostrictive effect is
illustrated in Figure 1. Experimental and theoi@dtiwwork has shown that the percentage

increase of modulus for some MR elastomers withtder-like matrix is in the range of
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30- 50%. Davis’s theoretical work showed that theréase in shear modulus for a typical
elastomer could reach 50% of the zero-field moduhuer an applied magnetic field [4].
However, recent progress in MRE materials has aellianore than 800% changes in
stiffness [5] and over 8 MPa of modulus enhancementer a magnetic field of 1.0

Telsa [6]. This phenomenon is suitable for the atilon isolator and damper application.

e
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Figure 1 — Patrticles interaction in MRE when magnild is applied.
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The durability of MRE is excellent because the nedignparticles are held in
place by the polymer matrix. The MRE provides s@ffs control by adjustment of
magnetic particles. Potential problems with MRE lude: oxidation, stiffness,
elastomeric hysteresis and durability. In this aesle, the optimum concentration of
magnetic particles and plasticizer in MRE needbdaletermined in order to fulfill the

requirements.

There are various approaches to fabricate MREsrdicgpto the composition and
processing methods. Anisotropic MREs have beenciated by Fuchs et al, and Carlson
and Jolly [7, 8], while different methods to falaie MREs have been reported by

Lokander et al. [9] and Gong et al. [10]. Demchuid &uzaposmin investigated the
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viscoelastic properties of a gelatin-based MRE anwrmoplast-based MRE within a
three-layered beam [11]. The different types of M&giplications have been investigated.
Ginder et al. used MRE with carbonyl iron and naltuubber for automotive mounts [2].
Isotropic MRE using polyurethane / Si-rubber hybgalve higher MR effect than pure
polyurethane or Si-rubber matrix [12]. Tunable aubbive bushings have been
developed using MRE [13]. MRE has been used foalilen automotive bushings to
increase vehicle handling, and to reduce vibratow noise [14, 15]. An adaptive
stiffness isolator (VSI) based on MREs has beershgated by Deng et al [16]. When a
magnetic field is applied, it was reported that4@% change in natural frequency has
been achieved. The fabrication and characterizatidnned vibration absorbers (TVAS)
using MREs over a broad range of frequencies has beidied by Ginder et al [17]. The
controllable modulus of MREs has been demonstriied wide range of frequencies,
even for frequencies higher than 1KHz. The researah development of silicone gels
containing iron particles for tunable engine mouhts been conducted by Toyota

Central Research and Development Laboratory [18].

Magnetorheological elastomers (MRE) have been dated from cis —
polybutadiene rubber with various concentrationsroh particles (60, 70, 80, and 85
wt.%). The relationship between iron particles @nmiation in the matrix and MR effect
was evaluated. It has been shown that MRE with rceatration of 70 wt.% iron
particles has the highest MR effect for isotropnd aaon — isotropic MRE [19]. The
optimum iron particles concentration in MRE has roeeodeled in order to achieve

maximum MR effect [20]. The largest modulus chaagsaturation was at 27 vol.% iron
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particles (approx. 75 wt.%). In addition, the effetvarious iron particle concentrations
(10, 20, 30, and 40 vol%) in silicone MRE has bemestigated and shown that the MR
effect was relatively constant between 30 vol.% 40d/ol.%. The maximum MR effect
was at 30 vol% [21]. The effect of various irontpdes concentration in polybutadiene —
polyurethane MRE has been investigated. It has bleewn that 60 wt.% gives optimum
MR effect for polybutadiene — polyurethane MRE [Therefore, the optimum iron

concentration for any matrix can be approximated¢o60 - 75 wt.%. The potential

elastomers for this application and their properéiee listed in the Table 1.

Table 1 — The summary of elastomer properties,[22723].

Chemical stability . Base material
Elastomer Temperature (oil, gasoline, and Weathering price
range stability
water) US$/lb. [23]

Natural -50°F-255°F | P,P,&E P-F 1.65-1.7
Rubber (NR)
Styrene -50° F - 225° F P,P,& G-E F 0.88-14
Butadiene
(SBR)
Ethylene -60°F-350°F | P,P,&E E 1.28 — 1.6/
Propylene
(EPDM)
Neoprene 50°F-225°F F-G,F-G,&G V-G 921 3.00
Nitrile -40° F - 275° F G-EG-E&G-E F-G 21-1.46
Polyurethane | -50°F-250°H G-E,G-E, &G E - 2.06 -4.12
Silicone -150° F-550°F P-E,P-E,&G-E E 24-3%.35
Fluorocarbon | -40°F-450°F E,E, &G E 18.00 065

Key: E=Excellent; VG=Very Good; G=Good; F=Fair; RxP
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Polymer grafted/inorganic substrate is expectelawe better performance than
bare surface. Many controlled radical polymerizagichave been studied for surface
grafting polymers onto inorganic substrates, inelutg opening polymerization (ROP)
[24—-26], atom transfer radical polymerization (ATRR7-29], and reversible addition
fragmentation chain transfer (RAFT) [30, 31]. Sudacoated poly(2-fluorostyrene) onto
iron particles via ATRP for MRE and magnetorheatadi fluid (MRF) has been
investigated by Fuchs et al. [27, 29]. The incogtion of surface coated iron particles
resulted in better properties of MRF and MRE, inm® of redispersibility of iron
particles in MRF suspension and consistency of N\bBtere and after oxidation [27, 29].
RAFT is one of the controlled radical polymerizatitechniques that offers advantages,
such as: narrow polymer molecular weight distribnitiwell defined building blocks, end
functionalities, chain architecture, compostiond aontrolled molecular weight [32—34].
The applications of RAFT for grafting the polymensclude surface polymerization of
poly(methyl methacrylate) (PMMA) on flat silicon lsstrates [30]. This polymerization
resulted in covalently bonded PMMA to the silicanface, polymer coating up to 15.3
nm has been achieved, and the polymers have ppbmdisy index (PDI) was in the

range of 1.06 PDI 1.18.

The combination of RAFT and click chemistry reagtio for surface
polymerization has been studied [31]. In genets, substrate should be functionalized
using azide, and the tandem molecule is functiaadliusing alkyne group in order to

react through click chemistry. Basically, coppé) $ulfate is reduced in the presence of
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sodium ascorbate which becomes Cu(l), denoted gSuJL In click chemistry, the
ligand (L,) can be the solvent, such as acetonitrile, aneém85]. Then, the reduced
copper/ligand reacts with alkyne group and thiki®wed by interaction with nitrogen
from azide group. Finally, the reaction between dhgne and azide functional groups

yields a ring closed triazole group. The click cleng mechanism is shown in Figure 2.

N/ \N—Rl
N Ry
=
N/ \N/Rl T
~_ +
R2 5 ? [LnCu]
CULn_l
4 1 |- Ry————H
ZN
N N—R;

Ry————CulL,»

Figure 2 — Click chemistry mechanism [35].

In the present work, we describe the combination refersible addition
fragmentation chain transfer (RAFT) and click chs&tmyi for surface grafting

poly(tetrafluoropropyl methacrylate) on the iron  rtpdes. 3-
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benzylsulfanylthiocarbonylsufanyl propionic acidsuased as a chain transfer agent. The
CTA molecular weight, surface morphology and thdrpraperties of grafted polymer
are reported. From the electron microscopy restiis, grafted poly(tetrafluoropropyl
methacrylate) provides a uniform thin coating. Foeface coated iron particles via click
chemistry-RAFT are expected to provide better fater between iron particles and
polymer matrix for magnetorheological elastomer @JRVarious 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 5090csihe (GT Products, Inc.),
silicone QM107A and B (Quantum Silicones), silico@113A and B (Quantum
Silicones), carbonyl iron powder CN (3-7 micron®$-), ethanol (AAPER), methanol
(Aldrich), 2,2,3,3-tetrafluoropropyl methacrylatéldrich), 2-4(-chlorosulfonylphenyl)
ethyltrichlorosilane (CTCS, Gelest Inc.), TolueneAldfich), 2,2’-Azobis(2-
methylpropionitrile) (AIBN, Aldrich), mercapto pragic acid (Aldrich), potassium
hydroxide (Aldrich), carbon disulfide (Aldrich), beyl bromide (Aldrich), hydrochloric
acid (Aldrich), chloroform (Aldrich), sodium carbate (Aldrich), magnesium sulfate
(Aldrich), ethyl acetate (Aldrich), propargyl alaah(Aldrich), hexane (Aldrich), 4N,N-
dimethylamino)pyridine (DMAP, Aldrich), Dichloromieane (Aldrich), N-(3-
(Dimethylamino)propyl)N’-ethylcarbodiimide hydrochloride (EDC, Aldrich),odium
azide (Aldrich), dimethylformamide (DMF, Aldrich)dimethylacetamide (DMAc,
Aldrich), alumina basic (Dynamic Adsorbents Inchpper sulfate (CuSQ Aldrich),
sodium ascorbate (Aldrich). AIBN was purified bycmgstallization three times from
methanol. Tetrafluoropropyl methacrylate was pedfi by passing through a

chromatography column with basic alumina.
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2. 2. Synthesis

2. 2. 1. Synthesis of 3-Benzylsulfanylthiocarbonylsufanyl-propionic &d as Chain

Transfer Agent (CTA).

CTA was synthesized according to the reportedditee [36], in brief: mercapto
propionic acid (4ml, 0.046 mol) was added to a smuof potassium hydroxide (5.2g,
0.092 mol of KOH and 50mL water) to a reactionKlasa glove box. The reaction flask
was transferred to fume hood. Then carbon disulfiael) was added in drop-wise and
stirred for 5 hours under nitrogen purge with admnser, and resulted in orange-colored
solution. Benzyl bromide (7.92g, 0.046 mol) wasledl to the solution and heated to
80°C with a temperature controller for 12 hours. Tenmapure was kept under @ to
prevent loss of solvent. The mixture was cooletbtom temperature, chloroform (60ml)
was added, and followed by adding hydrochloric aandil the organic layer becomes
yellow. The water phase was extracted using cfdomo (2x20ml), then the organic
layer was washed using a solution of sodium carteomawater (2x20ml). The organic
solution was dried over anhydrous magnesium sulfsiter evaporating the solvent, the
product was purified by passing it through a geloatatography column with a 3:1
hexane, ethyl acetate mixture as the eluent, ebuita yellow powder. The mechanism

of CTA reaction is shown in Figure 3.
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[S]
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mercapto propionic acid
Carbon Disulfide (dropwise added)

Potassium Hydroxide and Water added
stirred for 5 hours
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3-Benzylsulfanylthiocarbonylsufanyl-propionic Akci

"Raft Agent”

Figure 3 — The reaction mechanism of CTA synthééide: The mechanism has been
drawn by Arianna Rosen with assistance from Rdbyta (UNR Chemical Engineering

undergraduate student).
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2. 2. 2. Modification of CTA with Alkyne Group
The chain transfer agent was modified accordingefmrted literature [37], in

brief. CTA (0.93 grams), DMAP (0.50 grams), EDC §0grams), and 10 mL of
dichloromethane to a flat bottom flask. Then, thgtare was purged with nitrogen. 0.8g
EDC was added to the flask and stirred until alidsowere dissolved. 0.5 ml propargyl
alcohol was added to the flask. The mixture wastezhat 28C and stirred for 18.5
hours under nitrogen environment. The resulting O¥&s washed using a saturated
solution of brine, acidic water (0.1 N HCI), andtara consecutively. The modified CTA
was then dried in a vacuum at°60for 24 hours prior further use. The mechanism of

alkyne terminated CTA modification is shown in FHigul.

s 0
OH
)J\/\)k + —
s s OH

CTA
DMAP

EDC
Dichloromethane
N

25°C

18.5 hours

S (0]
S)J\S/\)J\O/ -

Figure 4 —The mechanism of alkyne terminated CTAlifrcation. Note: The
mechanism has been drawn by Robert Fyda (UNR Cla¢Bigineering undergraduate

student).
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2. 2. 3. Immobilization of Surface Initiator on Iron Particles[29].

Initially, 500 grams iron particles were washedngsilistilled water and ethanol,
consecutively. Then, the mixture was mechanicdilyesl for 15 minutes and filtered.
Finally, iron particles were dried in vacuum ovarbé’C for 24 hours. Then, 200 grams
dried iron particles were added in to three neakll Then, 3 grams (8.88 mmol) CTCS
was added into the flask and followed by adding @#5anhydrous toluene as solvent.
The mixture was reacted at“85and stirred for 24 hours under nitrogen enviromime
The product was filtered and washed several tinsgsgutoluene, and dried in vacuum
oven at 56C for 24 hours prior to use. The reaction schemienafobilization of surface

initiator on the iron particles is shown in Figle

cl 0 \T <|)|
O—OH + C|—s|i—(CH2)8—%—C| —_— O—O—S|i—(CH2)8—ﬁ—CI
c|:| 0 _° 0

Q e cTCS

Figure 5 — Immobilization of surface initiator dmetsurface 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 wadeatlinto the first three-neck flask
and followed by adding sodium azide (2 grams), @MF (100mL). Then, the flask was
purged with nitrogen and heated up td®%or 18 hours. The product was filtered and
washed several times to remove impurities usingetoé, and dried in vacuum oven at
50°C for 24 hours prior to use. The mechanism of armidelification of surface initiated

particles is shown in Figure 6.

\O o Na' N=—=N=—N ™~
Sodium Azide

O—O—S:i—(CHz)B—%—CI > O—o—s'i—(CHz)g—!—N—ﬁEN

DMF, 8C°C, 18 hours | I

o} o
o o}
/

O] O

~

Figure 6 — Modification of surface initiated iroarnticles with sodium azide.

2. 2. 5. RAFT Polymerization of Tetrafluoropropyl Methacrylate

Initially, tetrafluoropropyl methacrylate monome# @Qrams) was purified by
passing through a chromatography column packed vagic alumina (0.5 gram) prior to
polymerization and DMAc (50 mL) was used as eludrte purified monomer was
collected and poured into a three-neck flask (m@qcihe modified CTA (0.09 grams),
and AIBN (0.01 grams) were added into reactor. fifbeture was mechanically stirred

and reacted at 86 for 24 hours under nitrogen. The polymer wasaisal, washed using
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a cold mixture of 80/20 volume ratio of methandheTwhite solid polymer washed with

methanol mixture several times, and dried in a uatwven at 5&C for 24 hours.

Polymerization mechanism is shown in Figure 7.

[y
HaC s” s o~ T
o
o
F

Modified CTA
JZ = AIBN
F
DMAc

F N,
85°C
24 hours

Figure 7 — Polymerization mechanism of poly(tetrafbpropyl methacrylate) via RAFT.

2. 2. 6. Click Reaction for Alkyne Terminated Polymer and Azide Functionaked

Iron Particle.

0.5 grams of azide modified iron particles was adi®#o a glass vial and
followed by adding poly(tetrafluoropropyl methaatg) (0.5 grams) CuS{6.65 mg),

sodium ascorbate (241 mg) and DMF (2 mL). The metwas sonicated for 5 minutes

and continuously stirred in oil bath at 70°C for I®urs. The conjugated
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poly(tetrafluoropropyl methacrylate)/iron particless filtered, and washed using DMF
several times with toluene consecutively. Then,gbly(tetrafluoropropyl methacrylate)
coated iron particles were dried in a vacuum ovem@C for 24 hours. The click
mechanism of poly(tetrafluoropropyl methacrylat®) sodium azide modified iron

particle is shown in Figure 8.

™~
T ﬁ 0 3 CH;
O—o—Si—(CHZ)g—ﬁ—'N—T\JEN —|— E‘\OJ\/\SJ\S )
£ 0 0 .

/
DMF

CusQ F
Sodium ascorbate F
N3

70°C

18.5 hours

\O

0]
| | i i CHs
O—O—Ti—(CHZ)S—ﬁ—N\/}_\O)]\/\S)I\S >

/ 0O

Figure 8 — The conjugation mechanism of poly(tatabpropyl 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 accgrithe requirement of each
prototype. The fabricated MRE is prepared as fatlow
MRE Type 1: Plasticized Silicone—RTV MRE (70 wt.% Fe) — GE Silicone

Silicone elastomer was fabricated from the reactbwinylmethylpolysiloxane
(A) and methylhydrogenpolysiloxane (B). The reactstheme of silicone elastomer is
shown in Figure 9. Two components (10:1 ratio bygvg were mixed, and various
amounts of silicone oil wer added and mixed usiigga speed mixer for 5 minutes. Iron
particles were added at concentration of 70 wt.nb mixed completely. The pre-cured
polymer was degassed at 25 in Hg vacuum to rembgebtibbles and cured under
magnetic field for 24 hours and demolded. Syntleesibund shape MRE has dimension
6 cm in diameter and 1.27 cm thick. The fabric&#RE Type 1 is shown in Figure 10.

The composition of four synthesized silicone — MREksted in Table 2.
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Figure 9 — Reaction schematic of silicone elastdiler

Figure 10 - Fabricated silicone MRE Type 1.
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Composition
Sample Component A| Component B| Silicone oil | Iron particles
Type 1 31.50 3.15 0.00 80.85
(non-plasticized)

Type 2 22.00 2.00 11.00 77.00
(10 wt.% plasticizer)

Type 3 18.00 1.80 14.14 79.20

(12.5 wt.% plasticizer

Type 4 20.00 2.00 22.00 102.67
(15 wt.% plasticizer)

Type 5 35.00 3.50 44.00 192.50

(16 wt.% plasticizer)

MRE Type 2: Non plasticized Silicone—-RTV MRE (70 wt.% Fe) — GT Product

The GT 5090 silicone from GT Products, Inc., camamethylpolysiloxanes

(MPS). This type of silicone matrix provides lowrthiaess, low viscosity, and high tear

strength [38]. The thirty two round shaped MRE’srevdabricated by mixing two

components (silicone base and catalyst) with a htew@tio of 10 to 1. The mixture was

mixed using a high speed mixer for 5 minutes. Thewn particles were added at a

concentration of 70 wt. % and mixed completely. Phe-cured polymer was degassed at

25 in Hg vacuum to remove the bubbles. After daggsshe elastomer was cured under

elevated temperature at 702C5for 5 hours in the presence of a magnetic figlde
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curing process was then continued without magrieid for additional 24 hours at 70—
75°C in the oven and demolded. The fabricated MRE $mmpmposition is listed in

Table 3 and the elastomers are shown in Figure 11.

Table 3 — Silicone MRE sample weight percent contioos

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 QERAO(hardness 7
durometer). The two components were mixed at a weaigtio 10:1 and mixed with a
high speed mixer for 5 10 minutes. Iron particles were added at 80 wt%xeth
completely, and poured into the mold. Then, thequred polymer was degassed at 25in
Hg vacuum for 30 minutes to remove the bubbles,camed under 1 Tesla magnetic flux
density for 5 hours at 7qC for aligned MRE. The curing process was theninaet in
the oven at 70C overnight and demolded. For non-aligned ironigiag, bubble free
pre-cured polymer was cured in the oven at°@0overnight. Rubber support was
fabricated from a mixture of QM 113A and QM 113Bheltwo components were mixed
at a weight ratio of 10:1 and mixed with a high exppenixer for 5— 10 minutes and
poured into the mold. Then, the pre-cured polymas Wegassed at 25in Hg vacuum for
30 minutes to remove the bubbles, and cured inotlen at 70°C for 24 hours and
demolded. The fabricated silicone MRE Type 3 arabew support is shown in Figure

12.
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Figure 12 — Fabricated silicone MRE Type 3 (leftyl aubber support (right).
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2. 3. Characterization

2. 3. 1.MH nuclear magnetic resonance (NMR) spectroscopy

'H nuclear magnetic resonance spectroscopy was @sedetermine the
synthesized RAFT-CTA, conversion of monomer, andfiom polymerization after 24
hours. The NMR spectrum was recorded using AgilitR 400 ¢H at 400 MHz) in

DMSO-ds at 25C.

2. 3. 2. Matrix assisted laser desorption ionization-mass spectrometry (MAM-MS)

Matrix assisted laser desorption ionization massspmetry (MALDI-MS) from
Applied Biosystems 4700 Proteomics Analyzer equippéh linear and reflector modes
was used to measure the absolute molecular wefgiteosynthesized CTA. The CTA
was mixed with cyano-4-hydroxycinnamic acid as drmand silver trifluoroacetate

(AgTFA) and spotted on the MALDI plate prior to cheterization.

2. 3. 3. Differential scanning calorimetry (DSC)

Perkin-Elmer Pyris-1 DSC was used to characteriee thermal properties of

poly(tetrafluoropropyl methacrylate) and the grdfte poly(tetrafluoropropyl
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methacrylate)—iron. Two pans placed in the DSC, ometaining the sample and the
other holding a reference sample. The poly(tetafipropyl methacrylate) and grafted
poly(tetrafluoropropyl methacrylate)/iron particle®re dried in a vacuum oven at’60
for 24 hours and were stored in a desiccator gaocharacterization. Small amount of
sample were placed in the pan and scanned frdi@ &0 250C with a heating rate of

10°C/min under a high purity nitrogen purge with auraktric flow rate of 20 ml/min.

2. 3. 4. Scanning Electron Microscopy (SEM)

The chemical analysis and surface morphologiesaiteyl poly(tetrafluoropropyl
methacrylate)—iron particles was characterized gusiitachi S-4700 equipped with an
Oxford EDS System. The samples were magnified fl@@@X to 35,000X at an
accelerating potential of 20kV. Prior to SEM chagazation, the samples were prepared
by placing substances onto carbon tapes adheedoiand shape aluminum SEM sample
holder. The mounted samples were subjected toldlygr coating of platinum using an
argon plasma sputtering system. The platinum cgatizis done at an approximate rate of
25-30 nm/min with 85mA. In the case of MRE samghe, 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 wasteimined by using
mechanical instrumentation (Instron). The respooeMR elastomers in terms of
displacement was recorded when force was applieen,Tforces were placed on the MR
elastomer through the piston by the material tgstistrument. The strain was set to 30%
and recorded by data acquisition system through lihear variable differential
transformer (LVDT) that was connected to the corapstystem and test fixture. The

force — displacement test set up is shown by FigGre

Figure 13 — Instron test setup.
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3. Results and discussion

3. 1.'H nuclear magnetic resonance (NMR) spectroscopy

Figure 14 shows the'H NMR spectrum of a synthesized 3-
benzylsulfanylthiocarbonylsufanyl propionic acidMSO-d; after 12 hours reaction at
80°C, and purification. The spectrum is recorded anraemperature. The hydrogen
from the methyl compound (GH#1) between benzene and the sulfur compound is
represented by chemical shift at 4.6ppm. The hyeliesgrom benzene ring of leaving
group are shown by multiple peaks at a chemicdt shi7—7.3ppm. In addition, the
hydrogen chemical shift from the methyl group betwearboxylic acid group and the
sulfur atom (CH, #6 and #7) is shown by multiple peaks at 2.4gp®. From the NMR
spectrum, there are unidentified peaks which amoaated with the presence of

impurities.
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Figure 14 *H NMR spectrum of 3-benzylsulfanylthiocarbonylsufapropionic acid.

Figure 15 shows the'H NMR spectrum of alkyne terminated 3-
benzylsulfanylthiocarbonylsufanyl propionic acidMSO-d; after 18.5 hours reaction
at 85C, and purification. The hydrogen chemical shifinfrthe methyl group of alkyne
group (CH, #17) is shown by peak at 3.6 ppm. Thédrdgens from benzene ring of
leaving group are shown by multiple peaks at chahsibift at 7—7.3ppm. In addition, the
hydrogen from methyl compound (GH#7) between benzene and sulfur compound is

represented by chemical shift at 4.6ppm.
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Figure 15 ‘H NMR spectrum of alkyne terminated 3-benzylsulféttigcarbonylsufanyl

propionic acid.

Figure 16 shows'H NMR spectrum of synthesized poly(tetrafluoropriopy
methacrylate). The broad peak at about 3.8—4.1mpresent methyl group (#9) from
vinyl conversion on the main chain of polymer. Hyelrogen chemical shift from methyl
group of alkyne group (CH, #19) is shown by peaR.atppm. The hydrogen from single
methyl (CH;, #9) on the repeat unit is represented by a bpeadk at 1.3—1.7ppm. The
multiple peaks at 5.9-6.3ppm associated with hyeimoffom end group of monomer
(CHR,, #30). The several peaks are represented unknompaund in the sample. The

polymer purification needs to be improved. Initidd, the presence of fluorine atoms
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of synthesized poly(tetrafluoropropyl methacrylatectional group is identifed bVF
NMR spectrum. The signal peaks at -124.3ppm (#29) 7and -138.6ppm (#31, #32)
represent fluorine atoms of the Q;Eroups.lgl: NMR spectrum of poly(tetrafluoropropyl
methacrylate) is shown in Figure £H and**F NMR spectrum is one of evidences that
poly(tetrafluoropropyl methacrylate) has been sssfidly alkyne functionalized and

polymerized using RAFT.

Figure 16 "H NMR spectrum of poly(tetrafluoropropyl methacitgg
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Figure 17 2°F NMR spectrum of poly(tetrafluoropropyl methacigla

3. 2. Matrix assisted laser desorption ionization-mass spectrometry (MALBDMS)

The synthesized CTA and alkyne modified CTA hasnbelearacterized using
MALDI-MS in order to determine the molecular weigfihe combination of matrix and
cation agent must be properly chosen for samplé/sisaln the case of CTA, dithranol
was used as a matrix and silver trifluoroacetatg@l®A) was used as a cation agent. But,
alkyne modified CTA was dispersed withCyano-4-hydroxycinnamic acid and similar

cation agent as CTA. Figure 18 shows the peak déentar mass of 273 from CTA. It is
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slightly off from calculated molecular weight whibtlas value 272 (12 atoms hydrogen, 3
atoms sulfur, 11 atoms carbon, and 2 atoms oxyd¢e@ddition, the molecular weight of
alkyne modified CTA was also characterized with MALMS. From the mass spectrum
in Figure 19, it can be seen that molecular weajhdlkyne modified CTA is 311. The
calculated molecular weight is 310 (14 atoms hydm@ atoms sulfur, 14 atoms carbon,

and 2 atoms oxygen).

Figure 18 — MALDI mass spectrogram for 3-benzyksaifithiocarbonylsufanyl-

propionic acid.
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Figure 19 — MALDI mass spectrogram for alkyne terated 3-

benzylsulfanylthiocarbonylsufanyl propionic acid.

3. 3. Differential scanning calorimetry (DSC)

DSC thermogram of non-grafted poly(tetrafluoropriopyethacrylate), and
surface grafted poly(tetrafluoropropyl methacry)aten particles are shown in Figure 20
(a) and Figure 20 (b), respectively. The synthesay(tetrafluoropropyl methacrylate)
via RAFT has thermal transition temperature of 82.3 his result is slightly higher than
the reported literature which is ~fD[39, 40]. However, the thermal transition of sied
grafted poly(tetrafluoropropyl methacrylate)/iroarficles is found to be 134®. The

limited mobility of grafted polymer is restrictedy the covalently bonded silanol
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molecule to the surface of the iron particles mayse temperature difference. It requires

higher energy to achieve the rubbery state [41].

Figure 20 (a) — DSC thermogram of non-grafted petyéfluoropropyl methacrylate).

Figure 20 (b) — DSC thermogram of surface grafteg(getrafluoropropyl
methacrylate)/iron particles.
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3. 4. Scanning Electron Microscopy

The magnetic saturation of iron particles is imaott for MRE and MRF
applications. The improvement properties of iromtipees without affecting magnetic
saturation are great advantage. It can be achiextdpolymer thin coating [29, 42]
because surface coated polymers are not magndazesdterials. Choi et. al. reported
that 20 wt.% polymer coating on the iron particksface decreased the magnetic
saturation about 5% in compared with pristine ipamticles [42]. From the SEM image,
the effect of coating to the magnetic saturatiorra@i particles may negligible because it
can be seen that the thickness of coating is immater scale which mass percentage of
polymer coating is lower than previously reportd@][ RAFT offers advantages include
a narrow polydispersity index which means polymas bniform molecular weight [27,
30, 31, 34, 43-46], polymer can be covalently baniethe substrate. Figure 21 (right)
shows thin and uniform grafted polymers are onsihgle iron particle which is a feature
of RAFT as a controlled living polymerization. TH&M images of non- and surface

coated iron particles are shown in Figure 21.

Figure 21 -SEM images of (a) non-coated iron particle, ands(bbjace coated iron
particle.
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3. 5. Instron

MRE Type 1 and Type 2 are aimed to provide an adidgt flexible, and rapidly
reconfigurable controllable shock absorber system underwater launched weapon
systems. The distribution of iron particles wittMRE was imaged using optical and
electron microscopy. The applied magnetic field imtyir curing process of MRE
fabrication yields ordered iron particles in shagechain — like structure (anisotropic
MRE). On the other hand, the regular curing proceghout applying magnetic field, of
MRE vyield non — oriented (isotropic MRE) iron palé (>10 wt.%) within MRE has
been imaged by [7]. The iron particles are randodmyributed within MRE. The cross

sectional of anisotropic MRE images that capturd@SEM are shown in Figure 22.

Figure 22 — The optical microscopy (left) and al@ctmicroscopy (right) picture of iron

particles alignment.
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Literature studies regarding the incorporation ib€@e oil in elastomer system
have been conducted. Hybrid electric elastomerorteg in the literature, has been
synthesized from silicone rubber, starch, and aécoil. The effect of starch particles,
silicone oil, and silicone rubber content on theesgt modulus has been investigated. The
synthesis of hybrid electric elastomer consistdw steps; initially the immersion of
starch particles into silicone oil and followed imyxing with silicone rubber component
until uniform mixture was yielded. As a result, thidcone oil helped the alignment of
starch particle more effectively under electriddiand it has been shown that no phase

separation can be seen in the mixture after cyingess [47].

The use of silicone oil as a process aid (plagigifor silicone elastomer has
been investigated. Silicone oil was used to imptiteeprocessability, permit higher filler
loadings, lower durometer, improve tear and weasistance, and improve low
temperature properties [48]. Silicone oil has based for fabrication of heat stabilized
silicone elastomers which will be used as fuser bem for electrostatographic
reproducing apparatus [49]. The roller for fixinggatrophotographic toner images has
been fabricated from silicone rubber and silicoiiehas been added to achieve desired
hardness. The silicone rubber hardness and tesisdagth as function of silicone oil
content has been investigated [50]. The graph ledfose rubber hardness and tensile

strength as function of silicone oil content iswhan Figure 23.

MRE samples for prototypes with various shape aochposition have been

fabricated to fulfill the stiffness requirement.erMRE for prototype | and lll have been
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fabricated from plasticized silicone MRE with siaricomposition as previous design (20
wt.% of silicone oil) but it has smaller area. $ofsilicone MRE (16 wt.% silicone oil)

has been fabricated for prototype Il and it waseetgd to get higher MR effect than
previous sample (12.5 wt.% silicone oil). In aduliti round shape MRE samples with

12.5 wt.% silicone oil have been fabricated fordaXion and chemical stability test.

Figure 23 — The graph of silicone rubber hardnesistansile strength as function of

silicone oil [adapted from 50].

In order to determine the optimum amount of plasticto match the expected
MREs off-state modulus, several plasticized sileeRTV MREs with 70 wt.% iron
particle have been fabricated. The graph of siked®ilV MREs Young’s modulus at off-

state as a function of plasticizer content is shawnFigure 24. The presence of
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methylpolysiloxanes in the silicone matrix was ered¢d. MRE Type 2 has been used to
replace the plasticized silicone MRE Type 1 becaokgossibility leaching out of
plasticizer (silicone oil). However, the base pofymof MRE Type 2 contained
methylpolysiloxanes (MPS) during manufacture prec8PS may provide a similar role
as polydimethylsiloxane (silicone oil) which is dagticizer. So, leaching test is
conducted to evaluate the sample stability. Threegs of cylindrical silicone MRE were
tested by sandwiching both samples between twce latgel blocks and compressed
under a 15% strain. In addition, weighing paper pksed below and on top of each
sample in order to protect the samples from thiengspparatus. The leach test setup is

shown in Figure 25.
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Figure 24 — Silicone—RTV MREs (70 wt.% Fe) Youngiedulus 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 thepoEssion test to
determine the silicone oil leaching. The amounsib€one oil leached out of the MRE

was determined from the following formula:

m - -Mm
MPS o (%) —o —MFEL X 100%

MREi

Where MPRachout IS the mass of methylpolysiloxanes to escape fMRE, myrg IS

initial mass of MRE before compression test, angkgnis initial mass of MRE after the
compression test. The normalized percentage welwgrige of silicone MRE during the
leaching test with 15% compression strain is shawririgure 26. The leaching test

showed that the weight of silicone MRE has deciasightly, by 0.40£0.08 %. There
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are two possibilities which are associated witls thhenomenon; 1) some MPS has
leached out, or 2) the reaction of two the silicomarix components were incompleted.
Therefore a small fraction of silicone was uncumrednained as a liquid, and leached out

of the system, and was absorbed by the weighingrpap

100.00
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N—r
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99.65
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99.50
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Figure 26 — Normalized weight change of silicone Buring leaching test.

The prototype of MRE Type 1 has been built antete$or the MR effect. The
MR effect is generated by applying a magnetic ftelt is related to the supplied current,
it is varied from OA, 1A, 2A, 3A, 4A, and 5A, andeasured in terms of force /
displacement. From force and displacement data,stlfness of prototype can be

calculated and converted into Young’'s modulus. fagR7 shows prototype of MRE
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Type 1 with silicone oil content up to 16 wt.%. TRER effect as function of supplied
current is shown in Figure 28. From the plot inUfegy28, it can be seen that MR effect
achieves 90% activation from OA to 5A supplied eatr However, the magnetic
properties of prototype achieved saturation poindA supplied current. So, the MR
activation of prototype does not improve any furtiwdaen current is added into coil and
it only waste the energy and it may decrease th@ogype lifetime because of

overheating.

Figure 27 — Prototype of MRE Type 1 device (16 wsiticone oil).
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Figure 28 — MR effect from prototype of MRE Typeéldvice (16 wt.% silicone oil).

The MRE Type 3 consists of rubber support and MREdwiched in steel shim
and equipped with coils. It is aimed to provideiable stiffness and damping isolator
(VSDI). The main application of this system is teeyent or reduce the damage of
structural building (e.g. sky tower and bridge)nfr@arthquake. The prototype of MRE
Type 3 has been built and investigated by mechharggineering group. The MR effect
is generated by applying a magnetic field thatekted to the supplied current, it is
varied from OA, 1A, 2A, 3A, 4A, and 5A, and measlgsing shake table. Figure 29
shows prototype of MRE Type 3. The mechanical testlts for this prototype may be

presented by mechanical engineering group.
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Figure 29 — Prototype of MRE Type 3 for variabliéfrs¢ss and damping isolator.
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4. Conclusion

The combination of reversible addition fragmentatehain transfer (RAFT) and
click chemistry has beendemonstrated for surfacaftigg poly(tetrafluoropropyl
methacrylate) on the iron particles. 3-benzylsulfdmocarbonylsufanyl propionic acid is
synthesized and used as a chain transfer agent)(AmAaddition, CTA terminated
alkyne is synthesized in order to facilitate alclieaction between azide functionalized
iron particles and polymer. The CTA molecular wejglurface morphology and thermal
properties of grafted polymer are reported. From éhectron microscopy done, the
grafted poly(tetrafluoropropyl methacrylate) resuih a uniform thin coating. The
surface coated iron particles via click chemistAFR are expected to provide better
interface between the iron particles and polymertrimafor magnetorheological
elastomers (MRE). Various types and shapes of M&Edabricated and characterized.

The MR effect of MRE achieves up to 90%.
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Chapter VIl

Conclusions

In general, surface polymerization based on cdetitoradical polymerization
(CRP) offers various benefits, including uniformatiog thickness due to controlled
molecular weight and polydispersity index of polynt@e polymer coating is covalently
bonded to the surface, various monomers can bangoiyed directly on the surface,
hydrophobic and hydrophilic polymer properties bancontrolled, and multifunctionality
of materials can be obtained. Controlled radicdymerization techniques, such as atom
transfer radical polymerization (ATRP) and revessiladdition fragmentation chain
transfer (RAFT) are discussed and used for surgmaéting polymers onto inorganic
substrates. The surface grafted polymer/inorganiterals can be used for various

applications and fields, include renewable eneirgg/ligent materials, and bio-materials.

Novel composite proton exchange membranes have pesggared from non—
fluorinated polymer and non-surface coated andasartoated heteropoly acids (HPA).
Composite membranes were successfully prepared B® and various HPAs. It was
found that SIWA has the highest conductivity as parad with PWA and PMoA at the
same concentration or even higher. Atom transfdicah polymerization (ATRP) has

been successfully used in the grafting of polyfVibenzene) on the surface of SIWA



329

particles. The SIWA was added to the PES to upOtavB%. In order to increase the
compatibility between SIWA and PES, SiWA was swfaoated. Surface coated SIWA
particles can be added to the polymer matrix upQowt.% to form a homogeneous
membrane. The characterization of surface polyradrigoly(divinyl benzene) on the
SIWA patrticles have been carried out. This rous® dlas the potential to increase the
conductivity by sulfonation of grafted polymer baoke, and to avoid “washing out” of
HPAs in the fuel cell. The grafted polymer backbamethe SiWA particles should be
sulfonated in order to increase the conductivitythed composite membrane. PES was
also sulfonated using chlorosulfonic acid in orderenhance the conductivity. The

highest conductivity of sulfonated PES with 60 wE%A was 1.7 x 18 S/cm.

Novel composite proton exchange membranes have mepared from
sulfonated poly(ether ether ketone) and surfacéedaosilicotungstic acid. Atom transfer
radical polymerization has been successfully usmdthie surface polymerization of
poly(S4VBS) on the surface of SIWA particles. Tharface polymerization of
poly(S4VBS) has been characterized using a vaoétinstrumentation, including'H
nuclear magnetic resonance spectroscopy, Fouaesform infra red spectroscopy, and
elemental analysis. The thermal properties of serfgrafted poly(S4VBS)-SiWA
particles have been characterized using differensaanning calorimetry and
thermogravimetric analysis Novel composite protoithange membranes may offer
several advantages, i.e.: the enhancement of tlyenpo matrix and silicotungstic acid
particle interface compatibility, increased protmmductivity due to sulfonic acid groups

on the grafted poly(S4VBS) backbone, minimizatidriveashing out” of SIWA particles
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in the fuel cell device, and retention of bound evdah SiWA up to 358C. Poly(ether
ether ketone) has been sulfonated using chlorasualfcid. The proton conductivity was
found to increase with the amount of sulfonatingragand surface coated SiWA particles

concentration. The highest proton conductivity eehil was 5.6x10S/cm.

Surface grafting of poly(2-fluorostyrene) on thenrparticles is achieved by
using the atom transfer radical polymerization (A)Rechnique which results in a
polymer covalently bonded onto the iron particlagaces through the silanol group of
the surface initiator. The molecular weight digtitibn of poly(2-fluorostyrene) is narrow
(Mw/Mn < 1.1). TGA of the polystyrene and poly(2idirostyrene) is done to show that
the thermal stability of poly(2-fluorostyrene) istter than polystyrene. The fluorine atom
on the benzene ring reduces the degradation ratube C — F decreases the structures
overall energy and is more chemically inert thardygiygrene. The grafted poly(2-
fluorostyrene)—iron particles shows a higher thérramsition temperature as compared
to bulk polymer because the covalent bond betwkerpblymer backbone and the iron
particles surface through the silanol group retstrilse molecules mobility. In addition, it
is found that a HYMRF containing surface coatecdh iparticles have excellent thermo—
oxidative stability as measured by viscosity as jgarad with benchmark HVYMRF and

non-surface coated iron particle HYMRF.

In this study, we synthesized and characterizedifmottional materials based on
micron-size iron particles. The functionalities st of cell targeting, imaging, drug

delivery, and magneto-immune response. ATRP wasesstully used as a technique to
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surface graft polymers on iron particles at milchperature with the presence of copper
(I) bromide. Surface grafting of polymers on irparticles results in a higher glass
transition temperature than non-grafted polymersabse of a covalent bond which
results between the polymer chains and the inocgaubstrate which restricts mobility of
the molecules. The surface grafted poly(NIPAAm-o&}Ahickness is in the range of
20-50nm which will not reduce the magnetic sataratof the iron particles. The
versatility of targeting bio-molecules was demoaigtd by conjugation of rat
immunoglobulin to target FITC anti-rat. Fluorescenuicroscopy and flow cytometry
revealed the fluorescence intensity of targetedCFénhti-rat on the iron particles. The
iron particles based multifunctional materials dosv cost materials for protein
separation, drug delivery agent, and an alterndtvehyperthermia and cancer curing

agent through magneto-immune response by exposing magnetic fields.

Reversible addition fragmentation chain transfer AFR) and 4-
methoxydithiobenzoate as RAFT chain transfer ag€iiA) is successfully used as a
tool to graft poly(pentafluorostyrene) onto iron rgpdes. The grafted
poly(pentafluorostyrene) shows a “hairy” like polgmarchitecture with thickness in the
range of 80-100nm. The grafted poly(pentafluorasig)—iron particles showed a higher
thermal transition temperature compared to nontggapolymer because the covalent
bond between the polymer backbone and the surfhtleeoiron particles restricts the
molecular mobility. The monomer conversion is aisareased by the amount of CTA
concentration at early polymerization time. The @coalar weight, the surface

morphology, thickness, thermal properties, and mmeroconversion of grafted polymer
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are reported. It is suggested that the longer petgation time only results in higher
conversion and not significant change in the mdécweight because the polymer
precipitated out once the molecular weight of paymeaches certain value. A thin
coating is expected to maintain the magnetic saturgroperties of iron particles. This
work offers benefit to create super hydrophobidasigs for medical and other fields, and

magentorheological fluids (MRF).

The combination of reversible addition fragmentatahain transfer (RAFT) and
click chemistry is successfully demonstrated forfasre grafting poly(tetrafluoropropyl
methacrylate) on the iron particles. 3-benzylsulfdmocarbonylsufanyl propionic acid is
synthesized and used as a chain transfer agemiddition, CTA terminated alkyne is
synthesized in order to facilitate a click reactibatween azide functionalized iron
particles and polymer. The CTA molecular weightrfate morphology and thermal
properties of grafted polymer are reported. From ¢hectron microscope, the grafted
poly(tetrafluoropropyl methacrylate) results in fonm thin coating. The surface coated
iron particles via click chemistry-RAFT are expette provide better interface between
iron particles and polymer matrix for magnetorhgatal elastomer (MRE). Various
types and shapes of MRE are fabricated and chawmerde The MR effect of MRE

achieves up to 90%.
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Chapter IX

Future Work

. Monomer synthesis needs to be accomplished, edlyefva proton exchange
membrane fuel cell.

. The relation between glass transition temperatmek surface grafted polymer
needs to be studied systematically.

. Basic concept of click chemistry and reversible ithold fragmentation chain
transfer (RAFT) requires further study.

. The reaction kinetic of RAFT polymerization can $tedied by using electron
spin resonance (ESR) spectroscopy.

. The optimum amount of surface initiator, sodiumdaziand alkyne group for

click and RAFT polymerization need to be investigbturther.
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Appendix A

List of Instrumentation

. Proton Nuclear Magnetic Resonanté KMR)

. Fourier Transform Infrared (FT-IR) Spectroscopy

. Gel Permeation Chromatography (GPC)

. Differential Scanning Calorimetry (DSC)

. Themogravimetric Analysis (TGA)

. Matrix Assisted Laser Desorption lonization M&gectrometry (MALDI-MS)

. Optical Microscope

Fluorescent Microscope

Scanning Electron Microscopy — X-ray Energy Bisve 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 Pracedures

1. Sample preparations:
a. Weight the blank aluminum pan and record.
b. Put the sample on aluminum pan (for temperature &ss than 608C).
c. Weight the sample + aluminum pan and record.
d. Put a cover for the aluminum pan and crimp theljghnsing crimper.
2. Put each blank aluminum pan and sample pan orotineat places.
3. Turn on the nitrogen flow at volumetric flow raté @l/s.
4. Turn on the program by double clicking “Pyris Maaggsoftware.
5. Choose and click “Pyris 1 DSC” on the menu and ¥e&iDSC to be ready
“green light on”.
6. On the “Method editor” menu:
a. Sample info: input the sample information and weigh
b. Initial state: Set initial value of temperaturedgurge gas info and gas
volume flow rate.
c. Program: Set initial temperature and final tempestand scan rate.
7. Click “Cover Heater and Air Shield” buttons on ti®yris 1 DSC Control Panel”
menu.

8. Click “Start/Stop” button on the “Pyris 1 DSC CaritPanel” menu.
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Appendix C

Electrochemical Impedance Spectroscopy (EIS) Procades

Put MRE sample on the test fixture.

Turn on the instron and push the piston until tinghhe surface of MRE sample.
Check the test fixture and make sure no short itiusing multimeter.

Make sure the electrode connection between tasiréxand EIS is in the correct
position.

Apply pre — compression to the MRE.

Turn on the EIS.

Open the EIS software by double clicking “Powert&uon the menu.

Click “Experiment” and choose “New” on the top oénu.

Choose “Single sine” on the “technique templateX.bo

10.Click “default SS” or “created template” if alreadgived on the previous test.

11.Input the sample name and click “Next”.

12.Choose the electrode being used or leave it &8abd electrode” for working

electrode and click “Next”.

13.Input the info for “Pre scan” if needed and cli¢kext”.

14.Input the value of “Initial frequency” and “Finatéguency”.

15.Input the value of AC Amplitude as needed and clid&xt”.

16. Leave the current ranging in “fully automatic” aput 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 Mged icon on desktop.

6. Turn on the STA6000 software by clicking “STA 600&on (wait for few
seconds because the computer is slow)
Note: Don't hit “STA 6000” repeatedly, it will cause sofare crash.

7. Turn on nitrogen purge by pushing “Apply” button e right side of controller.

8. Open the STA 6000 cover, place the “empty pan”fendample holder, and put
the cover back.

9. Wait until the weight reading until stable.

10. Hit “Zero weight” button on the right side of cooller.

11.0pen the STA 6000 cover, take the sample pan autthe sample, place the
sample pan on the sample holder, and put the dmaei.
Note: Don’t put sample more than 50mg, it may damagestiade.

12.Wait until the weight reading until stable.
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13. Hit “Sample weight” button on the right side of ¢aitler.
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 addeg.s
c. Delete item — if you want to remove unnecessary. ste
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 -4 -3 -2 -1).

Sample Pan Cleaning

- Sample pan can be cleaned using acetone only drd@pends on the sample
type.
- It is encouraged to bring your own sample pan ikeprto avoid ruining other

users sample pan.
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Appendix E

Thickness of Polymer Coating Calculation

molecule 1

Supporting data: g, 10 3kg

- From wikipedia and BASF, the density (rhogg) and average diameter (davg Fe) Of iron particles:

g

rhop 7.874— (ref: wikipedia)
€ 3
cm
6 .
davg Fe 8 10 n  (ref: BASF)

- Molecular weight for iron, CTCS [2-4(-chlorosulfonylphenyl)-ethytrichlorosilane], and monomer (4-
fluorostyrene):

g
MW, 56—

mol

9
MwW 336—
CTCS mol

1229

mol

MW mono

- Avogadro number:

83 molecule

N 6.0221
AVO mol

From the experiment:

1St step of ATRP: Immobilization CTCS on iron particle _s:

The amount of iron particles, mgg:

Mee 400

The amount of CTCS, mcTcs:

McTcs 69
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Calculation of total amount of iron particles for 1 St step ATRP:

Weight of single iron particle = density X volume

3

davg_Fe

4
Mingle_Fe MOFe 3 3.14
Mingle Fe 2109812 10° g

Total amount = Total weight / weight of single iron particle
_Mre
Msingle_Fe

Total,:e

Totalg, 1.895903 12)1 particles

Note: So, there are 1.896 x 1011 iron particles within 400 grams

Calculation of single iron particle surface area, Agg :

2
OIavg_Fe

Ape 4314

10 2
Ape 20096 10 m

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 1 step ATRP:

Ratio = weight CTCS / weight iron particles

McTCs

Retcs Fe ——
- Mee

ReTes e 0015 (gram of CTCS/ gram of Fe)
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The amount of CTCS on single iron particle:

Amount of CTCS per iron particle = Ratio / the number iron particles within 400 grams:

Retes Fe

MCTCS_on_single_Fe Totalg

MCTCS_on_single_Fe 7.911795 1014 (gram CTCS / single iron particle)

The amount of molecule of CTCS on single iron particle:

amount_of _CTCS_on_single_iron_partic

MWcTes

. le
Molecule_CTCS_on_single_Fe Avogadro_Number

MCTCS_on_single_F8 N
MWecTes

Moleculectcs on single Fe AVO

MolecuIeCTCS on_single_Fe 1.40961 18 molecul

The amount of molecule of CTCS per square nanometer of iron particle:

MoleculecTcs on_single_Fe
MoleculecTcs per_square_nanometer Fe Ap

e

molecule
MoleculecTcs per square_nanometer Fé-70143

2
nm
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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:!

Mre cTCcs 12@

The amount of monomer (4-fluorostyrene), Mmono:

Mmono 10

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:

Mholymer  Mmonc

Myolymer 159

Density of monomer and CTCS:

'homono 1.024—3 (ref: Sigma Aldrich)
cm
g .
rhocTcs 1.08—3 (ref: Gelest, Inc.)
cm

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:

400 6
Moavg_Fe_cTcs ™MO%Fe 755 6 ™MOCTCS 750 &

9
rhoavg_Fe_CTCS 7773596_3

cm
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- 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:

120 15
hoavg Fe CTCS_Polymer MOavg Fe CTCS 120 15 MOmono 120 15

g
oavg Fe CTCS_Polymer 7-690268 3

cm

Calculation of single iron particle functionalized CTCS weight:

|weight,:e_c-|-cs‘— weighlsingle Fe WeIGNicTCS on_ single Fe

weightee cTCcS Msingle Fe MCTCS on_single F&
weightce cTog 2.109891 10° g
Calculation of single iron particle functionalized CTCS diameter:

weightee cTCS

rhogyg Fe CTCS

Volumg=e cTCs

~

10 &
Volumq:e_c-l—cs 2.714176 10" cm

1
6 Volumge cTCs
davg_Fe CTCS 314
6 i : . -6
davg_Fe_CTCS 8.034396 10 m Note: initial diameter for iron particle: 8 x 10™° 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

Mholymer

olymer_per gram_Fe CTCS
"polymer_per_gram_Fe_ Mre CTCS

mpolymer per_gram_Fe cTCs0.0125 (gram polymer / gram Fe-CTCS)



344

Calculation of amount iron particle functionalized CTCS within 120 grams:

Mre CTCS

Total —_—
Fe_CTCS
- weighize cTCs

Totaleg cTCg 5-687497 12)0 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:

| Mholymer
weightyolymer on_single_Fe_CTCS ms
€_

. 11
weightyolymer on_single_Fe_CTCS 2-637364 107"g

Calculation of single coated iron particle weight:

|Wei9htFe_CTCS_Coated_PoIym_erweightFe_CTCS weightyolymer on_single_Fe CTCS
weightee cTweight.Fe_ CTCS_ Coated_Polymerc®€i9htre cTcs Weightyglymer on single Fe CTCS
. 9
weightee cTweight.Fe CTCS_Coated_Polymerc$-136265 10 g

Calculation of single coated iron particle diameter:

weightee cTweight.Fe CTCS_Coated_PolymerCS

Volum
§e_CTCS_Polymer rhOavg_Fe CTCS_ Polymer

~

Volumgse cTcS polymer 2777881 107 cm

1
6 Vol 3
O0lUM&e CTCS_Polymer
davg_Fe_CTCS_Ponmer 314
6
d 8.096769 10 m

avg_Fe CTCS_Polymer

Note: initial diameter for iron particle: 8 x 106 m
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Summary:

1. The amount of CTCS molecules per square hanometer iron particles surface:

1
Moleculectcs per square_nanometer F&-701438 7
nmi

2. The thickness of CTCS coating on the iron particles:

davg_Fe_CTCS davg_Fe
2

tctes

3. The thickness of polymer coating on the iron particles:

davg_Fe_CTCS_Ponmer davg_Fe_CTCS
tPonmer 5

tpolymer 31.18648M

4. Total coating thickness (CTCS and Polymer):

totaL  'ctcs polyme




