
 

 

133 

 

 

INTRODUCTION OF FUNCTIONAL STRUCTURES IN NANO-SCALES INTO 

ENGINEERING POLYMER FILMS USING RADIATION TECHNIQUE 

Y. Maekawa; JAPAN 

 

Summary 

Introduction of functional regions in nanometer scale in polymeric films using -rays, EB, and ion beams are proposed. 

Two approaches to build nano-scale functional domains in polymer substrates are proposed: 1) Radiation-induced 

grafting to transfer nano-scale polymer crystalline structures (morphology), acting as a nano-template, to nano-scale graft 

polymer regions. The obtained polymers with nano structures can be applied to high performance polymer membranes. 2) 

Fabrication of nanopores and functional domains in engineering plastic films using ion beams, which deposit the energy 

in very narrow region of polymer films. Hydrophilic grafting polymers are introduced into hydrophobic fluorinated 

polymers, cross-linked PTFE (cPTFE) and aromatic hydrocarbon polymer, poly(ether ether ketone (PEEK), which is 

known to have lamella and crystallite in the polymer films. Then, the hierarchical structures of graft domains are 

analyzed by a small angle neutron scattering (SANS) experiment. From these analyses, the different structures and the 

different formation of graft domains were observed in fluorinated and hydrocarbon polymer substrates. the grafted 

domains in the cPTFE film, working as an ion channel, grew as covering the crystallite and the size of domain seems to 

be similar to that of crystallite. On the other hand, the PEEK-based PEM has a smaller domain size and it seems to grow 

independently on the crystallites of PEEK substrate. For nano-fabrication of polymer films using heavy ion beams, the 

energy distribution in radial direction, which is perpendicular to ion trajectory, is mainly concerned. For penumbra, we 

re-estimated effective radius of penumbra, in which radiation induced grafting took place, for several different ion beams. 

We observed the different diameters of the ion channels consisting of graft polymers. The channel sizes were quite in 

good agreement with the effective penumbra which possess the absorption doses more than 1 kGy.  

 

1. INTRODUCTION 

 

We have been attempting two approaches to introduce functional regions in nanometer scale in 

polymeric films using -rays, EB, and ion beams are proposed: 1) Radiation-induced grafting to 

transfer nano-scale polymer crystalline structures (morphology), acting as a nano-template, to 

nano-scale graft polymer regions. The obtained polymers with nano structures can be applied to 

high performance polymer membranes. 2) Fabrication of nanopores and functional domains in 

engineering plastic films using ion beams, which deposit the energy in very narrow region of 

polymer films.  

 

As shown in Fig.1 (a), one of the advantage EB and -rays should be high transmittance property. 

Thus, polymer films can be received the energy homogeneously along the film thickness direction. 

However, most of polymer films have crystallites in nano-scale. Since active species (radicals) 

generate only in a crystalline region, the functional domains are propagated from the nano scale 

crystalline templates when functional monomers was added [1]. The hybrid polymer films can be 

also utilized; namely, inorganic crystals should act as a template for the new functional regions. In 

this case, we can change the size and shapes of the crystallites.   
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We have recently applied this technique to the development of polymer electrolyte membranes for 

fuel cells. Fuel cells show high power generation efficiency, so it has been expected to solve energy 

FIG. 1. Two approaches to build nano-scale functional domains in polymer substrates (a) Radiation-induced grafting to 

transfer nano-scale polymer crystalline structures  acting as a nano-template to nano-scale graft polymer regions. (b) 

Fabrication of nanopores and functional domains in engineering plastic films using ion beams, which deposit the energy 

in very narrow region of polymer films. 
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resource depletion. Especially for hydrogen type fuel cells, such as residential co-generation 

system, and FCHV, fuel cell vehicles, should reduce CO2 emissions, which is thought to be the 

main reason for green house effects. Hydrogen and methanol can be used as a fuel. We have been 

developing both direct methanol and hydrogen fuel types. DMFC has been developed for very 

compact mobile type devices such as mobile phone and note PC. The main goals of hydrogen fuel 

cells are for residential co-generation system and Fuel cell vehicles. The natural gas converts to H2 

and by fuel cell electricity are generated. At the same time, the fuel cell generates the heat. By 

using heat, we make hot water to supply it to bath or kitchen to achieve more than 70 % energy 

efficiency. And this is a fuel cell vehicles, Energy efficiency is more than 50 % and is much higher 

than engine type automobile. And also it emits only water and is very nice for environment because 

of reduction of CO2 emission. Of course the FCHV is expected to have very large market size.   

 

When polymeric films are irradiated, radials are generated in the films. Then, if two generated 

radicals react with each other, cross-linking is incorporated, which can enhance the mechanical 

strength of polymer films. On the other hand, if functional monomers exist in the system, graft 

polymerization proceeded to introduce functional graft polymers in the films. Another advantage of 

the radiation technique is to achieve the required properties of PEM by introducing functional 

polymer grafts and selected polymer film substrates. By choosing them or combination of these 

two components, the required properties of PEM have been improved [2].  

 

The second approach is the nano-fabrication of engineering plastic films using ion beams [3]. One 

ion just deposits its energy into one nano to micro-meter scales in the polymer films. Then, 

nanopores can be generated by resolving the damaged area or functional regions can be introduced 

by grafting functional monomers into the area. Compared with other energetic particles, heavy ion 

beams give very narrow nanoscale energy deposition through straight ion trajectory.  The trajectory 

of the heavy ion beam, Xe ions with 450 MeV incident energy is amazingly narrow with very little 

broadening to be a few nano meter in more than 40 m depth of the polymer films. In other words, 

high energy heavy ion beam is the very interesting tool to give nano structures with very high 

aspect ratio in polymer film with 10 to several hundred m thickness.  

 

When one ion particle penetrates into polymer films or any materials, the energy was deposited to 

polymer films with the distribution of the film thickness direction. Furthermore, the any position of 

ion trajectory in the film has another energy distribution along radial direction, namely, 

perpendicular to the direction of ion beam penetrating.  Thus, one can obtain three dimensional 

energy distribution in polymer films and these distribution can be controlled by changing mass and 

acceleration energy of ion beam.  
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2. RADIATION INDUCED TRANSFER OF NANO-STRUCTURES 

First, fluorinated polymers, cross-linked polytetrafluoroethane (cPTFE) and poly(ethylene-co-

tetrafluoroethylene) (ETFE) were irradiated with -rays. Then, the films were immersed in styrene 

solutions to introduce polystyrene grafting chains. Subsequently, the obtained grafting chains are 

sulfonated with chlorosulfonic acid in dichloroethane to give grafted type fluorinated polymer 

electrolyte membranes. At the first stage of our research, we had develop direct methanol type 

PEM using the technique suing the above fluorinated polymers [2,4]. Since PEM for hydrogen type 

FC requires higher thermal durability and mechanical strength. aromatic hydrocarbon polymers 

were employed.  Aromatic hydrocarbon polymer, poly(ether ether ketone) (PEEK), which is one of 

the most highly performance aromatic hydrocarbon polymers. As expected, PEEK films are very 

thermally and chmically stable; so far, there had been no report about successful graft 

polymerization. Grafting speed was very slow and after 3days only 30% GD can be obtained. 

However, PEEK films originally possess stable radicals and thus, thermal grafting of 

divinylbenzene (DVB) proceeded. Namely, first, DVB was introduced into PEEK films as a 

scaffold of radiation-grafting. Then, we radiation grafting of sulfo group containing monomer 

could be grafted  into PEEK/DVB membranes. With only hydrolysis in water at 95C, it could be 

converted to PEEK-based PEM with ion conductivity of more than 0.11 S/cm, which is 1.5 times 

higher than Nafion, and 2.3 times higher mechanical strength compared with Nafion [5].  
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FIG. 2. Preparation procedure of graft-type PEM consisiting of fluorinated polymers using radiation technique. 
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By using the membrane electrode assembly (MEA) using the prepared PEEK-based PEM, fuel cell 

performance was tested. Under the fuel cell operation test at 95 C under 80 %RH with 300 mA, this 

membrane keep cell voltage at least 1000 hours much more stable than Nafion under the same 

condition. From the acceleration test, the life time under 80C was estimated to be as comparable to 

40,000 hours, which meets the target of residential co—generation system.  

The structures of the graft-type PEM consisting of fluoro and hydrocarbon polymer substrates were 

characterized in nano- to meso-scale using small angle neutron scattering (SANS). Fig. 4 showed 

the SANS profile of cPTFE, grafted cPTFE, and cPTFE-base PEM and proposed structures of the 

PEM in nano- to meso-scales. The clear peak at the position of correlation length of 45 nm was 

observed in the profile of cPTFE substrate, which should correspond to the correlation distances 

between crystallites. The SANS profile of the grafted cPTFE has a similar profile to the cPTFE 

substrate, in which the peak for the correlation length of 47 nm appeared with relatively higher 

intensities in the Q region, compared with that of the cPTFE substrate. Namely, the grafting layers 

should propagate under the influence of the crystallites. A slight increase of the correlation distance 

from 45 to 47 nm should correspond to expand of the films owing to the introduced graft polymer 

layers on the crystallites. Since the profile of cPTFE-based PEM is almost the same as that of the 

precursor grafted cPTFE, the sulfonation reaction of polystyrene grafts did not affect the size and 

shape of the grafted cPTFE film. The grafted cPTFE and cPTFE-base PEM exhibited Q
-2

 power 

law behavior, which is well explained by Porod‘s Law as being due to the sharp interface between 

the graft domains and the FEP substrates. This is because polystyrene and poly(styrenesulfonic 

acid) grafts were not miscible to the fully fluorinated cPTFE substrate.  
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FIG. 3. Preparation procedure of graft-type PEM consisiting of aromatic hydrocarbon polymer, PEEK using two step 

grafting technique. 
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Fig. 5 shows SANS profiles of PEEK, grafted PEEK, and PEEK-base PEM and proposed 

structures of the PEM in nano- to meso-scales. SANS profiles of the original PEEK substrate 

showed no clear scattering while the grafted PEEK exhibited much stronger scattering over the 

whole Q range and a new shoulder-like peak at d-spacing of 13 nm. The SANS profile of the 

PEEK-PEM had a similar profile with a shoulderlike peak at d-spacing of 12.6 nm. The decrease in 

d-spacingwas in good agreement with the decrease of the volume of the grafts due to the 

elimination of the ethyl group by hydrolysis. The above SANS results clearly show that the size of 

ion channels (13 nm) formed by PSSA grafts is 2.5 times larger than that in Nafion. 

 

The asymptotic Q-behavior of Q
-2

 at the higher Q-region of d-spacing of 13 nm indicates that there 

was no sharp interface between the grafts and PEEK substrate. Since both cPTFE and PEEK based 

grafted films possess the polystyrene derivatives consisting of only hydrocarbons but not fluorine 

atoms, the different interfacial structures, clear and unclear boundaries, should result from different 

solubility of the graft polymers with perfluorinated or aromatic hydrocarbon polymer substrates; 

namely, the graft polymers are miscible with the PEEK chains but not miscible with the cPTFE 

chains. From these analyses, the different structures and the different formation of graft domains 

were observed in fluorinated and hydrocarbon polymer substrates. In the case of cPTFE, the grafted 

domain, working as an ion channel, grew to cover the crystallite, resulting in the similar domain 

size to that of the crystallite. On the other hand, the PEEK PEM has smaller domain size and it 

seems to grow independently on the crystallite of PEEK substrate [6]. 

 

FIG. 4. SANS profiles of cPTFE, grafted cPTFE, and cPTFE-base PEM and proposed structures of the PEM in nano- to 

meso-scales. 
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3. NANO-FABRICATION OF POLYMER FILMS USING ION BEAMS 
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FIG. 6. Schematic structures of the grafted PEM prepared from fluorinated polymer substrate, cPTFE 

and aromatic hydrocarbon polymer, PEEK. 

FIG. 5. SANS profiles of PEEK, grafted PEEK, and PEEK-base PEM and proposed structures of the 

PEM in nano- to meso-scales. 
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For nano-fabrication of polymer films using heavy ion beams, we took notice of energy distribution 

in radial direction, which is perpendicular to ion trajectory. The quite high energy is deposited at 

the center where beam just pass through, called as track core and the deposited energy gradually 

decreased with increases of radial distance from the center at penumbra area. Track core is defined 

by physical parameters; the most of the ions with wide range of energy possess the track core 

radius of about 1nm. Penumbra is defined as the distance which knock-on electron from the core 

reaches, which in general is several m.  

 

The energy at radial distance r is expressed by LET, track core radius, and penumbra radius as a 

parameter [7]. The energy distribution of 450 MeV Xe, irradiated to a Teflon film was re-estimated 

as shown in Fig. 7. At r = 1nm, the absorbed energy is about 10MGy and about half of the energy 

deposited in the core. Therefore, when the track core is etched in appropriated etchant, the films 

with through holes perpendicular to the irradiated films, called ion track membranes, can be 

produced. The ffective radius of penumbra, which we took notice for applications, were re-

estimated. Since the graft polymerization to prepare fuel cell membranes, requires 1kGy as a 

minimum absorbed energy, the effective radius as about 110 nm because the area in the circle of 

110 nm radius have the deposited energy of more than 1 kGy. When the ion beams were changed 

to 450 MeV Fe and 100 MeV oxygen, the effective radius of penumbra decreased from 110 nm to 

78 nm and 26 nm, respectively.  
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In SEM and TEM photographs of the PEM prepared by Xe ion grafting, the straight ion channels in 

the parallel direction of ion beam trajectory can be observed. The different diameter of the ion 

channels consisting of graft polymers can be clearly observed. The channel sizes are quite in good 

agreement with the size of effective penumbra which possess the absorption doses more than 1 

kGy.  

In the coming year, we continue the both projects. For the nano transfer to polymer films using EB 

and -rays, the shape and size of crystallites in polymer substrates will be controlled. The shapes 

and sizes of graft domains, which generate from the nano crystallite, will be compared with those 

of the crystallites. For ion beam nano fabrication, nano pore formation of fluorinated polymers such 

as PVDF will be examined. These films should be applied for selective separation membranes, 

reactors including catalysts for pharmaceutical synthesis and DNA recognition for biosensors. 
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FIG. 7. The energy distribution of 450 MeV Xe irradiated to a Teflon film and the re-

estimated effective penumbra radius obtained by irradiation of 450 MeV Xe, 400 MeV Fe, 

and 100MeV O atoms.  
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