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Abstract  

Advanced polymer surface modification technologies allow modification 

of polymers with various functionalities or robustness to environment.  However, 

existing technologies are still facing challenges in modifying plastic parts that 

have large dimensions or complex geometries.  Furthermore, to obtain long-

lasting surface modification, some materials must be surface-treated with plasma 

or harsh chemicals, and such pretreatments significantly complicate operations 

and increase costs.   

 

We proposed a surface-active-additive (surfadditive) approach that is 

fundamentally different from existing post-treatment methods for surface 

chemistry modification.  Our strategy was to design a type of additives that 

migrate to the surface of a plastic part during manufacturing and entangles with 

bulk polymer chains to achieve stable surface properties.  Two types of 

surfadditives were synthesized in this work.  The first type is a block copolymer 

having the “head-neck-body” structure.  The “head” and “neck” of the chain 

molecule consist of a low-surface-energy component such as fluorinated segments 

and a reactive component such as triethoxy silane.  The “body” of the surfadditive 

is polymethyl methacrylate (PMMA), which is designed for applications in acrylic 

plastics.  The second type of surfadditives is hybrid magnetic material, which was 

synthesized by grafting polymer chains that contain nanosilica cages and PMMA 
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backbone from iron nanoparticles.  The polymeric surfadditives were applied in 

the injection molding and casting processes of PMMA.  The effect of processing 

temperature, surfadditive structure, concentration, and mold material on the 

surface modification were investigated.   

 

In exploring new surface physical property modification techniques, we 

developed a new one-step nanopatterning method for topography construction that 

is based on chattering.  Chatters are unwanted wavy structures generated from 

vibrations in cutting.  They are mostly random in size because of uncontrolled 

vibration frequencies.  Using an oscillating diamond knife with tunable oscillation 

frequency in ultramicrotomy, we succeeded in obtaining control over chattering.  

This “controlled chattering” method was demonstrated to be an excellent 

technology to fabricate wavy surface patterns on a variety of materials including 

thermoplastic, thermosetting and soft metals.  The size of wavy patterns prepared 

by this method was tunable from 30 nm to micrometer scale through adjusting 

cutting speed and oscillation frequency.  The effects of materials’ mechanical 

properties and cutting speed on the pattern formation were systematically 

investigated.  In addition, the controlled chattering was also extended to the 

fabrication of one-dimensional polymer and metal nanowires with ultra-high 

aspect ratios up to 10
4
.  Different morphologies such as nanoribbons, nanorods 

were obtained through oscillation phase adjustment.  The size of nanowires was 

found tunable through adjusting cutting depth, cutting speed, as well. 
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Chapter 1 Introduction 

 

Polymers have been widely used for decades since they have excellent 

bulk mechanical properties, are inexpensive and are easy to process.  In many 

applications, such as adhesion, self-cleaning, scratch/abrasion resistance, 

biological separation, optical reflection/diffraction, nanotechnology, etc., the 

surface chemical and physical properties of polymers play an important role in 

their successful use.  Studies on polymer surface modification techniques has 

been very intensive in the past decades, and the advances in polymer surface 

engineering techniques have allowed for endowing polymer surfaces with various 

properties without affecting the bulk, thus transforming inexpensive plastic 

materials into valuable finished products.  

 

1.1 Background 

1.1.1 Coating and Polymer Surface Modification 

 
Among the surface chemistry modification technologies, coating is the 

most widely used method that is able to incorporate variable chemistry onto a 

polymer substrate.  A coating is defined as “a liquid, viscous or powdery product 

(mixture) that results in a solid layer after application on a substrate and 

subsequent drying”
1
.  Coatings can be in many forms depending on the purpose of 
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application and can be applied to various materials using many techniques; for 

example, powder-like or other solid materials can be deposited onto a substrate 

surface by sputtering or vapor deposition methods.  These techniques, including 

physical vapor deposition (PVD)
2,3

 or chemical vapor deposition (CVD)
4-7

, 

usually involve an evaporation procedure either by raised temperature or pressure 

to form a homogeneous phase for controlled and uniform deposition.  Therefore, 

these operations are mostly conducted in closed chambers.  These techniques 

allow for the deposition of very thin films with precisely controlled thickness, and 

are used mostly for applications of high-end products such as lenses or delicate 

devices.  However, there are also drawbacks to these coating methods: for 

example, the deposition chamber is only available for small-sized parts, the types 

of coating materials are very limited and the operation costs are relatively high as 

compared to other coating techniques.  Liquid coatings such as paints or lacquers 

are normally applied by the wet coating method.  This type of coatings has the 

most diversity in functions and can be carried out in a do-it-yourself manner or at 

an industrial scale.  Among the various decorative coatings, surface protective 

coating based on a sol-gel process is an important category
8-10

.  In general, the key 

factor contributing to a protective layer is the formation of three dimensional 

polymer/hybrid structures
11

.  Since the wet coating process involves solvent 

evaporation, crosslinking along with volume change, it is difficult to precisely 

control the coating thickness.  For some inert materials such as polyolefin, acrylic 
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or polycarbonate, it is also challenging to achieve good adhesion between the 

coated layer and substrate without using special treatment or modifier.  

Although coating is a very useful approach to modify materials’ surface 

properties and has been used over a long history, the disadvantages of coating are 

quite obvious with regard to economic and ecological concerns.  First, the 

sequential operations steps for coating significantly increase the cost of 

manufacturing.  For example, the extra cost for a scratch resistant coating on 

optical lenses is normally about 50-200% more.  Secondly, for wet coating, the 

application efficiency of coating is normally low since the major component of 

the coating dispersion is solvent and eventually it evaporates to the environment.  

Meanwhile, there is also the potential of serious problems arising from the 

evaporating solvent.  In many applications, the solvents used to disperse coating 

material are mostly organic solvents, which are harmful or even toxic to human 

health.  New legislation has exerted a force on the coating industry to seriously 

decrease the use of solvents or to find “greener” chemical replacements. 

 

1.1.2 Polymer Migration/ Segregation and Surface Modification 

In most applications, polymer additives should be homogeneously 

dispersed within the bulk material for property modification.  Phase segregation 

caused by insufficient dispersion or poor compatibility of additives could result in 

defects or even fail to maintain desired properties.  However, in some situations, 

controlled additive segregation could be taken advantage of to achieve specified 
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local functions.  One example is the lubricated plastic molding, where 

spontaneous surface migration of additive to the surface/interface results in an 

additive-rich layer around the molded parts, hence facilitating mold separation
12

. 

These additives, normally named as molding-aids, are typically short chain 

alkanes, fluorinated oligomers, or highly branched molecules, which 

preferentially partition near host material surface due to lower surface/interface 

energy.  The molding-aid agents could form a low-viscosity fluid or low-friction 

layer between the polymer/mold wall interface and act as lubricant in mold 

separation.  

One mechanism that describes the surface migration of additives is the 

surface free energy
 
difference

13
.  The surface free energy is defined as “the work 

required to increase the area of a substance by one unit area”.  For polymer blends 

with multiple components exposed to air, the polymer species with lower surface 

free energy take precedence of concentrating at the polymer-air interface, and thus 

the total interfacial tension of the system was minimized.  In general, migration 

force is proportional to the surface energy difference between the host polymer 

and additive
14-16

.  This relationship has been used to explain the surface 

enrichment phenomenon of miscible polymer blends such as PS-b-PEO/PS
17

 and 

poly(vinyl methyl ether)/polystyrene (PVME/PS)
18

, or immiscible blends as 

poly(dimethyl siloxane)/polystyrene
19-22

.  However, the surface migration of 

molecules regarding to surface free energy difference is not limited to additives 

with different chemical components.  It could also happen to polymer blends with 
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different chain length distribution. The surface tension of polymer scales as γs= γ∞ 

- k0/Mn
α
,
23, 24

 where γ∞ is the surface tension for a polymer with infinite molecular 

weight, k0 is constant factor depending on the nature of a given molecule. k0 can 

be positive, negative or zero for different compositions and structures of the 

molecule. For instance, when PDMS is terminated with hydrophilic end groups, k0 

≈ 0.  Therefore, the effect of chain length on surface tension is negligible.  

However when PDMS is terminated with hydrophobic groups, k0 is found to be 

positive.  That is, the surface tension of hydrophobic PDMS increases with its 

chain length.  

 

Table 2.1 Surface tensions for various materials 

Material/ chemical constitution Surface tension (mN/m = dyn/cm) 

polyamide 32-46 

polyester 40-49 

polycarbonate 43-47 

poly(methyl methacrylate) 31-41 

polystyrene (PS) 37-43 

Polyurethane 36-39 

organosilane 30-50 

fluorinated acrylic polymer 10-20 

 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 6 

Surface tension values of some common materials or chemical 

components measured at 20°C are listed in Table 1.1
25, 26

. Most polymers such as 

polyamide, polycarbonate, polyester, PMMA, PS, polyurethane or organosilanes 

have the surface tension between 30-50 mN/m.  Ranges of values were given 

because surface tension is dependent on chemical composition and chain 

structures.  However, the surface tension of fluorinated acrylic polymers is only 

about 10-20 mN/m, which is significantly lower than others.  Because of this, 

fluorinated molecules have been the most studied as surface modifying molecules 

(SMMs) in recent years.  McCloskey et al. synthesized fluorine containing 

macromolecules which effectively migrate to the surface of poly(urethane urea)
27

. 

Hopken
28

 and Shimizu
29

 independently reported that their copolymers with 

fluorinated segments migrate towards the surface and formed a separated domain. 

Suk et al. studied the surface enrichment of polymer chains with both ends capped 

with fluorinated units
30

, and explained the surface enrichment of fluorinated 

segments as a result of both conformational rearrangement and migration. 

 

Another theory that explains the preferential surface partition is 

configurational entropy. The hypothesis is that each segment of polymer chains 

has much lower configurational entropy near rigid surfaces than in bulk polymer 

systems
31, 32

. Therefore, it results in greater concentration of polymer chain ends 

at surfaces.  This theory is proven to be useful for explaining the migration 
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phenomena in homopolymer melt systems, where smaller polymer chains migrate 

to the surfaces of long chain polymers. 

 

As compared to coating, surface modification by surface-active molecule 

migration and segregation is simpler in terms of operation.  Furthermore, the new 

surface layer formed by the aforementioned mechanism is a composite layer that 

is molecularly integrated into the bulk; therefore, the adhesion problems existing 

in some coating situations can be solved without costly post-treatment.  The 

possibility of achieving various surface modifications with surface-active 

molecule migration mainly depends on the design and synthesis of 

functional/telechelic polymers, which should be integrated with surface-active 

constitutions, compatible segments and functional groups.  However, current 

studies on the polymer surface migration are still preliminary, focusing mostly on 

homopolymers or 2-block copolymers. 
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1.1.3 Atom Transfer Radical Polymerization and Functional 

Polymer Synthesis 

 
 

Scheme 2.1 Schematic representation of ATRP process 

 

Free radical polymerization has been widely employed in the production 

of acrylic, vinyl and olefinic polymers under ample environments.  It is the most 

frequently used technique as compared to other techniques (ionic or condensation 

polymerization) as it has mild tolerance to impurities, requires moderate reaction 

conditions and is flexible with regards to the selection of polymerization 

processes.  Furthermore, the controlled Free Radical Polymerization (CFRP) 

allows for tailoring macromolecules with precisely controlled molecular weights 

and compositions.  Among the CFPR techniques, Atom Transfer Radical 

Polymerization (ATRP) polymerization is one of the mostly studied.  It has been 

applied to the controlled polymerization of a wide range of monomers including 

(acrylates, methacrylates, styrenes, vinylpyridines, acrylamides, acylonitrile)
65

.  

Schematic illustration of the ATRP mechanism is shown in Scheme 1.1
66

.  The 
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control of ATRP was achieved through the reversible deactivation and 

reactivation of radicals (R·) and dormant species (R-X) by halogen exchange with 

a transition metal complex.  In the deactivation process, propagating radicals are 

end-caped with halogens cleaved from the transition metal complex at its oxidized 

state.  The transition of radicals into dormant species results in a low radical 

concentration, therefore minimizing irreversible termination.  Meanwhile, some of 

the dormant species are reactivated by the redox reaction with the metal complex, 

which releases active radicals to propagate with monomers.  In this manner, 

polymer chains grow slowly and steadily with tunable structure.  Alkyl halide 

(e.g. Ethyl α-bromoisobutyrate, tert-Butyl α-bromoisobutyrate) or functionalized 

halides (e.g. 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propanamide or 

BMTP, synthesized in our lab) are typical types of initiator
67-72

.  Transition metals 

(e.g. Cu)
73-75

 complexed with a ligand (bidentate nitrogen, bipyridine/tripyridine 

derivatives, diamine/triamine derivatives, etc.
76

) are normally used as catalysts.  

Since ATRP is tolerant to many functional groups such as allyl, amino, epoxy, 

hydroxy and fluorinated functional groups presented in the initiator or monomers, 

it is a facile approach to synthesize mono- or multi-functional polymers.  For 

instance, to synthesize a fluorinated polymer, one can either use fluorinated 

initiator
77, 78

 or fluorinated monomers in an ATRP process
79-82

.  To obtain multi-

functionality, different combinations of functional initiators or monomers in a 

batch or semi-batch process can be used.  
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1.1.4 Surface Modification by Polymer Grafting 

Polymer grafting is a special type of coating method that makes a single 

layer of polymer chains with one end tethered to the substrate.  Based on this 

mechanism, the surface grafting can be mainly divided into two categories: 

“grafting to” and “grafting from” approaches
33,34

.  In the former approach, 

prefabricated polymer chains are attached to a surface by covalent bonding or 

physical interaction between one chain-end and the substrate surface.  Due to 

steric repulsion and diffusion-controlled interaction
35,36

, achieving high grafting 

density is a challenge for this method.  In the “grafting from” approach, polymer 

chains are directly initiated from an immobilized surface modified with initiator.  

Since monomers are smaller than polymer chains, the steric and diffusion effects 

become less significant in this case; therefore higher grafting density can be 

achieved.  By clever selection of an initiator, surface grafting can be carried out in 

a number of controlled processes including anionic
37-39

, cationic
39-42

, ring-

opening
43-45

 or free radical polymerizations.  In particular, the controlled living 

processes are of most interest as they allow for preparation of brushes with 

controlled thickness, composition or structure.  Among various means of Surface 

Initiated- Controlled Free Radical Polymerizations (SI-CFRP), ATRP is the most 

studied approach that is used to graft polymers onto various materials’ surfaces.  

Surface initiated ATRP (SI-ATRP) was firstly reported by Huang and Wirth, who 

successfully grafted poly(aryliamide) brushes onto benzyl choride functionalized 

porous silica
46

.  Later, intensive studies were carried out for the synthesis of 
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various polymers, e.g. polymethyl methacrylate (PMMA)
47

, polystyrene (PS)
48

, 

poly(hydroxyethyl methacrylate)
49

, Poly(oligoethylene glycol methacrylate) 

(polyOEGMA)
50

 and PS-b-PMMA brushes
51

 and other polymers on a variety of 

surfaces.  While proof of concept studies of SI-ATRP are mostly carried out on 

planar substrates concerning convenience of characterization, later studies have 

also been intensively conducted for grafting polymer chains onto particle surfaces.  

The covalently attached polymer brushes could not only provide particles with 

good stability against aggregation, but also could be integrated with unique 

particles to generate new types of advanced materials.  A variety of polymers 

have been successfully grafted from many types of nanomaterials including 

silicon dioxide
52-55

, metal
56,57

, metal oxide
58-61

, or clay
62-64

.  

 

Surface grafting of polymer chains provides accurate control over surface 

chemistry and coating thickness, however it is an inherently expensive approach 

that requires multi-step operations such as surface pretreatment, polymerization 

and purification.  The operation of ATRP normally has to be conducted in 

oxygen-free environment.  This makes direct applications of surface grafting on 

large scale impractical.  On the other hand, if surface grafted products, 

particularly particle-based products, could be efficiently used as additives for 

localized functioning, the extra unit cost from a new ingredient could become 

insignificant.  In other words, on a low-level loading basis, the application 

functional additive for specified modification is feasible. 
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1.1.5 Challenges in Surface Modification and Surfadditive Proposal 

 
In summary of the existing surface chemistry modification methods, 

coating is the most widely used but still has drawbacks such as high cost, size 

limitation, poor adhesion or environmental concerns in various means.  To 

achieve permanent adhesion of the coated layer to the substrate, some materials 

have to be surface treated by plasma or chemical etching prior to coating.  This 

again adds to the complexity of a coating process.  In this respect, surface 

modification by surface-active polymer migration seems to be favorable since it 

does not involve any additional facilities.  Nonetheless, the adhesion of the 

surface functional layer could be superior, as the migrated molecular chain ends 

are entangled with the host polymer chains.  Although current study of polymer 

surface migration is very preliminary and is limited to homopolymer or 

monofunctional copolymers, the potential of expanding its versatility with more 

complicated polymers is quite promising.  Recent developments in living radical 

polymerization have allowed for facile synthesis of block copolymers with 

multiple functionalities.  Consequently, many functional monomers, such as 

acrylate derivatives, are commercially available, and a wide selection of 

functionalities from polyethylene glycol (PEG), fluorocarbon, siloxane, amine, 

nanisilica, etc. can be obtained.  These chemicals can be readily used in ATRP 

processes to construct well-defined multifunctional polymer structures. 
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The polymer surface grafting approach has been well studied in the recent 

years and can be used to incorporate almost every type of polymers onto a broad 

range of surfaces.  Although it appears uneconomical to be used as a direct 

modification method for large-scale applications, it provides another feasibility to 

be used as additive for modifying polymer surfaces.  In surface modification, it is 

estimated that only a small amount of material is needed to form a new complex 

layer.  For example, to cover the surface of a 5mm-thick bulk material, the 

amount of nanoparticles needed is less than of 0.01vol%, if there is 500 nm-thick 

nanoparticle-rich layer is to be produced.  A good selection of application 

methods with high application efficiency is capable of turning an expensive 

ingredient into a negligible part.  In fact, the effective use of ingredient/additive 

eventually relies on how it is effectively and easily manipulated. Perhaps one of 

the most direct ways of manipulation is magnetic response.  By using magnetic 

materials such as nickel, iron, or iron oxides nanoparticles as vehicles, functional 

structures attached to these particles could be delivered to desired locations of a 

polymer product.  The attachment of functional species onto magnetic particles 

can now be easily conducted using SI-ATRP technology. 

 

In order to develop a new surface modification approach that integrates the 

molding and coating procedure, we started the “polyshell” project in Aug. 2008.  

The objective of the project is to develop either a polymeric or nanoparticle based 

surface-active-additive (termed as “surfadditive”) that migrates to the surface of 
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the polymer part during processing to form a stable functional shell.  Our concept, 

developed in this work, would allow the additive to be premixed into the resin 

such that no additional processes or steps are required following mold release.  

The characteristics of the surfadditive technology should comply with the 

following facets: 

1. The additive to be designed should have at least one segment compatible 

with the bulk material and the other segment(s) providing functionality 

and surface migration.  The functionality can be chosen from 

copolymerization of derivative monomers having hydrophilic/hydrophobic 

or reactive segments.  Surface migration ability of the surfadditives can be 

obtained by incorporating segments with low surface energy such as 

fluorinated units into the polymer chain, or using magnetic particles that 

can be manipulated by magnetic field.   

2. For the polymeric surfadditive, since the surface energy driven migration 

of polymer in a polymer matrix is dependent on its molecular weight, the 

polydispersity of polymer chains should remain low to achieve uniform 

and faster migration.  Polymer chains with low polydispersity can be 

synthesized by CFRP.  

3. The chain length of polymer sufadditive should be sufficiently long, 

otherwise it could be leached out of the matrix easily during application. 

Thus the molecular weight of additive polymer needs to be optimized by 

controlling the reaction time in a controlled radical process. 
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4. The surfadditive should have sufficient stability during molding process or 

in storage.  Its moisture/heat/pH sensitivity should be optimized.  

 

To make practically useful surfadditives, commercially available or low-cost 

monomers/fillers should be considered with priority.  The modified polymer 

surface should also have the properties comparable or even superior to the 

existing products.  

 

1.2 Surface Topography Modification/ Patterning  

1.2.1 Current Techniques of Surface Patterning 

 
Besides chemistry modification, surface engineering has also taken into 

account the control of morphology (roughness, topography).  Techniques capable 

of fabricating well-defined surface structures at nano- or micrometer scales 

(patterning), have been intensively studied.  On surface patterning, lithography 

was an indispensable contributor which accomplished all kinds of topographic 

structures
83

.  Conventional lithography, including projection lithography and 

scanning beam lithography has been well studied and highly developed for the 

patterned structures.  However, it requires high capital cost facilities and is not 

suitable for high throughput application.  In comparison, some of the 

unconventional lithographic (or nonlithographic) methods such as replica 

molding
84-86

, embossing
87,88

, microcontact printing
89-91

 and edge lithography
92,93
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are more cost effective and offer alternatives to fabricate more complicated 

structures on a variety of materials.  However, the mold/mask/templates used in 

unconventional lithographic methods have to be fabricated by conventional 

lithographic methods or molecular-self assembly.  Although the material 

selectivity or structure versatility of lithographic techniques can be improved by a 

combination of different operations in unconventional approaches, the tedious 

operations as well as low productivity and waste are major obstacles for large-

scale application. 

 

1.2.2 Chatters in Imbalanced Cutting 

Cutting is a dynamic process between the cutting tool and workpiece.  

There are many types of cutting tools designed for difference purposes: e.g., saw, 

drill, milling cutter, lathe, blade, knife, scissors, etc.  Among all kinds of cutting 

process, orthogonal cutting using a knife/blade is the simplest one.  Ideally, any 

cutting process should be conducted at a stable condition; therefore it generates 

separated parts with high quality surface finish.  However, due to multitude facts 

(e.g., environmental resonance, inhomogeneity in sample, poor alignment) or 

external disturbances, there are always vibrations of the cutting tool or work piece 

occurrent.  Such vibrations directly render uneven cutting forces exerted on the 

work piece.  Opposing the cutting force, there is a corresponding force from the 

work piece to balance it.  In most situations, it takes time for the corresponding 

force to change accordingly, and this small delay induces a force imbalance in the 
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system.  The imbalanced cutting then leads to uneven cut in depth and generates 

groovy structures, which are normally called “chatters”.  Since most vibrations are 

unexpected and random in frequency, chatters are normally not uniform in size.  

In fact, it is known that chatters result from vibration cutting and the period of 

chatters is determined by the frequency of vibration.  In practice, people who 

experience chatters most, including mechanical engineers and technicians, are 

making every effort trying to minimize or eliminate chatters.  Unfortunately, no 

one has ever thought about making use of chattering.   

 

1.2.3 A Precision Cutting Tool: Ultramicrotome  

In physical sectioning/cutting, ultramicrotomy is one of the most precise 

facilities that are capable of making high quality sections.  The sections prepared 

by ultramicrotomy are mostly used in electron microscopy, where specified 

thickness from nano- to micrometer scale is needed for high-resolution imaging.  

The photograph of a microtome (Leica UCT
®
) is shown in Figure 1.1.  In general, 

the operation of microtomy is based on the controlled advance and stroke of the 

sample holder towards a stationary knife in controlled steps.  The facility can be 

programmed to make consecutive cuts with desired cutting depth and speed.  In 

each cut, first, the sample arm is given an incremental advance that determines the 

depth of cut; then it moves downwards delivering the specimen to the stationary 

knife.  During the down stroke of the sample arm, the sample is forced against the 

edge of the knife, resulting in a thin section being cut.  After that, the sample arm 
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returns back to the original position before the next step begins.  The mechanism 

controlling the stepping and advance of sample holder is generated by a uniquely 

designed stepping motor and an internal lever, which transforms micrometer-

increment into nanometer-increment steps
92

.  The transformation is so precise that 

each increment can be controlled to a range of 1 nm.  Sections prepared by 

ultramicrotomy are normally collected by the wet-sectioning method.  That is, the 

knife is integrated to a “boat” filled with water.  The water-filled boat has two 

functions: firstly, it lubricates the cutting process, thus reducing damage of the 

sections.  Secondly, the section that falls from the knife-edge, floats on the water 

surface and can be easily picked up using a loop or TEM grid.   

 

Figure 2.1 Photograph of the Leica UCT ultramicrotome. 
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During ultramicrotomy, the sections are more or less compressed along the 

cutting direction.  The degree of compression is dependent on the angle of knife, 

cutting parameters and/or the properties of the materials.  However, it is very 

difficult to totally eliminate compression.  In 2000, Studer and Genaegi invented 

an oscillating knife for ultramicrotomy with the aim to reduce compression
94

.  The 

oscillating knife consisted of a regular diamond knife (45° knife angle) mounted 

with a piezo-transducer (0-2000 Hz).  At low cutting speeds (0.05-0.2 mm/s), it 

was found that the application of oscillating diamond knife almost eliminated 

compression on PS samples.  Later, an oscillating cryo-knife was developed to 

reduce compression of vitreous sections.  Al-amoudi et al. then studied the effects 

of oscillation on sectioning dextran aqueous systems containing yeast and PS 

beads using a 35° oscillating knife
95

.  At the cutting speed of 0.4 mm/s, it was 

found that the compression was reduced to 15-25% from 40-45% with an optimal 

frequency of 20-25 kHz.  They speculated that the compression reduction is 

because that the oscillation cutting reduces cutting angle when the speed of the 

knife (vibration speed) exceeds the speed of sample (cutting speed)
94

.  In Al-

amoudi’s study, it was measured that the amplitude of the knife-edge at 20-25 

kHz was about 20 nm.  That is, the mean speed of the knife-edge was 0.4-0.5 

mm/s, which is close to the speed of the moving sample during cutting.  Upon 

this, it can be expected that the compression reduction effect could be more 

profound if the oscillation frequency is higher or the sample speed is slower.  
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With a fixed oscillation frequency, lower cutting speed is therefore favorable for 

reducing compression.   

 

1.2.4 The Proposal of Controlled Chattering 

As mentioned in section 1.2.2, chatters are resulted from unexpected 

vibration during a cutting process.  The size of chatters is related to the vibration 

frequency as well as the cutting speed.  At a given vibration frequency, a higher 

cutting speed is prone to generate larger chatters
96

.  Since chatters are unwanted, 

people normally operate cutting at lower speed.  On the other hand, in order to 

reduce compression, it is preferred to conduct cutting at higher cutting speed in 

conventional microtomy.  The invention of oscillation knife provides another 

approach to reduce compression during microtomy, however the oscillation 

cutting mechanism suggests using a low cutting speed.  For example, when 

prepare sections for most plastic or metal specimens, cutting speed should be < 2 

mm/s.  In fact, the microtome can be adjusted to a wide range of cutting speeds 

from 10
-2 

mm/s to 10
2 

mm/s.  Regardless of the original purpose of designing an 

oscillation diamond knife for microtomy, its capability of functioning at highly 

controlled oscillation frequency appears to be a valuable asset to us.  We are 

interested in extending the chattering study using a controlled vibration cutting 

tool, by which the chattering frequency can be controlled at a given cutting 

condition.  Fortunately, the commercial oscillation diamond knife is tunable from 

25 kHz to 45 kHz in frequency, and 0-30 V in output voltage.  Our idea was that, 
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if vibration could be controlled, chattering should be manipulative as well.  As a 

result, the size of wavy structure should be tunable through adjusting cutting 

conditions such as cutting speed or oscillation frequency.  It is known that 

patterns with feature sizes in the nano- or sub-micrometer scale are highly 

demanded for applications in photovoltaic, optical or biological applications.  The 

fabrication of highly controllable nanopatterns by means of controlled chattering 

represents a new nonlithographic technique for nanofabrication.  In addition, the 

controlled chattering process is a fast operation that could be finished in one step, 

involves no chemical reactions or treatment, and does not generate byproducts or 

pollutions, which is an ideal “green” process.  
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Chapter 2 Research Objectives and Thesis 

Outline 

 

2.1 Research Objectives 

 
We were aimed to develop new technologies that are capable of modifying 

polymer surfaces in one step with less expensive facilities.  To modify polymer 

surface chemistry, a surface-active-additive (surfadditive) approach was proposed.  

This approach is to be integrated with the plastic molding process, in which 

surfadditive and plastic granule or powder are premixed, and the surfadditive 

molecules migrate to the surface of the parts during the molding process.  Such 

surfadditives, should have three major components: a functionality providing 

surface property modification, a manipulable composition driving additive to bulk 

surface and a compatible segment ensuring permanent surface modification.  

Since acrylic plastics are one of the mostly used materials in industry, we decided 

to synthesis methacrylate based surfadditives to prove the concept.  To 

demonstrate this proposal, two types of surfadditives are to be synthesized and 

characterized:  

1. A telechelic copolymer having the head-neck-body structure;  

2. A magnetic nanoparticle grafted with functional polymeric brushes.   
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Besides, the applications of surfadditives in typical molding processes are to be 

investigated.  Effects of surfadditive loading, processing methods and conditions 

on surface modification are to be studied. 

 

In modifying polymer surface topography, a nonlithographic 

nanopatterning method based on chattering is proposed.  Knowing that chatters 

are resulted from uncontrolled vibration in unstable cutting, we hypothesize that 

uniform “chatters” can be produced by conducting vibration cutting with a 

controlled oscillation source.  To testify this, the oscillation diamond knife 

(DIATOME®) is to be used in a microtome system.  Representative polymers, 

both thermoplastic and thermosetting, are to be tested.  Optimal cutting 

conditions, including cutting speed, oscillation frequency or cutting depth are to 

be investigated.   

 

2.2 Thesis Outline 

 
This thesis is composed of 8 chapters and one appendix.  The first two 

chapters provide a general introduction of the research background, objective and 

thesis outline.   

 

Chapter 3, entitled “novel polymeric surfadditives synthesized via atom 

transfer radical polymerization and their surface migration properties”, reports the 
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synthesis and application of block copolymer surfadditives bearing head-neck-

body structure.  Two types of polymers having similar body structure but different 

head and neck components were synthesized and applied to injection molding and 

casting process of acrylic plastic. The effect of surfadditive concentration, 

molding temperature, molecular structure as well as mold surface on surface 

modification was studied.   

 

Chapter 4, entitled “Magnetic organo-silica nanoparticles for localized 

polymer surface modification”, consists the synthesis and application of a 

magnetic surfadditive for polymer surface chemistry modification.   Synthesis 

work includes preparation of initiator grafted iron nanoparticles, surface-initiated 

ATRP of methacrylated POSS monomer and MMA.  Successful synthesis of 

functional magnetic particles was demonstrated by various characterization 

methods.  The magnetic nanoparticles were incorporated to MMA syrup in a 

casting process.  The effect surface modification with various amounts of 

surfadditives was demonstrated.  

 

Chapter 5, entitled “Controlled chattering - a new “cutting edge” 

technology for nanofabrication” is an article published in Nanotechnology, 2010, 

21: 355302.  This article reports a new nanofabrication method for preparing 

wavy patterns on polymer surfaces using a microtomy facility.  The concept of 

“controlled chattering” was introduced for the first time.  Proof-of-concept results 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 33 

on PMMA were provided, and the size of patterns was successfully controlled 

from 30nm to micrometer scale.  Large-scale uniformity of patterns was 

demonstrated by diffraction experiments. 

 

Chapter 6, entitled “Controlled Chattering on PMMA and epoxy: effect of 

crosslinking and cutting speed on pattern formation” is an article to be published 

in the journal of Polymer.  This article reports an in-depth study of controlled 

chattering technology in terms of crosslinking degree, mechanical properties, and 

cutting speed.  Results on representative thermoplastic and thermosetting 

polymers (PMMA and epoxy) were compared.  A linear relationship between the 

cutting speed and pattern size were found. The slope of the linear relation was 

correlated to the compression theory in cutting process.    

 

Chapter 7, entitled “A mechanical approach for the fabrication of polymer 

and metal nanowires” is an article submitted to the journal of Nanotechnology.  

This article reports a new method for the fabrication of nanowires based on 

controlled chattering technology. This method was demonstrated on both polymer 

and soft metals such as aluminum and copper.  Through adjusting cutting depth 

and wavy phase alignment, nanowires with ribbon-like or rod-like structures were 

fabricated.  The size of nanowires was tunable from sub-100nm to over 1 

micrometer by changing cutting depth or speed. The aspect ratio of nanowires 

fabricated by this method can as high as 10
4
. 
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Chapter 8 summarizes the major contribution of this thesis and provides 

perspectives for future work on polymer surface engineering. 

 

Appendix A consists an article entitled “Diffusion of semi-flexible 

polyelectrolyte through nanochannels” which is published in AIChE Journal, 

2010, 56(7): 1684-1692.  This part of work was conducted in the first year of PhD 

program, and was aimed to investigate the confined diffusion of sodium 

polystyrene sulphonate (PSS) molecule through the track-etched polycarbonate 

membranes using a custom designed diffusion cell.  A series of PSS standards 

diffusing through polycarbonate membranes with different pore sizes in salt-free 

solutions were studied.  A crossover region between free diffusion (3D) and 

highly confined diffusion (1D) was identified.   

 

Appendix B provides additional TEM images of PMMA and metal 

nanowires fabricated by controlled chattering. 
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Chapter 3 Novel Polymeric Surfadditives 

Synthesized via Atom Transfer Radical 

Polymerization and Their Surface 

Migration Properties 

This chapter is reproduced based on the article by Gu H. Zhang J. Faucher S. and 

Zhu S., Novel Polymeric Surfadditives Synthesized via Atom Transfer Radical 

Polymerization and Their Surface Migration Properties.  Macromolecular 

Reaction Engineering, 2011, in press. Copyright © 2011 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 
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3.1 Abstract  

Multi-functional tri-block copolymers having fluorinated and 

triethoxysilane side chains and polymethacrylate backbone have been synthesized 

and used as surface-active additives (termed as “surfadditive”) in molding and 

casting acrylic parts.  The fluorinated block facilitates migration of surfadditive 

molecules to the part surface and the acrylate block provides rooting to the part 

matrix, while the silane block offers functionality to the part surface.  This 

uniquely designed surfadditive allows surface functionalization and modification 

without post-processing steps.  This work reports the design and synthesis of 

surfadditives and demonstrates their surface enrichment in molding and cell 

casting of poly(methyl methacrylate) (PMMA) samples.  The effects of 

processing temperature, surfadditive structure and concentration, as well as mold 

surface property on the surface modification are systematically investigated. 

 

3.2 Introduction 

Materials having specific surface properties different from bulk have been 

of great interest in the recent years.  There are many different approaches 

developed in polymer surface modification for improving adhesion, wettability, 

biocompatibility, chemical/mechanical resistance, etc.  These approaches such as 

various coatings
1-5

, surface radiation by plasma or UV
6-10

, surface roughening by 

chemical/physical treatments
11,12

, and surface grafting of functional polymers or 
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monomers
13,14

 have been highly developed in the recent decades.  However, most 

of these technologies involve multiple steps in operation and some of them are 

limited to treat small-sized parts only. In comparison, surface modification by 

adding low surface energy additives during processing is simple and more 

flexible
15-17

.  Previous studies on the low surface energy additives have been 

mainly focused on monofunctional polymers, such as fluorinated block 

copolymer, for the purpose of increasing hydrophobicity of the polymer 

surfaces
17

.  The design and synthesis of multi-functional additives for surface 

functionalization and modification however have been rarely explored. 

 

In a motivation to develop multi-functional surface-active additives 

(termed as “surfadditives”) that can be used to modify polymer surface properties 

in molding and casting, we synthesized and tested telechelic acrylic tri-block 

copolymers having fluorinated, ethoxysilyl and methacrylic functionalities via 

atom transfer radical polymerization (ATRP).  A surfadditive molecule has a 

“head-neck-body” structure with its “body” being compatible with the bulk 

material while “head” and “neck” provide functionalities.  Either the “head” or 

“neck” is required to have a low surface free energy, such as fluorinated 

segments.  Scheme 3.1 shows the schematic design of the surfadditive molecules 

and their migration processes.  The surfadditive must be miscible with bulk 

materials, however, during molding or casting, the molecules can preferentially 
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migrate/segregate to the surface driven by surface energy difference between the 

surfadditive and bulk materials. 

 

 

Scheme 3.1 (a) Surfadditive molecules having a “head-neck-body” structure 

are premixed with the bulk substrate material. (b) The surfadditive molecules 

migrate to the substrate surface with their “head” or “neck” parts towards the 

outmost surface and a surfadditive-rich layer is thus formed on the sample surface. 

 

This design of surfadditive requires synthesis of well-controlled tri-block 

acrylic copolymers.  Fortunately, the development of atom transfer radical 

polymerization (ATRP) has provided a powerful tool for such purpose.  It allows 

for easy control of molecular functionality and sequence with functionalized 

initiator and/or monomer.  For example, fluorinated polymers were synthesized 

via ATRP from fluorinated monomer or fluorinated initiator with controlled 

molecule structure
18-21

.  Crosslinkable polymers could also be synthesized from 

acrylic monomers containing pendent trialkoxysilyl groups.  In the surface 

chemistry, hydrolyzed -SiOH groups normally serve as a primer that facilitates 
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successive surface modification.  An industrial example is 3-trimethoxysilyl 

propyl methacrylate (TMSPMA).  Well-controlled TMSPMA samples were 

successfully prepared via ATRP
22, 23

.  However, the methoxysilyl group is very 

sensitive to moisture and it hydrolyzes rapidly in air.  Preservation and 

polymerization of methoxysilyl-containing monomers require a very strict 

anhydrous condition.  In comparison, 3-triethoxy propylmethacrylate (TESPMA) 

is more stable and the ethoxysilyl group hydrolyzes more slowly than 

methoxysilyl functionalized chemicals.  This stability requirement is essential 

because the product must remain dormant during molding/casting but can be 

reactivated under a certain condition later. 

 

In this work, two types of surfadditives containing both fluorocarbon and 

triethoxysilyl moieties are synthesized in a one-pot process and characterized by 

various means that include GPC, NMR and DSC.  The surface migration property 

of the surfadditives and the effect of the processing conditions on PMMA surface 

modification were investigated by water contact angle measurements and EDX 

analysis. 

 

3.3 Experimental Section 

3.3.1 Materials 

Table 3.1 summarizes the chemicals used in this work and their specifications. 

Table 3.1 List of chemicals and their specifications 
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Chemicals Abbrev. Grade, Supplier Purpose 

toluene
a 

 HPLC, Aldrich 
solvent, synthesis of initiator 

Br-MTESP 

tetrahydrofuran
a 

THF HPLC, Aldrich 
solvent, synthesis of initiator 

PFOBMP 

trifluorotoluene
a 

TFT 
anhydrous, ≥99%, 

Sigma-Aldrich 

solvent, ATRP of TEOSi-

FMA-MMA 

anisole
a 

 
Anhydrous, 99.7%, 

Sigma-Aldrich 

solvent, ATRP of PFO-

SiMA-MMA 

(3-

aminopropyl)trimethoxys

ilane  

APTES 97%, Aldrich 
reactant, synthesis of 

initiator Br-MTESP 

-bromoisobutyryl 

bromide 
BiBB 98%, Aldrich 

reactant, synthesis of 

initiator Br-MTESP and 

PFOBMP 

1H,1H-perfluoro-1-

nonanol 
PFNOL 98%, Exfluor Corp. 

reactant, synthesis of 

initiator PFOBMP 

sodium chloride NaCl 
>99%, Caledon 

laboratories Ltd. 

purificant, synthesis of 

initiator PFOBMP 

sodium bicarbonate NaHCO3 
ACS, EMD Chemicals 

Inc. 

purificant, synthesis of 

initiator PFOBMP 

calcium chloride CaCl2 
anhydrous, 

Fisher Scientific 

purificant, synthesis of 

initiator PFOBMP 

pentane
 

 
HPLC, ≥99.0%, 

Sigma-Aldrich 

eluent, chromatography of 

PFOBMP 

diethyl ether
 

 
HPLC, ≥99.9%, 

Sigma-Aldrich 

eluent, chromatography of 

PFOBMP 

triethylamine  TEA 99.5%, Aldrich 

catalyst, synthesis of 

initiator Br-MTESP and 

PFOBMP 

copper bromide CuBr 99.999% Aldrich 
catalyst, ATRP of both 

polymers 

N,N,N’,N”,N”-

pentamethyldiethylenetri

amine  

PMDETA 99%, Aldrich 
ligand, ATRP of both 

polymers 

1H,1H-perfluoro-n-decyl 

acrylate
b PFDA 

97%, Exfluor Res. 

Corp. 

monomer 1, ATRP of 

TEOSi-FMA-MMA 

methacryloxypropyl 3-

(triethoxysil) 

propylmethacrylate
b 

TESPMA 99%, Gelest 
monomer 1, ATRP of PFO-

SiMA-MMA 

methyl methacrylate 
b 

MMA 99%, Aldrich 

monomer 2, ATRP of 

TEOSi-FMA-MMA and 

PFO-SiMA-MMA 

methanol 
a 

methanol HPLC, Aldrich 
precipitator, TEOSi-FMA-

MMA purification 

dimethyl sulfoxide 
a 

DMSO 
99.9%, 

Fisher Scientific 

precipitator, 

PFO-SiMA-MMA 

purification 
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a 
Solvents were dried over CaH2 and distilled under reduced pressure.  

b
 Inhibitor 

in monomers was removed by passing monomer through an inhibitor remover 

column (Aldrich).  Monomers were dried using molecular sieves for a few days 

and stored in freezer under nitrogen protection. 

 

3.3.2 Synthesis of Functionalized ATRP Initiators 

 The ATRP initiator bearing triethoxy silane moiety: 2-bromo-2-methyl-N-

(3-(triethoxysilyl)propyl) propanamide (Br-MTESP,) was synthesized according 

to reference
24

.  The second type of ATRP initiator: (perfluoro-octyl)-2-bromo-2-

methyl-propionate (PFOBMP) was synthesized as follows: 5.55 g TEA (55 mmol) 

and 22.5 g 1H,1H-perfluoro-1-nonanol (PFNOL, 50 mmol) and 120 ml THF were 

well mixed in a round bottom flask immersed in an ice bath.  BiBB of 12.8 g (56 

mmol) diluted with 20ml THF was then added dropwisely to the stirred solution 

through a funnel.  The reaction was carried out in an ice bath for 3 hours, and then 

at room temperature for another 18 hours.  THF in the resultant mixture was then 

evaporated using a rotary evaporator.  Subsequently, the mixture was diluted with 

300 ml of ethyl acetate and was washed with 200 ml de-ionized (DI) water, 200 

ml NaHCO3 solution (0.02 mol/L), 200 ml NaCl solution (0.02 mol/L) and finally 

with 200 ml DI water twice.  The top layer of the liquid was collected and dried 

with anhydrous CaCl2.  After 24 hours, the mixture was filtered to remove CaCl2 

and was then rotary evaporated to remove ethyl acetate.  The crude yield of this 

reaction was about 75%.  The resultant product was further purified with a 
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chromatography column.  The column was built with 60 Å silica gel, 

pentane/diethyl ether (1/9) was used as eluent. 

 

3.3.3 Synthesis of TEOSi-FMA-MMA Block Copolymer   

 

A typical procedure for the synthesis of TEOSi-FMA-MMA in one pot is 

shown in Scheme 3.2.  (1) 28.62 mg CuBr (0.2 mmol), 35 mg PMDETA (0.2 

mmol), 4.68 g PFDA (10 mmol) and 5ml anhydrous TFT were mixed in a 50 ml 

three-neck flask with vigorous stirring.  One of the necks was connected to a 

condenser to reflux the evaporated solvent.  The other two necks were sealed with 

rubber septums, and were used for feeding and nitrogen purging.  (2) 0.37 g Br-

MTESP (1 mmol) and 5ml of TFT were mixed in a 10 ml pear-shaped flask.  Both 

mixtures were deoxygenated through five vacuum-refill cycles of nitrogen, and 

bubbled with nitrogen for another 30 min.  (3) The mixture in 50 ml three-neck 

flask was placed into an oil bath preheated to 90˚C.  The polymerization started 

with an injection of Br-MTESP/TFT solution through the rubber septum.  (4) 

After 45 minutes, 10.5 ml deoxygenated MMA was injected into the 50 ml flask.  

The reaction was carried out for another 3 hours under nitrogen protection.  (5) 

Finally, the polymer mixture was stopped by exposure to air. Polymer was 

precipitated in anhydrous cold methanol, filtered and was repeated for three times 

to remove excess monomer, solvent and copper.  The purified polymer was dried 

in a vacuum oven at 40˚C overnight. 
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Scheme 3.2 One-pot synthesis of TEOSi-FMA-MMA block copolymer via 

ATRP in TFT using Br-MTESP as the initiator, PFDA as first monomer and 

MMA as the second monomer. 

 

3.3.4 Synthesis of PFO-SiMA-MMA Block Copolymer 

 
The synthesis of PFO-SiMA-MMA as shown in Scheme 3.3 was 

conducted in the following procedure: (1) 28.7 mg CuBr (2 mmol), 34.7 mg 

PMDETA (2 mmol), 5.8 g TESPMA (10 mmol) and 5 ml anhydrous anisole were 

added into in a 50 ml three-neck flask containing a magnetic stirrer bar.  The flask 

was deoxygenated through five vacuum-refilling cycles of nitrogen and bubbled 

with nitrogen for another 30 min before reaction.  (2) 1.20 g PFOBMP (1 mmol) 

was dissolved in 5ml anhydrous anisole in another container and the mixture was 

deoxygenated in a similar procedure.  (3) The 50 ml flask was then placed into an 

oil bath preheated to 90˚C.  A condenser was attached to the top of the reactor to 

circumfluence solvent and monomer.  The polymerization started when 
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PFOBMP/anisole solution was transferred into the flask through a double-tipped 

needle purged by nitrogen.  The mixture was stirred vigorously and was protected 

with continuous nitrogen flow all through the reaction.  (4) After 150 minutes of 

polymerization, 10.5 ml MMA was transferred to the flask through a double-

tipped needle similar to the procedure in (3).  (5) After 18 hours, the 

polymerization was stopped by exposure to air.  The polymer was precipitated in 

DMSO for three times to get rid of monomer and ligands.  It was then diluted in 

THF and filtered through basic alumina to remove copper.  The final product was 

obtained by vacuum dry under 80˚C overnight. 

 

 

 

Scheme 3.3 One-pot synthesis of PFO-SiMA-MMA block copolymer via 

ATRP in anisole using PFOBMP as the initiator, TESPMA as the first monomer 

and MMA as the second monomer. 
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3.3.5 Preparation of Parts by Injection Molding 

A desired amount of surfadditive was mixed with PMMA powder (Mw: 

350,000 g/mol, Aldrich) inside a laboratory mixing molder (Atlas LMM) at 

temperatures from 140 to 220˚C.  The mixture was sufficiently mixed with a 

rotating screw operated at 100 rpm.  After a certain period of mixing, the screw 

was then pushed forward so that the sample melt was extruded and injected into 

an aluminum mold to form a 40 15 3 mm (L W D) part.  The polymer 

together with the mold was then air cooled to room temperature and released from 

the mold. 

 

3.3.6 Preparation of Parts by Cell Casting 

A desired amount of surfadditive was mixed with MMA/PMMA solution 

containing 10wt% of PMMA (Mw: 350,000 g/mol, Aldrich) in MMA and 0.1wt% 

of BPO.  The addition of PMMA was to obtain a proper solution viscosity for 

casting. The mixture of 4ml was injected into a glass mold.  The chamber size was 

50 mm in diameter and 2mm in thickness.  The mixture was allowed to 

polymerize for 8 hours at 60˚C and another 4 hours at 120˚C.  In the experiments 

of studying the effect of mold surface on surfadditive migration, the inner surface 

of glass mold was covered with an FEP thin film (0.0035” thick, McMaster-Carr). 
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3.3.7 Characterization Methods 

3.3.7.1 Molecular Weight 

The relative number-average molecular weight (Mn) and polydipersity 

index (PDI) of the polymers were measured by gel permeation chromatography 

(GPC, Waters).  DMF was used as eluent because it dissolved fluorinated 

oligomer better than THF.  The flow rate of DMF was 0.5 ml/min.  The 

calibration range was 700 to 35,000 g/mol based on PMMA standards.   

 

3.3.7.2 Nuclear Magnetic Resonance Spectrum 

1
H-NMR spectra were conducted on a Bruker AV200 NMR instrument.  

Most samples were tested using CDCl3 as solvent.  However, the fluorinated 

oligomer obtained from Br-MTESP initiated PFDA polymerization in the 

synthesis of TEOSi-FMA-MMA was not soluble in regular deuterated solvents.  

1
H-NMR spectrum of oligomer was obtained in a mixed solvent of TFT and 

CDCl3. 

 

3.3.7.3 Differential Scanning Calorimetry (DSC) Measurements 

The glass transition temperatures (Tg) of the polymer samples were 

measured in a differential scanning calorimetry (DSC Q200, TA instrument).  

Two heating cycles from 0˚C to 300˚C at a heating and cooling rate of 15˚C/min 

were used.  The glass transition temperature was estimated based on the 
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intersection of two tangents at the start of the corresponding endotherm in the 

second heating cycle. 

 

3.3.7.4 Water Contact Angle (WCA) Measurement 

The WCA of the molded or casted parts were measured by a standard 

goniometer (Ramé-hart instrument Co.) at room temperature (22˚C).  The 

reported water contact angle values were the average of 15 measurements in 15 

seconds.  Each sample was measured for 6 times at different locations to estimate 

the standard deviation. 

 

3.3.7.5 Energy Dispersive X-ray (EDX) Spectroscopy 

The EDX measurements were conducted on a Tescan Vega II LSU 

scanning electron microscope (Tescan USA, PA) facility with X-Max 80 detector 

(Oxford Instruments, MA).  The accelerate voltage was set to 5 kV.  Six-to-ten 

spots were taken and analyzed in each measurement to obtain the standard 

deviation of the elemental data. 

 

3.4 Results and Discussion 

3.4.1 Synthesis of Surfadditives 

Successful ATRP of fluorinated acrylate/methacrylate monomers has been 

reported in literatures using TFT as solvent, CuBr as catalyst and PMDETA as 

ligand
25, 26

.  In the synthesis of TEOSi-FMA-MMA block copolymers, the initial 

http://www.ramehart.com/
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molar ratio of the initiator Br-MTESP as the “head” to monomer 1H,1H-

perfluoro-n-decyl acrylate (PFDA) was 1:10.  
1
H NMR spectra of Br-MTESP, 

PFDA and the reaction mixture after 45 min polymerization were shown in Figure 

3.1(A), (B) and (C).  The presence of the peaks at 2.0-1.8 ppm and the 

precipitated polymer confirmed the formation of fluorinated oligomers
27

.  By 

comparing the peak areas of the resonance at 4.6 ppm (C7F15-CH2-O- protons of 

the monomer and polymer) with those at 6.1 and 5.4 ppm (CH2=C(CH3) olefinic 

protons in the monomer), the PFDA conversion can be estimated from [A4.6-

(A6.1+A5.4)]/A4.6×100%.  The conversion of PFDA reached 25% after 45 min of 

reaction.  That is, there were 2.5 monomer units in average incorporated into the 

“neck” of each polymer chain.  In the second step of polymerization, 

deoxygenized MMA as the “body” (MMA: initiator=100:1 in mole) was injected 

to the reactor.  The conversion of MMA reached 30% based on gravimetry 

measurement after 3 hours of polymerization.  Since MMA is much more reactive 

than fluorinated methacrylate in copolymerization 
28

 and the molar ratio of MMA 

to PFDA is 100:7.5, PFDA copolymerized in the second step can be neglected.  

Based on the conversion data, the molecular weight of TEOSi-FMA-MMA was 

estimated to be 4,500 g/mol from MW = MWBr-MTESP + MWPFDA×2.5 + 

MWMMA×30.  Table 3.2 summarizes the ATRP of TEOSi-FMA-MMA. 
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Figure 3.1 
1
H NMR spectra of (A) Br-MTESP (initiator) in CDCl3, (B) PFDA 

(monomer) in CDCl3 and (C) the reaction mixture of TEOSi-FMA (oligomer) and 

PFDA (monomer) in TFT and CDCl3.  The signals marked by “*” are assigned to 

solvents. 
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Table 3.2 ATRP recipe and results of TEOSi-FMA-PMMA and PFO-SiMA-

PMMA 

Polymer 
[I]

a
/[M1] 

/[MMA] 

M1 conv. 

(%)
b 

MMA 

Conv. 

(%)
c 

MWTheo
d

. 

g/mol 

Mn,GPC. 

(g/mol)/PDI 

F count 

(n/chain) 

Si count 

(n/chain) 

TEOSi-

FMA-

PMMA 

1:10:100 25 (PFDA) 30 4,500 5,500/1.8 37.5 1 

PFO-

SiMA-

PMMA 

1:10:100 
85 

(TESPMA) 
29 6,000 6,700/1.6 17 8.5 

a
 Initiator was Br-MTESP for TEOSi-FMA-PMMA and PFOBMP for PFO-

SiMA-MMA. 

b
 Conversion data were estimated from 

1
H NMR spectra. 

c
 Conversion data were obtained using gravimetric method. 

d
 Theoretical molecular weight was calculated based on NMR results. 

 

Similarly, PFO-SiMA-MMA was synthesized in one-pot with PFOBMP as 

initiator (“head”), methacryloxypropyl 3-(triethoxysil) propylmethacrylate 

(TESPMA) (“neck”) and MMA (“body”) as the first and second monomer.  

Anisole was chosen as solvent because it was a better solvent for the fluorinated 

oligomer (PFO-SiMA) than other nonpolar solvents.  Successful ATRP of 

TESPMA in anisole mediated by CuBr/PMDETA was reported elsewhere
29

. The 

initial molar ratio of the initiator PFOBMP to the monomer TESPMA was 1:10 

(Table 3.2).  
1
H NMR spectra of PFOBMP, TESPMA and the reaction mixture 

after 150 min of polymerization are shown in Figure 3.2(A), (B) and (C).  The 
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TESPMA conversion was obtained from the integrated areas for olefinic 

CH2=C(CH3)-protons (0.61 and 0.55 ppm) for TESPMA as compared with the 

peak area of –CH2-Si- in TESPMA and oligomer at 0.6-0.7 ppm.  The conversion 

reached 85% in 150 min.  That is, 8.5 monomer units were incorporated into each 

chain as the “neck” prior to the addition of MMA.  In the second step of 

polymerization, deoxygenated MMA of 100 to 1 based on the initiator was added 

for the chain extension.  The second step of polymerization was carried out for 18 

hours at 90˚C, and the MMA conversion was measured 29% gravimetrically (29 

PMMA units).  The molecular weight of PFO-SiMA-MMA block copolymer was 

estimated 6,000 g/mol from MW2 = MWPFOBMP + MWTESPMA×8.5 + MWMMA×29 

(Table 3.2). 
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Figure 3.2 
1
H NMR spectra of (A) PFOBMP (initiator) in CDCl3, (B) 

TESPMA (monomer) in CDCl3 and (C) the reaction mixture of PFO-SiMA 

(oligomer) and TESPMA (monomer) in anisole and CDCl3.  The signals marked 

by “*” are assigned to solvents. 
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3.4.1 Characterization of Surfadditives 

 

Figure 3.3 gives the GPC elution curves of oligomers and surfadditive 

polymers in DMF.  It was not possible for us to measure the molecular weight of 

the TEOSi-FMA (the first block of oligomer obtained in the synthesis of TEOSi-

FMA-MMA), since its solubility in regular non-fluorinated solvent was very poor.  

However, the first block of oligomer in the synthesis of PFO-SiMA-MMA 

(shown as PFO-SiMA) was soluble in DMF and the relative molecular weight 

from PMMA-calibrated GPC was about 2,400 g/mol.  A PDI of 1.4 suggested that 

the polymerization of TESPMA initiated by PFOBMP followed a controlled 

radical polymerization mechanism.  The molecular weights of TEOSi-FMA-

MMA and PFO-SiMA-MMA obtained were 5,500 g/mol and 6,700g/mol, which 

were slightly larger than those estimated from the NMR and gravimetric results 

(Table 3.2).  The PDI of TEOSi-FMA-MMA and PFO-SiMA-MMA were 1.6 and 

1.8, respectively, indicating good control in the one-pot synthesis of block 

copolymers mediated by copper(I) bromide/PMDETA (please note that short 

chains normally have much higher polydispersity than long chains and the 

polydispersity decreases with chain length in controlled/living radical 

polymerization). 
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Figure 3.3 GPC elution curves of PFO-SiMA, PFO-SiMA-MMA and TEOSi-

FMA-MMA using DMF as eluent. 

 

The thermal properties of raw PMMA powder and the surfadditives were 

studied by DSC at a heating rate of 15˚C/min.  Figure 3.4 shows that the Tg of 

PMMA bulk material (MW: 350,000 g/mol) was 128˚C, while those of TEOSi-

FMA-MMA and PFO-SiMA-MMA were 112 ˚C and 86 ˚C, respectively.  It is 

well known that the Tg of PMMA prepared by free radical polymerization is about 

105 ˚C.  However, it has also been reported that using different initiators, PMMA 

samples prepared from free radical polymerization could have their Tg value 

varied from 104˚C to 128˚C 
30

.  The differences of Tg between TEOSi-FMA-
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MMA and PFO-SiMA-MMA and PMMA bulk materials suggested the effect of 

fluorinated and siloxane blocks on the PMMA thermal properties. However the 

different Tg's between TEOSi-FMA-MMA and PFO-SiMA-MMA merely 

indicated different effects of fluorinated and siloxane blocks on the PMMA 

thermal properties, which could also be attributed to the sequence of functional 

structures (e.g. the fluorinated moiety was in the PFO-SiMA-MMA chain end 

while it was in the TEOSi-FMA-MMA side chain). It should be pointed out that 

this comparison between the Tgs of the surfadditives and that of the bulk PMMA 

demonstrated that the surfadditives could be applied to the exiting molding 

processes of PMMA without alternating operation temperature (i.e., the Tg of 

both surfadditives are lower that of PMMA). 
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Figure 3.4 DSC measurements of three polymer samples carried out at 

15˚C/min heating rate.  The solid curve is PMMA having molecular weight 

350,000 g/mol.  The dashed and dash-dotted curves are TEOSi-FMA-MMA and 

PFO-SiMA-MMA, respectively. 

 

 

3.4.2 Effect of Processing Temperature on Surface Modification 

 

For thermoplastic materials, extrusion and injection molding are the most 

widely used processes in industry for manufacturing small to medium sized parts.  
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In the injection molding experiments of PMMA, various amounts of surfadditives 

were pre-mixed with PMMA in a mini-mixing molder (ATLAS LMM) at the 

molten state.  After injected into the mold, the surfadditive molecules started to 

migrate from the melt to surface, as the surface energy of the fluorinated molecule 

was much lower
31,32

.  A typical industrial injection molding process takes less 

than one minute for a single injection cycle
33

.  However, in this study, the injected 

mold was hold for an extra hour with heating to enhance migration of the 

surfadditive molecules.  The effects of processing temperature and surfadditive 

concentration on the part surface properties were examined. 

 

The PMMA parts with TEOSi-FMA-MMA as additive were molded at 

different temperatures from 140˚ to 220˚, all above their transition temperatures.  

The injection mold was made of aluminum and the inner surface was polished for 

smooth part surface.  The wettability of the PMMA parts was studied by water 

contact angle (WCA) measurements.  Figure 3.5 shows that the WCA’s of the 

control samples of PMMA and TEOSi-FMA-MMA molded at 180˚C were 80˚ 

and 108˚, respectively.  The incorporation of 1wt% TEOSi-FMA-MMA into 

MMA resulted in an increase of WCA from 80˚ to over 95˚.  The migration of the 

surfadditive molecules in the melt was dependent on viscosity of the system.  

Increasing temperature resulted in lower viscosity and thus facilitated the 

migration.  The optimal processing temperature for molding PMMA with TEOSi-

FMA-MMA was found to be about 180˚C.  Further increase of temperature did 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 58 

not change the WCA much.  The significant increase of WCA of these samples 

confirmed that the PMMA part surfaces were enriched with the fluorinated 

surfadditive molecules. 

 

Figure 3.5 Water contact angle of the PMMA parts molded with TEOSi-

FMA-MMA at different temperatures.  The pure PMMA and TEOSi-FMA-MMA 

control samples were processed at 180˚C. 

 

3.4.3 Effect of Surfadditive Concentration on PMMA Surface 

Modification 
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The effect of surfadditive concentration on the surface property was also 

studied by adding different amount of TEOSi-FMA-MMA into PMMA raw 

materials.  Figure 3.6 gives the WCA data of the PMMA parts containing 1 to 5wt% 

of TEOSi-FMA-MMA molded at 180˚C for 1 hour.  As the surfadditive 

concentration increased from 0 to 5%, the WCA increased from 78 to 105.  For 

a thin film fabricated from the pure surfadditive, the WCA was 110.  It becomes 

clear that the surface coverage of surfadditive was not complete.  Ideally, if the 

time for the surfadditive migration was sufficient, the part surfaces should be fully 

covered by the surfadditive molecules for the lowest surface energy.  However, in 

this work, as shown in Figure 3.6, adding 1% surfadditive increased the WCA of 

PMMA from 78 to 96.  Further increase of the concentration resulted in only a 

mild increase in the WCA. 

 

Figure 3.6 Effect of TEOSi-FMA-MMA concentration on water contact angle 

of the parts molded at 180˚C. 
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For a 2-3mm thick part, the amount of surfadditive required for a mono-

layer surface was estimated to be <10
-3

 % of the total weight.  The surfadditive 

amount used in this work was about 3 orders of magnitude higher, suggesting the 

presence of surfadditive molecules in the bulk matrix.  In the other extreme case, 

if the surfadditive molecules were homogenously distributed in the bulk (i.e., no 

migration), its concentration on the surface region should be the same as in the 

bulk.  However, this was not the case, either.  The time scale in molding the parts 

might be a factor that limited the migration of surfadditive molecules to surface.  

The diffusion coefficient of such surfadditive molecules in the PMMA melt was 

estimated to be in the order of 10
-12

 -10
-14

 cm
2
/s, depending on the melt viscosity 

34
.  A time scale of 1 hour was not adequate for surfadditive migration through a 3 

mm thick film.  However, most industrial injection molding processes take only a 

few seconds or minutes to finish.  Therefore, an enhanced post-treatment process 

to facilitate sufficient surface migration of the surfadditive molecules becomes 

necessary.  

 

3.4.4 Effect of Mold Surface on Surface Modification 

 

In addition, we also evaluated the surfadditive approach for casting 

processes that often involve much longer time than injection molding.  Generally, 

the casting processes have advantages in producing thick acrylic boards.  The 
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major difference between casting (both cell casting and continuous casting) and 

other processes lies in their operation pressure and raw materials.  In extrusion 

and injection molding, the raw materials are usually powders or pellets.  The melt 

viscosity in mold is high
35

.  In contrast, the raw materials for cell casting are 

liquid resins, such as monomers, syrups or low molecular weight thermosets, 

which have much lower viscosities than polymer melts.  The viscosity increases 

during casting, particularly in the late stage, and the overall time scale is usually 

about 5 to 20 hours 
20, 31

.  

 

In the cell casting experiments, we used two types of molds, i.e., bare 

glass molds and fluorinated ethylene propylene (FEP) covered glass molds.  We 

chose FEP instead of PTFE for smooth surfaces to minimize the effect of surface 

roughness on the WCA measurements.  Figure 3.7 shows the WCA data of 

PMMA parts casted from the different molds with 1 wt% surfadditive addition.  

The FEP molds always gave higher WCA than the glass counterparts.  For the 

control samples of pure PMMA, the difference between the two molds was about 

10°.  This difference could be attributed to a surface roughness effect.  We 

measured the mold surface roughness by a profilometer, where the glass mold was 

30 nm and the FEP mold was about 450 nm.  The difference between the parts 

containing 1wt% of TEOSi-FMA-MMA was increased to 24°.  The difference 

between the parts containing 1wt% of PFO-SiMA-MMA reached 45
o
 with 110° 

from FEP molds and 65° from glass molds.  The data clearly demonstrated the 
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strong effect of the surfadditive addition on the PMMA part surface properties.  

However, this surfadditive effect must be introduced by an appropriate mold 

surface.  The mold surface determined if the “head” or “neck” of the surfadditive 

molecule came to the very top layer of the part surface.  The fluorinated block 

clearly favored the FEP mold. 

 

Figure 3.7 WCA results of PMMA parts containing 1% surfadditive cell 

casted from glass and FEP molds. 

 

The WCA’s of the parts casted from the glass molds were similar 

regardless of the surfadditive type.  However, those from the FEP molds were 

very different with the different surfadditives.  The parts with PFO-SiMA-MMA 

gave much larger WCA’s than with TEOSi-FMA-MMA.  This could be attributed 
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to the different molecular structure of PFO-SiMA-MMA and TEOSi-FMA-MMA, 

as the former has a fluorinated “head” and the later has a fluorinated “neck”.  It 

was reported that different sequence of fluorinated block in a polymer chain could 

affect the surface properties differently
36

 and the end-caped fluorinated structure 

showed better efficiency in surface modification
19

.  From this point of view, PFO-

SiMA-MMA should be more favorable for achieving high surface modification 

efficiency. 

 

Furthermore, Sugiyama and coworkers found that the number of fluorine 

atoms also affected the surface migration and more fluorinated segments resulted 

in larger surface coverage
33

.  In our work, PFO-SiMA-MMA had 8 fluorocarbons 

(17 fluorine atoms) on the “head”, while TEOSi-FMA-MMA had about doubled 

fluorine content (about 17.5 fluorocarbons, 37 fluorine atoms) on the “neck”.  

However, the WCA results indicated that the former was more effective than the 

latter in migrating to the outmost surface of the parts, particularly when FEP 

molds were used for casting.  Overall, there are many factors (e.g. monomer 

sequence, fluorocarbon number, and total polymer molecular weight) affecting the 

surface migration process.  For the purpose of introducing reactive species onto 

polymer surface, an ideal design is that fluorinated “neck” drives surfadditive 

molecules to surface while silane “head” provides surface functionality and 

modification. 
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3.4.5 Elemental Analysis of the Surfadditive Modified Polymer 

Surface 

 

The part surfaces prepared in this work were further analyzed by an 

energy-dispersive X-ray (EDX) spectroscopy.  Figure 3.8 shows the atomic 

weight compositions of fluorine and silicon in the modified PMMA composites 

prepared in glass and FEP molds.  The overall fluorine and silicon contents in the 

pure surfadditive were generally consistent with those estimated from the 

monomer conversion data shown in Table 3.1.  In the synthesis of TEOSi-FMA-

MMA, the conversion of PFDA (10:1 molar ratio to initiator) was about 25% 

while that of MMA (100:1 molar ratio to initiator) was about 30%.  Therefore, the 

theoretical contents of fluorine and silicon should be about 15.7 wt% and 

0.62wt%, respectively.  The EDX measurements gave 13.92% of fluorine and 

0.29% of silicon.  It should be noted that the error in EDX measurements became 

significant at such a low Si content.  On the other hand, for PFO-SiMA-MMA, the 

theoretic weight percentages of fluorine and silicon were about 5.4% and 4.0% 

while the EDX gave 6.7% and 3.7%, respectively.  The EDX experimental data 

agreed well with the theoretical values. 

http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
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Figure 3.8 Weight percent of fluorine and silicon (in log scale) at the surface 

of PMMA parts containing 1wt% of surfadditive measured by EDX at 5kV.  1-G 

and 1-F represent the parts containing 1wt% of TEOSi-FMA-MMA casted from 

glass and FEP molds respectively.  2-G and 2-F represent the parts containing 

1wt% of PFO-SiMA-MMA cased from glass and FEP molds, respectively.  1-

Theo and 2-Theo are the estimated values of fluorine and silicon assuming a 

homogeneous distribution of surfadditive molecules in the PMMA bulk. 

 

If the 1wt% surfadditive was homogeneously dispersed in the PMMA 

bulk, the atomic contents of fluorine and silicon would be 1% of their respective 

amounts in the surfadditive.  That is, the theoretical fluorine and silicon contents 

in the casted parts containing 1 wt% TEOSi-FMA-MMA would be 0.14 wt% and 
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0.003wt% (denoted 1-Theo in Figure 3.8) and those with 1wt% PFO-SiMA-

MMA were 0.07wt% and 0.04wt% (denoted 2-Theo in Figure 3.8).  In all the 

parts casted either from glass molds or FEP molds, the fluorine and silicon 

contents in the surface layer (note: the layer thickness was about 400 nm at 5kV 

accelerate energy) were significantly higher than their theoretical values of a 

homogenous dispersion.  When 1 wt% TEOSi-FMA-MMA was used, the fluorine 

at the part surface casted from FEP mold was 38 times more concentrated than its 

homogeneous dispersion.  When 1 wt% PFO-SiMA-MMA was used, the fluorine 

concentration at the surface was increased about 10 times. 

 

It should be noted that in the water contact angle measurement, the WCA 

of PFO-SiMA-MMA modified sample was higher than that of TEOSi-FMA-

MMA counterpart at the same loading.  The WCA data reflected difference in the 

chemical composition at the very surface of the part, while the EDX data gave an 

average composition in a 400 nm-thick layer.  In other words, the migration of 

PFO-SiMA-MMA to the top layer was less than that of TEOSi-FMA-SiMA, but 

there were more fluorocarbons exposed to the outmost surface in the former case 

because of the “head” fluorocarbons.  The EDX results also showed that, for the 

parts containing 1% surfadditive, the surface enrichment of fluorine and silicon 

was also strongly affected by the mold surface.  The enrichment was much more 

significant with FEP molds than with glass molds.  The FEP molds appeared to be 

favored in bringing the fluorinated surfadditive molecules to the surface. 
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3.5 Conclusions 

In this work, we reported the design and synthesis of a novel type of 

surface-active additives (termed as “surfadditives”) for the purposes of surface 

functionalization and modification of polymeric materials.  These surfadditive 

molecules were tri-block copolymers synthesized via atom transfer radical 

polymerization (ATRP) in one pot and were assumed a “head-neck-body” 

structure.  The “head” (or “neck”) was a fluorinated block that facilitated 

migration of the surfadditive molecules to part surface due to its low surface free 

energy.  The “neck” (or “head”) was a triethoxysilyl block that could provide 

functionality for further surface modification or enhanced adhesion to coated 

layer.  The “body” was a PMMA block that provided rooting for the part matrix 

materials.  It was demonstrated that adding a small amount of the surfadditive 

significantly changed the surface property of the injection molded and cell casted 

PMMA parts.  This approach of surface modification is advantageous over other 

methods such since it requires no extra post-processing operations.  The 

surfadditive molecules are added to an initial recipe and migrate to the part 

surface during molding or casting.  The surface enrichment of the surfadditives 

was confirmed by water contact angle measurements and EDX elemental analysis.  

The migration of surfadditives in polymer melts was found to be too slow for a 

typical injection molding process.  The cell casting process was favored for the 

surfadditive migration.  It was found that the sequence of the blocks, the number 
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of fluorine atoms in the chain, and the surface property of the mold all played 

important roles in the surface enrichment of surfadditives. 
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4.1 Abstract 

Magnetic organo-silica nanoparticles were synthesized by grafting block 

copolymers of methacryloxypropylheptaisobutyl-T8-Silsequixane (MPB-POSS) 

and methyl methacrylate (MMA) from magnetic iron nanoparticles via surface-

initiated atom transfer radical polymerization (ATRP).  The hybrid nanoparticles 

had the morphology of magnetic iron core and PMMA/POSS composite shell. A 

small amount of the nanoparticles was added as “smart additive” in casting 

PMMA sheets for a localized surface modification purpose. It was demonstrated 

that the particles were readily brought to the surface of the casted piece by 

applying a magnet field to the molding. At 1wt% loading, the sample had a 50-

time higher particle content in a 100µm-thick surface layer than in the bulk. The 

indentation hardness of the modified surface was increased by 30%. 

4.2 Introduction 

Polyhedral oligomeric silsesquioxanes (POSS) has a cage-like molecular 

structure and is regarded as the smallest particle of silica.  A POSS cage normally 

consists of 8, 10 or 12 Si atoms with its size in the range of 1 to 3 nm
1
.  The small 

size and other unique physical properties make POSS an ideal type of filler or 

reinforcement for nanocomposite materials.  It has been found that POSS moieties 

could remarkably improve mechanical strength, elastic modulus, thermal stability 

and gas permeability of host materials
2-5

 as well as enhance resolution/sensitivity 

of lithographic resists
6-9

.  The recent advances in synthesis and manufacturing of 
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POSS derivatives with various organic substituents provide great opportunities in 

developing novel organic-inorganic hybrid materials, such as super 

hydrophobic
10,11

, biocompatible
12,13

, cationic conjugating
14,15

 and other 

polymeric/composite materials
16

.  POSS-containing methacrylate monomers have 

attracted particular attention in polymerization
17,18

.  Such monomers were 

polymerized in solution or on surface via conventional free radical 

polymerization
19,20

 and controlled/living radical polymerization
10,11

.  Grafting of 

POSS methacrylate from a flat silicon wafer surface via surface-initiated atom 

transfer radical polymerization (ATRP) has also been reported
21

.  The POSS layer 

thickness and polymer molecular weight has been demonstrated to be controllable 

using controlled free radical polymerization. 

Although numerous investigations have been conducted on synthesis and 

characterization of POSS-containing materials, little attention has been paid to 

combining POSS with stimuli-responsive materials for advanced functioning. The 

current researches have mainly focused on developments of new composite 

materials
22-24

 and mechanical modifications of bulk polymers
2,25,26

.  However, in 

many applications, only localized modification, e.g. surface, is required and 

original bulk properties are preferably retained.  A key factor in improving 

materials properties at certain spots or areas by POSS addition is the delivery and 

assembly of POSS moieties at targeted locations in the host matrix.  Incorporating 

another functional group or smart carrier such as magnetic particle, surface-active 

agent, and chemical-, temperature-, light-responsive species becomes essential. 
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In surface modification, such as scratch/abrasion resistance, chemical 

protection, anti-oxidization and optoelectronics etc, it is ideal if functional 

additives can be localized and concentrated to targeted surface areas.  Various 

coating techniques are widely used in surface modifications.  However, it 

becomes particularly challenging with specially shaped and complex geometries, 

as well as inner surfaces.  In such applications, chemical modification of bulk 

materials is often required.  An effective alternative approach is to develop “smart 

additive” that can migrate to targeted areas during polymer processing.  The 

migration can be caused by immiscibility of additive with bulk materials or by 

external fields, such as electrical, magnetic and shear forces, that drive additive to 

the targeted areas. 

 

In this paper, we report the synthesis and application of magnetic 

nanoparticles grafted with POSS-PMMA copolymer.  A commercial grade iron 

nanoparticle product is used as raw material in synthesis since it is relatively 

inexpensive for industrial applications. The iron nanoparticle cores function as 

vehicles to deliver POSS moieties to targeted locations of the host materials, 

while PMMA segments improve dispersion of the particles in the PMMA matrix.  

The POSS magnetic nanoparticles are used as additive in PMMA board casting to 

generate POSS-rich surfaces.  The particle migration by magnetic field and 

surface modification for PMMA sample hardness are experimentally 

demonstrated. 
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4.3 Experimental Section 

4.3.1 Materials 

Table 4.1 summarizes the chemicals used in this work and their specifications. 

Table 4.1 List of chemicals and their specifications 

Chemicals Abbrev. 
Grade, 

Supplier 
Purpose 

iron nanoparticle   

99.5%, 30nm, 

MK Impex 

Corp. 

magnetic core of functional 

particles  

toluene
a 

 HPLC, Aldrich 

solvent, synthesis of initiator 

Br-MTESP and SI-ATRP of 

nanoparticles 

tetrahydrofuran
a 

THF HPLC, Aldrich 
purifictant, SI-ATRP of iron 

particles  

petroleum ether   reagent, Aldrich 
purifictant, synthesis of Br-

MTESP grafted iron particles  

triethylamine TEA  99.5%, Aldrich 

catalyst, synthesis of Br-

MTESP and grafting it onto 

iron particle surface 

copper bromide  CuBr 
99.999% 

Aldrich 

catalyst, surface initiated 

ATRP 

N,N,N’,N”,N” 

pentamethyl-

diethylenetriamine  

PMDETA 99%, Aldrich 
ligand, surface initiated 

ATRP 

(3-aminopropyl) 

trimethoxysilane 
APTES 97%, Aldrich 

reactant, synthesis of  Br-

MTESP  

α-bromoisobutyryl 

bromide  
BiBB 98%, Aldrich 

reactant, synthesis of Br-

MTESP 

methacryloxypropylheptai

sobutyl-T8-silsequixane  

MPB-

POSS 
99%, Gelest 

monomer , surface initiated 

ATRP step 1 

methyl methacrylate
b 

MMA 99%, Aldrich 
monomer, surface initiated 

ATRP step 2 

benzoyl peroxide  BPO 97%, Aldrich 
initiator, PMMA sheet 

casting 

poly(methyl methacrylate)  PMMA 
350,000 g/mol, 

Aldrich 

thickener, PMMA sheet 

casting 
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a 
Solvents were dried over CaH2 and distilled under reduced pressure.  

b
 Inhibitor 

in monomer was removed by passing monomer through an inhibitor remover 

column (Aldrich).   

 

4.3.2 Synthesis of Br-MTESP and Initiator-grafted Iron Particles 

2-Bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propanamide (Br-MTESP) 

was synthesized from  α-bromoisobutyryl bromide and (3-aminopropyl) 

triethoxysilane following the literature
27

.  Dispersions of iron nanoparticles were 

prepared as follows: 0.2 g of bare iron nanoparticles and 1 ml of oleic acid were 

added into 100 ml of toluene, and the mixture was ultrasonicated for 30 min.  The 

chemical grafting of Br-MTESP onto iron nanoparticles were according to the 

literature
27

.  The final product was precipitated with petroleum ether and was 

magnetically collected, washed with methanol for 5 times and dried under 

vacuum. 

1
H-NMR (CDCl3):  0.63 (t, 2H, SiCH2), 1.19 (t, 9H, CH3CH2OSi), 1.65 (m, 2H, 

CH2), 1.93 (q, 6H, CH3C), 3.24(t, 2H, CH2NH), 3.79(t, 6H, CH3CH2OSi), 6.88(s, 

1H, NH). 

 

4.3.3 Surface-initiated ATRP (SI-ATRP) on Iron Particles 

A typical procedure for the surface-initiated ATRP of POSS on iron 

nanoparticles is as follows:  Fe-I nanoparticle (0.15 g), POSS (1.62 g) and toluene 

(5 ml) were added into a 25 ml round bottom flask that was placed in an oil bath 
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preheated to 90˚C.  Copper bromide (14.4 mg), PMDETA (17.3 mg) and toluene 

(5 ml) were added into a 10ml pear-shaped flask.  Both flasks were deoxygenated 

through five vacuum-refill cycles of nitrogen under stirring.  The polymerization 

was started with the injection of the catalyst suspension into the 25 ml flask 

through a double-tipped needle.  After 12 hours of polymerization with nitrogen 

protection, 5.5 ml of MMA was then injected into the reactor.  The reaction 

continued for an additional 12 hrs at the same condition.  The product was 

stopped by exposure to air.  Polymer-grafted nanoparticles were magnetically 

collected, washed with THF for 5 times and vacuum-dried.  The grafted polymer 

chains were cleaved for characterization following a method described by Wang 

and coworkers
28

. 

  

4.3.4 PMMA Sheet Preparation 

The surface-grafted magnetic particles were applied as additive in PMMA 

syrup casting in the presence of a magnetic field. Scheme 4.1 shows the schematic 

illustration of the casting process.  The casting syrup was prepared by dissolving 

10wt% of PMMA (MW: 350,000 g/mol) in MMA to have its viscosity proper for 

casting.  A desired amount of the particles and 0.1wt% of BPO were then added to 

the syrup followed by ultrasonication for 30 min.  The mixture was then injected 

into a custom-designed casting cell (5 cm× 5 cm), consisting of a steel board and 

a glass sheet sealed by silicon rubber.  The casting cell was then placed into an 

oven preheated to 60°C beside a permanent magnet.  The permanent magnet used 
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in this study is made of neodymium-iron-boron plated with nickel (McMASTER 

CARR. Cop.), and the dimension is 5 cm× 5 cm× 0.6 cm.  This magnet has the 

ultras-high magnetic property, which was able to provide a maximum pull of 

about 16.8 kg.  It should be noted that the placement of the casting cell with the 

magnet is important in controlling the migration direction of magnetic particles.  

In this work, the casting cell was placed parallel to the planar magnet at a distance 

of about 2 cm (D1) and there was also a distance of 3 cm between the cell and 

magnet central lines (D2).  By doing so, the samples were casted under a 

magnetic gradient larger than that in the middle of the magnet.  The migration of 

magnetic particles in the MMA syrup starts immediately after the placement of 

the magnet, and finishes in about 5 minutes to form a darker layer on one side of 

the mold.  The polymerization of PMMA takes 6 hours in the first step at 60°C, 

The magnetic particles therefore migrated to one side of the mold and distributed 

to the surface more uniformly, and then the oven temperature was raised to 150°C 

for another 5 hours to complete the polymerization. 
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Scheme 4.1 Magnetic casting of the PMMA boards containing Fe-POSS-

PMMA particles.  The casting cell consists of a polished steel board, glass sheet 

and silicon rubber seal.  The cell was placed under a planar magnet during 

casting. 

 

4.3.5 Characterization and Measurement 

 

Fourier transform infrared (FT-IR) spectra were conducted on Nicolet 510 

FT-IR instrument.  The particle sample was grinded with anhydrous potassium 

bromide and prepared as pellets using Carver press at 15,000 psi.  The spectra 

were over the range of 500-4000 cm
-1

 in the transmission mode. 
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X-Ray photoelectron spectroscopy (XPS) measurements of the surface-

modified iron nanoparticles were conducted on Thermo Scientific K-Alpha XPS 

system (East Grinstead, UK) with a monochromated Al K-Alpha x-ray source.  

The survey spectra were acquired with high pass energy (200 eV) and low point 

density (1 eV step size).  Surface elemental compositions were calculated from 

the background-subtracted (Shirley) peak areas derived from the transmission 

function corrected regional spectra. 

 

The energy dispersive x-ray spectroscopy (EDX) measurements were 

conducted on Tescan Vega II LSU scanning electron microscope (Tescan USA, 

PA) facility with X-Max 80 detector (Oxford Instruments, MA).  The accelerate 

voltage was 20kV.  Dried polymer sample was fixed to a sample stage with 

desired amount of carbon tape.  

 

Thermogravimetric analysis (TGA) experiments of the particle samples 

were performed on Netzsch STA 409 facility at a scan rate of 10°C/min in argon 

atmosphere from 30°C to 800°C.  The grafting densities of initiator and polymers 

on nanoparticle surfaces were calculated according to the following equation 
29

: 

 

where W is the sample weight loss, r is the iron nanoparticle radius (15 nm), NA is 

Avogadro’s constant, dFe is the iron density (7.874 g/cm
3
), and M is the molecular 

weight of grafted molecules degraded from surface.  
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Transmission electron microscope (TEM) images of the nanoparticles 

were obtained from JEOL1200 TEMSCAN at an accelerating voltage of 80 keV.  

The bare iron particle sample prior to the modification was dispersed in 

cyclohexane stabilized with oleic acid (10wt% based on the particle) and 

oleylamine (10wt%).  Fe-I and Fe-POSS-PMMA particles were directly dispersed 

in THF at desired concentrations.  A small drop of sample dispersion was placed 

on a carbon-coated copper grid and was air-dried for TEM observation. 

 

Microscopic images of PMMA sheet cross-sections were obtained from 

Zeiss Axiovert 100 microscope system equipped with AxioCam HR camera.  In 

the sample preparation, a small piece of the reinforced PMMA sheet was 

embedded in epoxy resin and was sectioned with a microtome to a thickness of 

300 nm.  The epoxy was stained with toluidine blue O to assist identification of 

the sample edges. 

 

The microhardness measurements of the modified PMMA sheets were 

conducted on CLEMEX microhardness system equipped with a pyramid tipped 

diamond indenter.  The hardness was tested based on the Vickers hardness testing 

method.  The loading force was 50g for all tests to ensure that the indentation 

depth was within the thickness of the additive-rich layer.  The hardness unit was 

in Vickers Pyramid Number (HV), which is equivalent to kilogram force/square 
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millimeter. 

 

4.4. Results and Discussion 

4.4.1 Surface Initiated ATRP of Iron Nanoparticles 

Scheme 4.2 shows a schematic procedure for the synthesis of 

functionalized magnetic nanoparticles.  Firstly, ATRP initiator Br-MPTES was 

grafted onto the iron nanoparticles in toluene under the catalysis of TEA.  The 

resultant particles (Fe-I) were then purified and used to initiate the one-pot ATRP 

of MPB-POSS followed by MMA addition.  The first step of the polymerization 

was a homopolymerization of POSS-containing monomer (MPB-POSS) in the 

presence of CuBr/PMDETA complex in toluene.  The polymerization was carried 

out at 90˚C for 12 hrs under nitrogen protection.  In the second step, MMA was 

injected into the reactor for chain extension.  It is challenging to characterize 

polymer molecular weight using regular methods such as gel permeation 

chromatography, since the hydrodynamic volume of poly(MPB-POSS) differs 

from  available polymer standards of the same molecular weight
30

 with 

appropriate calibration lacking. 
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Scheme 4.2 Schematic synthesis of POSS-b-PMMA functionalized iron 

magnetic particles. 

 

4.4.2 Characterization of Surface Modified Magnetic Nanoparticles 

FT-IR and XPS were used to analyze the surface compositions of iron 

nanoparticles before and after polymer grafting.  Figure 4.1 shows the IR spectra 

of the magnetic nanoparticles (Fe-I, Fe-POSS, and Fe-POSS-PMMA).  The alkyl 

C-H vibration bands of CH2 at symmetric (2850 cm
-1

), asymmetric (2920cm
-1

), 

and scissor deformation (1460 cm
-1

) modes were observed in all the samples, 
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confirming the presence of organic components on the particles.  The 

characteristic band of -N-C=O at 1640 cm
-1

 were also observed after the initiator 

modification (Fe-I).  The bands observed at 1730 cm
-1

 were assigned to C=O 

stretching in O-C=O, which was more apparent after the incorporation of POSS 

and MMA monomers.  The Si-O-Si cage band 
31

 appeared at 1110 cm
-1

, which 

was overlapped with the asymmetrical stretching vibration of C-O-C at ~1050 cm
-

1
.  The 594 cm

-1
 and 600 cm

-1
 bands were from oxidized iron (Fe3O4) on the 

particle surface.  The IR spectrum provided strong evidence to the attachment of 

ATRP initiator and the polymerization of POSS and MMA monomers on the iron 

particle surface. 

 

Figure 4.1 IR spectra of the magnetic particles: (1) Fe-Initiator, (2) Fe-POSS 

and (3) Fe- POSS-PMMA. 

 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 85 

Figure 2 (a), (b) and (c) show the XPS surveys of iron nanoparticles 

grafted with ATRP initiator, MPB-POSS homopolymer and POSS-PMMA 

copolymer, respectively.  The successful immobilization of initiator (Br-MTESP) 

onto iron nanoparticles (Fe-I) was confirmed by the appearance of characteristic 

signals of Br3p (184eV), Br3d (72eV), Si2s (155eV), Si2p (103eV), C1s (285eV), 

N1s (403eV), and O1s (533eV) in Figure 2(a).  The atomic ratio of C/N/Si/Br was 

7.5/0.9/1/1, which was very close to the theoretical value of 7/1/1/1 for the grafted 

ATRP initiator.  It should be noted that the ratio of oxygen was not used since the 

surface of iron particles contained –OH groups or iron oxides.  As shown in 

Figure 2(b) and (c), the ratio of C/Si/Br found on Fe-POSS and Fe-POSS-PMMA 

surfaces was 78/16.6/1 and 288.3/36.6/1, respectively.  The increase of C and 

decrease of Br relative to Si confirmed the growth of polymer chains on the iron 

nanoparticles.  On the other hand, it was found that the ratio of Si/Br on Fe-POSS-

PMMA surface was about twice as much as on the Fe-POSS surface, suggesting 

that the residual MPB-POSS monomer was continually polymerized in the second 

step.  It is known that each MPB-POSS monomer unit contains 8 silicon, and 35 

carbon atoms.  The ratio of Si/Br in Fe-POSS suggested that the number of POSS 

units polymerized was about twice as the amount of initiators grafted on the iron 

surface, and the total amount of POSS units was doubled in the second step of 

copolymerization with MMA.  For surface-initiated ATRP, it was reported that 

the initiation efficiencies of surface-tethered initiators are normally between 10%-

30%, depending on the shape of substrate, types of monomer, and reaction 
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conditions 
32-35

.  The highest initiation efficiency of surface-tethered initiators was 

reported to be about 29% on Fe3O4 nanoparticles 
35

.  We estimated the initiation 

efficiency by comparing the Si/Br ratios on particle surface and that in the cleaved 

polymer chains.  The elemental analysis of the cleaved polymer was performed by 

an energy dispersive x-ray analysis (EDX).  A typical EDX spectrum is shown in 

Figure 4.3.  The ratio of Si/Br in the cleaved MPB-POSS polymer was found to be 

72.5/1, i.e., the average number of MPB-POSS units incorporated into each chain 

was about 9.  Comparing this ratio to the XPS result of Fe-POSS surface, we 

found that the initiation efficiency of grafted initiators in the first step was about 

22%.  In the second step of surface polymerization, the total number of carbon 

atoms was the sum of the carbons in PMMA (NMMA) and those in POSS (NPOSS) 

and the number of Si was mainly from the POSS units.  The molar ratio of 

NMMA/NPOSS=5.8/1 on the particle surface was estimated from 

(NMMA×5+NPOSS×35)/(NPOSS×8) = 288.2/36.6.  The degree of polymerization for 

the grafted chains was thus about 18 POSS units and 104 of MMA units, 

corresponding to a molecular weight of 27,600g/mol. 
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Figure 4.2 XPS survey scans of magnetic nanoparticles. 
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Figure 4.3 EDX spectrum of MPB-POSS polymer cleaved from iron 

nanoparticles. Atomic ratio of Si/Br = 72.5/1. 

 

Figure 4.4 shows the TGA curves of Fe-I, Fe-POSS and Fe-POSS-PMMA.  

The weight loss of Fe-I was only 1%.  Considering that the SiO2 ashes remained 

after the degradation of initiator molecule, we estimated that the grafting density 

of Br-MTESP on the iron nanoparticles (diameter= 30 nm) was about 1.14 

molecules/nm
2
.  This level of initiator density was slightly higher than that of flat 

substrate surfaces, but was comparable to the values reported on the surface-

initiated polymerization on Fe3O4 nanoparticles
27, 35

.  As shown in Figure 4.4, the 

weight losses of Fe-POSS and Fe-POSS-PMMA were about 6.5% and 12.9%, 

respectively, which were significantly higher than that of Fe-I.  Based on the 

POSS polymer molecular weight obtained from EDX elemental analysis and TGA 

data, it was calculated that the grafting density of POSS polymer on iron 
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nanoparticles was 0.31 chain/nm
2
.  That is, the initiation efficiency of surface-

tethered Br-MTESP in the ATRP of MPB-POSS was about 27%, close to the 

result of 22% from the elemental analysis.  Based on a similar method, it was 

estimated that the grafting density of POSS-PMMA copolymer on iron 

nanoparticles was about 0.15 chain/nm
2
.  Compared to the first step of 

polymerization, the grafting density in the second step was significantly reduced. 

 

Figure 4.4 TGA curves of surface modified iron nanoparticles. 

 

Figures 4.5(A), (B) and (C) show TEM images of the iron nanoparticles 

before and after functionalization.  The commercially supplied iron particles were 

in the form of dry powder having grain size between 20-30 nm.  Oleic acid and 
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oleylamine were used as stabilizer to re-disperse the particle chunks in 

cyclohexane under ultrasonication.  Due to strong magnetic effect and high 

density, it was very difficult to well re-disperse the dried iron nanoparticles even 

at the presence of surfactant.  Most particles appeared in the form of smaller 

aggregates under TEM.  Iron is electron-dense under TEM and the unmodified 

particles can thus be observed with very sharp edges (see Figure 4.5(A)).  The 

initiator-grafted iron particles (Fe-I, Figure 4.5(B)) deposited without surfactant 

also appeared clear at the edges because the Br-MTESP layer was too thin to be 

seen under TEM.  In contrast, the Fe-POSS-PMMA particles in Figure 3.5(C) 

appeared less sharp at their edges.  There existed a translucent thin layer around 

the particles, which confirmed the grafting of organic/hybrid polymer species.  

The electron densities of PMMA and MPB-POSS polymers are between the iron 

core and the carbon background. 

 

 

Figure 4.5 TEM images of the magnetic nanoparticles. (A) bare iron particles 

on carbon film; (B) initiator-grafted iron nanoparticles on carbon film; (C) Fe-
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POSS-PMMA particles in PMMA thin film (60 nm thick prepared by 

ultramicrotomy). 

 

4.4.3 Application of Magnetic Particles in PMMA Surface 

Modification 

In application of the magnetic particles in PMMA casting, it was found 

that the stability of the magnetic particles dispersed in MMA was significantly 

improved after grafting with POSS-MMA block copolymer.  Figure 4.6 shows 

four dispersions (1, 2, 3, 4) containing 0.1wt% of iron, Fe-initiator, Fe-POSS and 

Fe-POSS-PMMA particles, respectively.  These dispersions were prepared by 

ultrasonication for 30 min.  The iron particles started aggregation and were 

precipitated out immediately upon the stop of ultrasonication.  The Fe-initiator 

and Fe-POSS particles also showed various degrees of aggregation after 20 min.  

In contrast, the Fe-POSS-PMMA dispersion (Sample 4 in Figure 4.6) appeared to 

be stable and no precipitation was observed.  After 2 hours of shelf time, the iron 

and Fe-initiator particles (Samples 1 & 2) were mostly precipitated out with a 

clear MMA solution on the top of the vials.  The precipitation of Fe-POSS 

particles (Sample 3) was slower, however there were little particles remaining in 

the MMA phase.  The dispersion of Fe-POSS-PMMA system (Sample 4) was 

stable for at least 4 hours on bench with little particle precipitation. 
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Figure 4.6 Dispersions containing 0.1wt% magnetic particles in MMA after 

20 minutes and 2 hours.  Sample 1, 2, 3 and 4 are pure iron particle, iron-initiator 

particle, iron-POSS particle and iron-POSS-PMMA particle, respectively. 

 

The particle migration in the PMMA matrix was examined with PMMA sheets 

containing various amounts of magnetic additives.  Small sized samples were 

embedded in an epoxy resin, cured and sectioned along cross-section by 

microtomy.  Slices of about 300 nm thick were prepared and loaded onto glass 

slides for microscopic observation.  The epoxy resin was stained with toluidiene 

blue O for distinction.  Figure 4.7 shows the cross-sections of magnetically casted 

PMMA samples containing 0.04% (400 ppm), 0.1%, 0.5% and 1.0% Fe-POSS-

PMMA particles.  The side that faced the magnet was clearly in rich of the 

particles.  The bulk samples prepared in this work were about 2 mm thick and the 

particle-rich layer had a thickness of about 100 µm.  As shown in Figure 4.7, it 

was found that the particle concentration in the particle-rich layer was related to 

the initial loadings of Fe-POSS-PMMA in the MMA syrup (0.04% - 1%).  Higher 

loadings of magnetic particles resulted in higher density of particles in the 
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additive-rich layer, while the thickness of this layer remained unchanged.  The 

maximum volume concentration of iron nanoparticles in the top-100 µm was 

found to be about 50% when 1% of Fe-POSS-PMMA was used.  The 50% content 

in the top-layer appeared to be a saturated concentration for the Fe-POSS-PMMA 

particles in PMMA.  Further increase in the particle loading to above 1% only 

increased the layer thickness but not the surface concentration.  There were many 

factors that influenced the particle packing and assembly in the layer.  It could be 

seen from the images in Figure 4.7 that the particles aggregated with an 

orientation parallel to the magnetic field (referred to Scheme 4.2).  There were 

plenty spaces between particle aggregates perpendicular to the orientation.  It is 

known that the magnetic force is resulted from the magnetic density gradient of 

the applied magnet.  For a planar magnet, the magnetic density exists only in a 

certain directions.  In this work, the magnetic force exerted on the nanoparticles 

was in quasi-one dimension, which brought the particles to the surface facing the 

magnet.  On the direction perpendicular to the migration route, there was no 

magnetic gradient to further “squeeze” the aligned particles into a highly 

compacted layer. 
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Figure 4.7 Microscopic images of a PMMA thin section (transparent) 

embedded in epoxy (blue).  The black aggregates at the PMMA surface are the 

migrated magnetic nanoparticles. 

 

The surface concentration of Fe-POSS-PMMA particles is expected to 

improve surface mechanical properties of the PMMA parts.  It is known that 

nanosilica or POSS can be used as filler or reinforcement to increase the hardness 

of polymeric materials such as polycarbonate, polystyrene, natural rubber, etc.  A 

CLEMEX microhardness system based on Vickers testing method was used to 

measure the hardness of the thin composite layers.  A pyramid diamond indenter 

created an indentation on the sample surface with a loading force of 50 gram.  

Such a small force was chosen to ensure the indenter not to penetrate the magnetic 

particle reinforced layer (<100 μm).  The hardness in Vickers Pyramid Number 

(HV) was calculated by HV= F/A, where F is the force applied to the indenter in 

kilogram and A is the area of indentation in square millimeter. 
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Figure 4.8 Microhardness of PMMA sample surfaces containing various 

amounts of Fe-POSS-PMMA and Fe-I prepared by cell casting. 

 

Figure 4.8 shows the microhardness of PMMA samples magnetically 

casted with different amounts of magnetic particles.  The Vicker’s hardness of 

PMMA blank sample was found to be 25 HV.  Control experiments were also 

conducted by incorporating different amount of initiator-grafted iron particles (Fe-

I) in MMA casting.  Fe-I was used because it was better dispersed in MMA than 

the bare iron particle.  As 0.1%, 0.5%, and 1% Fe-I was incorporated and 

magnetically migrated to the surface, the hardness of the particle-rich layer was 
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found to increase only slightly from 25 HV to 28.5 HV.  However, the PMMA 

samples containing 0.04%, 0.1%, 0.5% and 1% Fe-POSS-PMMA showed much 

higher hardness values of the particle-rich layers particularly with >0.5% particle 

loadings.  As the additive loading increased from 0 to 0.5%, the hardness 

increased from 25 HV to 31 HV, which was about 24% of improvement.  Further 

increase in the loading to 1% resulted in a slight increase of the hardness to about 

33 HV.  The microhardness results clearly demonstrated the effectiveness of Fe-

POSS-PMMA additive in the surface modification of PMMA: that is, a small 

amount of the additive improved the surface hardness significantly. 

 

4.5 Conclusions 

Hybrid magnetic organo-silica nanoparticles grafted with POSS-MMA 

block copolymer were synthesized via surface-initiated ATRP.  These particles 

were applied in a PMMA casting process for the modification of surface 

mechanical properties.  After the polymer grafting, the nanoparticles were easily 

dispersed into MMA syrup with good dispersion stability.  The modified particles 

were also characterized by FTIR and TEM-EDS, confirming the grafting of 

POSS-MMA copolymers.  The particles were then used as additive in a very 

small amount in the PMMA casting that was carried out under a magnetic field.  

The particles in the syrup migrated to the sample surface during casting and 

formed a particle-rich layer about 100 µm in thickness.  Increasing the particle 
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loading in the casting solution from 0.04% to 1wt% increased in the particle 

concentration in the layer significantly. Adding 1wt% particle to the solution 

resulted in about 50% particle concentration in the surface layer upon the 

magnetic casting.  The microhardness of the modified PMMA surfaces was 

improved by about 30% compared to the pure PMMA sample.  This work 

demonstrated that the synthesized magnetic organo-silica particles could be used 

as smart additive in a localized surface modification of polymer parts during 

processing. 
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Chapter 5 Controlled Chattering - A New 

“Cutting Edge” Technology for 

Nanofabrication 

 

This chapter is reproduced based on the publication of: Gu H.; Zhang J.; Faucher 

S.; Zhu S., Controlled chattering - a New “Cutting Edge” Technology for 

Nanofabrication, Nanotechnology, 2010, 21: 355302. Copyright © 2010 IOP 

Publishing Ltd. 
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5.1 Abstract 

Chatters are unwanted random defects on surfaces often generated in 

cutting samples via microtome for micrographic analysis.  In this work, we 

demonstrate that chatters can actually be controlled for fabrication of uniform 

periodic wavy patterns on polymethylmethacrylate surfaces.  This control in 

chattering is achieved based on an oscillation cutting mechanism.  The pattern 

sizes ranging from 30 nm to a few micrometers are obtained by fine-tuning 

cutting speed and oscillating frequency.  This simple one-step non-lithographic 

“cutting-edge” technology is simple and robust, with no chemical reactions and 

by-products involved and ease in scaling up for long-range and large-areas 

patterns. 

 

5.2 Introduction 

Periodic ordered structures having nano- to micrometer feature sizes are 

highly desirable in various nanotechnology areas such as photonic grating 

devices
1,2

, biological patterning/sorting
3,4

, microfluidic devices 
5
 and pattern 

transfer
6
.  Photolithography and e-beam lithography have been the major methods 

for fabricating such kind of patterns since the 1980s.  Although versatile in terms 

of complicated structures, these methods are limited by their high capital costs, 

selectivity of material types and inability to pattern curved and nonplanar 
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surfaces
7-9

.  Herein we introduce a controlled chattering method, by which 

uniform wavy patterns ranging from nano- to micrometer scale can be readily 

fabricated in one step using a microtome.  Unlike conventional microtomy and 

machining, where smooth sections are desired, we modify the cutting procedure to 

evoke vibrations of the cutting tool that creates uniform wavy patterns on the 

substrate being cut.  The patterns can be tuned in amplitude and wave period from 

30 nm to micrometer scale by simply adjusting the cutting speed and oscillation 

frequency.  In principle, this controlled chattering method is applicable to various 

types of materials with the proper set of viscoelastic properties.  The current 

experiments were conducted on polymethyl methacrylate (PMMA) as a proof of 

concept.  This method offers a facile route to construct wavelike patterns over a 

long range, on ordinary materials rather than photoresists and provides useful 

template for further fabrication of other nanostructures, which shows clear 

advantages over the conventional lithographic methods. 
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Scheme 5.1 Schematics of the conventional cutting process and the oscillating 

cutting process in microtome sectioning. The sample moves down in -x direction, 

the knife oscillates in y direction, and the cutting depth is in z direction. 

 

The microtome has been used for decades in preparation of thin sections 

for optical and electron microscopy.  It can be used to section a wide range of 

materials including metals, polymers, composites and biological samples, 

allowing for direct imaging of internal architectures of the samples
10

.  In the 

conventional microtome sectioning process (Scheme 5.1, left), the cutting is 

conducted through a controlled mechanical advance (in the x direction) of the 

sample holder towards a stationary diamond knife. The depth of cut (section feed) 

was determined by the relative position of the sample surface plane to the edge of 

knife (in the z direction).  During the down-stroke of the sample holder, the 

sample is forced against the edge of knife, resulting in a thin section being cut.  

When a thin section is prepared from a vitreous or inhomogeneous sample, or 

with improper cutting parameters, cutting artifacts could be occasionally 
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generated
11-13

.  The most common types of artifacts are chatters, compression, 

crevasses, and knife marks
11

.  Chatters are the result of undesired mechanical 

vibrations during cutting, which induce variations in the section thickness or wavy 

structures on the workpiece
14,15

.  Great efforts have been made to avoid chatters 

during specimen sectioning in order to attain “high quality” sections.  It is known 

that the frequency of chatters is closely related to the source of vibration.  For 

example, “low frequency chatters” are mostly due to the apparatus or inherent 

frequency of buildings.  Higher vibration frequencies could be resulted from 

vibrations of instrument parts such as knife and specimen
16

. Sometimes, there are 

multi-vibration frequencies coexist in chattering, which make chatters difficult to 

be analyzed.  A careful examination of literatures reveals that little attention has 

been paid to making use of the chattering mechanism and further developing it 

into a useful patterning method.  The key to success is to find a way to control the 

chatters that, up to now, are considered to be random and uncontrollable.  In this 

paper, we demonstrated a novel “cutting edge” technology based on a controlled 

oscillation cutting mechanism, which provides unprecedented control over 

chatters and can thus be used to fabricate uniform wavy patterns.  This controlled 

chattering method is illustrated in Scheme 5.1 (right).  
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5.3 Experimental Section 

5.3.1 Preparation of PMMA Block Samples 

Narrow distribution polymethyl methacrylate (PMMA, MW= 350,000 

g/mol, Sigma-Aldrich) 1.5 g and 0.078 g of benzoyl peroxide (BPO) were 

dissolved in 8.5 g methyl methacrylate (MMA, 99%, Sigma-Aldrich). In 

preparing crosslinked PMMA samples, 0.1 g of Ethylene glycol dimethacrylate 

(EGDMA, 98%, Sigma-Aldrich) was also added to the solution.  Inhibitor in 

MMA and EGDMA was removed by passing the monomers through an inhibitor 

remover column (Sigma-Aldrich).  The polymer-monomer solution was then 

transferred into a glass mold with chamber dimension of 40mm40mm3mm.  

Note the pre-polymer was added to obtain proper viscosity for casting and also to 

reduce volatility during casting.  The mold was then sealed with silicone tape and 

placed into an oven preheated to 70°C.  The polymerization was carried out at 

70°C for 5 hours, and then was held at 120°C for additional 3 hours for 

completion.  After that, the mold was cooled in air and the PMMA board was 

leased and cut into 3 mm 3 mm 10 mm blocks for microtome sectioning. 

 

5.3.2 Microtome Sectioning 

Oscillating skiving was conducted on Leica UCT equipped with an 

oscillating diamond knife (DIATOME).  Knife edge length: 3mm, knife angle: 
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35°, frequency: 25~45 kHz, amplitude: variable (0-30 V).  Sample surface was 

pre-trimmed with razor blade into a 1mm1mm area for sectioning.  The 

clearance angle for sectioning was set to 6°.  Sample feed was 60 nm for all 

samples and cutting speed was selected from 1-50 mm/s. 

5.3.4 Transmission Electron Microscopy Imaging 

JEOL 1200EX at an accelerating voltage of 80 kV was employed.  The 

images were recorded by a CCD camera.  Ribbons of PMMA sections were 

placed on 200-mesh EM copper grids and coated with a thin layer of carbon 

before observation.  Epoxy sections were placed on the copper grids without 

carbon coating. 

5.3.5 Atomic Force Microscopy 

AFM images were taken using Veeco Digital Instruments Multimode 

Nanoscope III A equipped with Olympus AC160TS cantilever (Tip size <10 nm) 

at tapping mode. 

5.3.6 Diffraction Experiment 

An optical apparatus was set up with a 532 nm green laser as the light 

source, a collimator, an adjustable stage to hold the sample block, a screen and a 

digital camera to record the diffraction patterns. The laser beam was collimated to 

1 mm in diameter and was directed to the patterned PMMA sample surface.  The 
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angle of incidence was adjusted to obtain the maximum diffraction orders and 

sharp diffraction patterns. The formed reflection diffraction pattern on the 

reflection screen was captured by a camera. 

 

5.4 Results and Discussion 

We used an oscillating knife (DIATOME
®
, 35, Ultra sonic) in 

ultramicrotome to section polymer samples for fabrication of wavelike patterns 

with the controlled chattering method.  Sectioning was undertaken at high cutting 

speeds and with high vibration amplitudes.  The knife was forced to oscillate or 

chatter as it skives in a controlled manner.  The oscillating diamond knife of 

DIATOME
®
 was originally designed to reduce compression for sectioning 

biological and rigid polymer samples
12

.  Driven by a piezo transducer with an 

ultrasonic frequency (25-45 kHz), this oscillation cutting process was similar to 

sawing and thus could significantly reduce the degree of compression at low 

cutting speeds (typically <1 mm/s)
16

. It should be noted that the sawing direction 

(i.e., the knife oscillation direction, y, in Scheme 5.1) is perpendicular to the 

cutting direction (x, opposite to the sample moving direction).  However, when a 

high cutting speed (2-50 mm/s) was applied, it was observed that the oscillation 

actually induced controlled “chatters” generating wavy patterns with a uniform 

wavelength. 
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5.4.1 Controlled Chattering on PMMA 

Our first controlled chattering work was conducted on PMMA samples 

casted by bulk polymerization of MMA in the presence of about 10% PMMA pre-

polymer in glass molds (see supplementary information).  The use of the pre-

polymer was to adjust the solution viscosity for minimizing evaporation during 

molding and preparing final samples free of bubbles.  The cast samples were then 

cut into 3mm3mm10mm blocks with one end trimmed down to a cross 

sectional area of about 1mm1mm for microtome sectioning.  Typically, it took 

less than one second to section a slice in controlled chattering.  The section feed 

was set to 60 nm, and the input voltage on the oscillation knife was set to the 

maximum (29.9 V) for all the experiments in this study. Two oscillating 

frequencies (25 kHz and 40 kHz) were used to investigate the frequency effect on 

chatter patterns.  At slow cutting speeds ≤1 mm/s, the PMMA samples prepared 

by the oscillating cutting were found to have smooth surfaces and there were no 

visible patterns under TEM observation.  However when the polymer samples 

were cut at faster speeds (>2 mm/s) with the oscillation frequencies of 25 kHz and 

40 kHz, the thin sections appeared to have uniform wavy patterns in the 

oscillation direction (y) and perpendicular to the cutting direction (x).  Shown in 

Figure 5.1A-F are some representative TEM images of the PMMA sections 

prepared by the controlled chattering method at various cutting speeds and 

frequencies.   
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Figure 5.1 Representative TEM images of the PMMA sections prepared by 

controlled chattering, with the cutting speed (v), oscillating frequency (h) and 

amplitude (A) shown below each image.  The cutting feed in all the experiments 

was set to 60 nm. 

 

The samples shown in Figure 5.1B, 5.1D, 5.1E and 5.1F were cut at the 

same oscillation frequency of 25 kHz, but at different cutting speeds ranging from 

2 mm/s to 30 mm/s.  The sizes of wavy patterns (wavelength of wavy structures) 

were from 55 nm to 900 nm, which is proportional to the corresponding cutting 

speeds.  In contrary, the samples shown Figure 5.1A and 5.1B were cut at the 

same cutting speed of 2 mm/s but different oscillation frequencies.  When the 
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oscillation frequency was set to 40 kHz, close to the upper-limit of the operating 

facility, the controlled chattering created wavy patterns of 36 nm in size.  Further 

reducing the oscillation frequency to 25 kHz (the lower limit of the available 

facility) resulted in larger patterns with 55 nm in size at the same cutting speed.  

Although the range of the oscillation frequencies available for selection does not 

allow for a systematic study on the effect of oscillation frequency on pattern size, 

our results clearly showed a decrease in the pattern size as increased oscillation 

frequency.  What is remarkable here is that both applied cutting speed and 

oscillation provide precise control over chattering such that uniform patterns are 

generated.  Our controlled chattering experiments on the PMMA samples showed 

that wavy patterns are formed only if the cutting speed exceeds a minimum value 

for a given vibration frequency.  It appears there is an onset speed in the 

controlled chattering operation below which no patterns can be obtained.  This 

onset value may depend on the type of materials used.  One the other hand, it 

appears there is also an upper limit speed in the controlled chattering, above 

which discontinuous pattern structures were formed
14

.  As shown in Figure 5.1F, 

there are many defects in the patterns of the PMMA sample cut at 30 mm/s speed 

and 25 kHz frequency, with the structures twisted and torn in the cutting direction, 

and even severe discontinuities.  This may be attributed to the weak rupture strain 

of the PMMA materials
14

.  Below the rupture strain, the patterns are intact.  When 

the cutting speed was increased to 30 mm/s, the shear strain on the shear plane (xy 

plane) over passed the PMMA rupture strain, yielding the discontinuous patterns. 
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5.4.2 Controlled Chattering on Crosslinked PMMA 

 

Figure 5.2 Surface patterns generated by oscillating cutting of crosslinked 

PMMA samples (1wt% EGDMA) at the cutting speeds of 30 mm/s (A) and 50 

mm/s (B). The oscillation frequency in both runs was set to 25 kHz, the input 

voltage of the oscillation knife was 29.9 V and the cutting feed was 60 nm. 

 

We prepared crosslinked PMMA samples to increase the rupture strength 

of the samples to be cut at high cutting speeds.  The crosslinked PMMA samples 

were prepared from the MMA monomer solution containing 1wt% ethylene 

glycol dimethacrylate (EGDMA).  EGDMA is a bi-functional vinyl monomer that 

forms a network structure through inter-chain crosslinking.  The crosslinking 

significantly enhanced the rupture strength of the PMMA samples.  As shown in 
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Figure 5.2A, intact wavy patterns with an average feature size of 900 nm were 

obtained from controlled chattering of the crosslinked PMMA samples with 30 

mm/s cutting speed and 25 kHz oscillating frequency.  The operation parameters 

in Figure 5.1F and Figure 5.2A were all the same, except for that Sample 1F was 

linear PMMA and Sample 2A was crosslinked.  It is evident that the crosslinking 

made a significant improvement in the pattern quality especially at high cutting 

speeds.  Increase the cutting speed to 50 mm/s at the same frequency resulted in 

even larger wavy structures of 1200 nm in size, and an improved morphology of 

wavy patterns as shown in Figure 5.2B.  
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Figure 5.3 Representative AFM images of the PMMA sample blocks 

following controlled chattering with different cutting parameters. 

 

5.4.3 AFM Investigation 

A cutting process creates two surfaces, and thus far we have focused 

primarily on the thin section cut from the sample block.  Figure 5.3 shows the 

surface topolography of some sectioned PMMA blocks observed by Atomic Force 

Microscopy (AFM).  The samples correspond to the thin sections in Figure 5.1.  
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Although the patterns on the block surfaces appeared similar to those on their 

corresponding thin sections, the pattern wavelengths measured by AFM were 

found to be larger than those by TEM.  Upon cutting, the thin sections were 

subjected to compression along the cutting direction
11

.  The thin slices were found 

to be 10 to 40% shorter than the original block from which they were cut.  This 

shortening in length was always close to the pattern wavelength reduction on the 

thin section.  For example, when the PMMA sample was sectioned at v= 8 mm/s, 

h= 25 kHz and A= 29.9 V, the thin section in the cutting direction was shortened 

about 20%.  The pattern wavelength on the block surface was 255 nm by AFM 

(Figure 5.3B) and that on the thin sections was about 209 nm by TEM (Figure 5.1 

D).  The agreement between the AFM and TEM results further confirms that the 

wave patterns observed in the thin sections were not an artifact of mechanical 

compression. 

 

5.4.4 Diffraction Results 

It is known that periodic surface structures with lateral dimensions in the 

range of 1-10 m, have diffraction effects on visible light.  The quality of the 

pattern structures can be examined by the diffraction maxima reflected from the 

surface.  In optical applications, this is a typical phenomenon for diffraction 

gratings
17

.  In our experiments, a green laser beam with the wavelength of 532 nm 

and the angle of incidence of 45 to the block surface was applied.  Two 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 116 

crosslinked PMMA samples sectioned by the controlled chattering method were 

examined in the diffraction experiments.  The diffraction patterns of the green 

laser beam on both sample surfaces are shown in Figure 5.4, where the spots at 

“0” represent the specular reflection of the incident light, and the spots at ±1, ±2 

were the first and second order diffraction patterns.  The diffraction patterns in 

Figure 5.4 can be analyzed using the diffraction equation: d(sini +sinm)= m, 

where d is the space of periodic structures (wavelength of the wavy structures 

here), i is the angle of incident light, m is the diffraction angle at which the 

diffraction maxima display, and m is an integer representing the order of 

diffraction 
18

. Since Sample A in Figure 5.2 has a space of about 1.2 m in wavy 

structures, there were specular reflection (0 order) and first order diffractions (±1 

order) shown on the reflection wall.  Sample B has wavy structures of about 2 m 

in space, the diffraction pattern showed 0 order diffraction and ±1, ±2 diffractions.  

The clear diffraction patterns demonstrated the uniformity of surface patterns 

prepared by the controlled chattering method in a macro-scale. 
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Figure 5.4 Reflective diffraction patterns of a green laser beam (532 nm) from 

patterned PMMA surfaces prepared by controlled chattering.  (A) 0 and ±1 order 

diffractions of the PMMA sample surface cut at v= 30 mm/s, h= 25 kHz, and A= 

29.9 V; (B) 0, ±1 and ±2 order diffractions of the PMMA sample surface cut at v= 

50 mm/s, h= 25 kHz and A= 29.9 V. Note: the corresponding TEM images of the 

thin sections cut from these two blocks were shown in Figure 5.2. 

 

5.5 Conclusions 

This work reports for the first time a novel “cutting-edge” technology, 

termed as controlled chattering, based on an oscillation cutting mechanism.  
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Chatters are unwanted random artifacts that are often found in preparing samples 

by microtome for electronic microscopic analyses and that great efforts have been 

made to eliminate.  However, we found that using an oscillating knife in 

ultramicrotome we can obtain uniform wavy patterns in one step.  The feature size 

of the patterns can be fine tuned from 30 nm to a few micrometers by controlling 

the cutting speed and oscillating frequency.  The controlled chattering method is 

perhaps the simplest method among the existing lithographic or non-lithographic 

methods for fabricating simple periodic wavy structures.  It also has clear 

advantages in patterning diverse materials other than photoresists, on planar and 

nonplanar substrates, and in creating pattern sizes over a wider range.  It is a truly 

“green” method that involves no chemical reactions and byproducts.  The pattern 

structures can be made in long range and large area by scaling up the cutting 

equipment.  We believe this simple and robust one-step “cutting-edge” technology 

hold great promise in various applications. 
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Chapter 6 Controlled Chattering on PMMA 

and Epoxy:  Effect of Crosslinking and 

Cutting Speed on Pattern Formation 

 

This chapter is reproduced based on the article of Gu H, Faucher S, Zhu S. 

Controlled Chattering on PMMA and Epoxy: Effect of Crosslinking and Cutting 
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6.1 Abstract 

Controlled chattering is a cutting process with forced oscillation on the 

cutting tool, which creates wavy patterns on a variety of polymer surfaces with 

periods tunable from nano- to micrometer.  It was found that the quality of surface 

finish after high-speed cutting was significantly improved when linear polymer 

chains are crosslinked.  The pattern size (period) on thin sections is determined by 

the degree of crosslinking, which is dependent on the material’s hardness and 

elastic properties.  Controlled chattering has also been successfully conducted on 

epoxy samples and the relationship between cutting speed and pattern structure is 

established. 

6.2 Introduction 

The ability to engineer long-range ordered nanostructures, especially with 

well-controlled spatial arrangement is highly desirable in the applications of 

nanoelectronics
1
,
 

optoelectronics
2,3

, biotechnology
4,5

, and nanodevices
6
.  

Nowadays, there are numerous numbers of technologies developed to prototype 

patterned nanostructures
7-10

. Conventional lithographic method such as 

photolithography is able to fabricate patterned structures with lateral dimension in 

the sub-wavelength range.  However, this approach needs to be conducted in a 

clean room condition and is only applicable to a limited set of materials such as 

photoresists
11

.  In comparison, surface patterning by self-assembly of copolymers 
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is capable of producing patterns down to nano-scale and on a larger variety of 

materials.  However this approach is limited to a small pattern area, in which 

grain boundaries are in the micrometer scale
12

.  Surface patterning based on 

evaporative self-assembly of nonvolatile solutes (e.g. coffee rings, fingering 

patterns, and polygonal network structures) is another nonlithographic approach 

to create a diversity of ordered structures
13,14

.  It offers fast and large-scale 

production but is challenging to achieve good control over pattern uniformity.  

Other patterning methods, mainly based on soft-lithography, require pattern 

transfer and involve multi-step procedures
15,16

.  Recently, we have proposed and 

demonstrated a new non-lithography patterning method based on cutting, i.e., 

Controlled Chattering
17

.  In such a process, chatters are invoked intentionally by 

applying an oscillating cutting tool such as ultramicrotome during surface 

finishing.  These chatters formed on the new surfaces appear highly uniform in 

structure and are tunable through controlling cutting speed and oscillation 

frequency.  The controlled chattering method offers a convenient and cost 

effective approach to fabricate periodic wavy patterns on a variety of materials 

with proper viscoelastic properties. 

 

The method of controlled chattering on polymethylmathacrylate (PMMA) 

samples was reported in our previous article
17

.  It was found that the size of 

patterns was directly related to cutting speed within a certain range.  Above the 

speed limit, the structure of surface patterns became very rough, and the cut thin 
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sections appeared to be distorted or broken. This was mainly attributed to the low 

rupture strength of PMMA, which failed to sustain the shearing force exerted by 

the cutting tool during high-speed cutting.  It is hypothesized in this work that the 

incorporation of a crosslinking agent to the PMMA material would improve the 

quality of surface finishing in controlled chattering, as the crosslinking provides 

anchor points to form polymeric network structure and thus the toughness of the 

material is enhanced.  Since the mechanical properties of polymer materials can 

be readily altered by incorporation of crosslinkers or fillers, it is fundamentally 

important to study the effect of crosslinking on the structure of patterns fabricated 

by controlled chattering.  Also studied in this work is Spurrs’ epoxy
18

, another 

type of crosslinked polymer materials, which is often used as an embedding 

material for microtome sectioning.  The mechanical properties of Spurrs’ epoxy 

are tuned to facilitate sectioning and sample protection.  The applicability of 

controlled chattering on epoxies further extends its potential application to a 

larger variety of fields.  In this paper, we report the controlled chattering on 

crosslinked polymer samples including Spurrs’ epoxy and PMMA with different 

amount of crosslinkers.  The structure of patterns on both block surface and thin 

film are examined by TEM and AFM.  
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6.3 Experimental Section 

6.3.1 Sample Preparation 

PMMA samples were prepared in the following steps: (1) Monomer syrup 

containing 8.5 g methyl methacrylate (MMA, 99%, Aldrich), 1.5 g polymethyl 

methacrylate (PMMA, MW = 350,000 g/mol, Aldrich), 0.078g benzoyl peroxide 

(BPO, 97%, Aldrich) was prepared in advance.  The pre-polymer was added to 

obtain proper viscosity for casting and also to reduce volatility during casting. (2) 

The above monomer syrup was mixed with desired amount of ethylene glycol 

dimethacrylate (EGDMA, 98%, Aldrich), and was injected into a glass cell-

casting mold (50 mm  50 mm  3 mm).  (3) The filled casting mold was placed 

into an oven preheated to 70°C.  The polymerization was carried out at 70°C for 5 

hours, and then was held at 120°C for additional 3 hours for completion.  (4) 

Finally, the mold was cooled in air and the PMMA board was released and cut 

into small blocks for microtome sectioning. Epoxy samples were prepared 

following to the literature
18

.  

6.3.2 Controlled Chattering Operation 

The oscillating sectioning was conducted on a Leica UCT ultramicrotome 

equipped with an oscillating diamond knife (DIATOME


, knife edge length: 

3mm, knife angle: 35°, frequency: 25~45 kHz, amplitude: variable from 0-30 V). 

The cutting speed was controlled from 2 mm/s to 80 mm/s.  The sample surface 
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was pre-trimmed with a razor blade into a 1 mm 1 mm area for sectioning.  The 

clearance angle for sectioning was set to 6°.  The section feed was 60 nm and 

input voltage for pizo transducer was 29.9V for all the sectioning in this work. 

6.3.3 Transmission Electron Microscope (TEM) 

TEM microscope was conducted on JEOL 1200EX at an accelerating 

voltage of 80 kV. The images were recorded with a CCD camera.  Ribbons of 

PMMA sections were placed on 200-mesh EM copper grids with post carbon 

coating. 

6.3.4 Atomic Force Microscope (AFM) 

AFM images were taken on the Veeco Dimension Icon Atomic Force 

Microscope equipped with Veeco TESPA probe (Tip radius: 8 nm) on tapping 

mode. 

6.3.5 Mechanical Properties Tests 

The microhardness measurements of the polymer samples were conducted 

on a CLEMEX microhardness system equipped with a pyramid tipped diamond 

indenter.  The hardness was tested based on the Vickers hardness testing method 

at a loading force of 50 g.  The hardness unit was in Vickers Pyramid Number 

(HV), which is equivalent to kilogram force/square millimeter.  The tensile tests 

of the polymer samples were conducted on an INSTRON 4411 instrument at 25°C 
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and 50% humidity. The loading force limit was 5 KN and the crosshead speed 

was 1 mm/min.  The displacement was measured by an extensometer.  The 

PMMA samples were casted in glass molds (75 mm75 mm1.5 mm) and the 

epoxy samples were casted in Teflon molds.  The dimensions of the dumbell 

shaped specimens were machined according to ASTM D638.  The cross section of 

specimens in the gauge length was about 5 mm× 1.5 mm.  A minimum of 5 

specimens were prepared and tested for every batch.   

6.4. Results and Discussion 

6.4.1 Controlled Chattering on Crosslinked PMMA Samples 

It is known that the incorporation of a crosslinking agent into linear 

polymers could improve various materials’ properties such as modulus of 

elasticity, chemical resistance, glass transition temperature, stiffness, hardness and 

so on.  The crosslinkers provide anchor points for the linear polymer chains, 

which could restrain excessive movement of the chains and maintain properties of 

the polymers in a dynamic process
17

.   During high-speed cutting, it is 

hypothesized that crosslinked polymers can yield higher quality surface structures 

than linear polymers.  Moreover, the degree of crosslinking affects the mechanical 

properties of polymer and thus might give different results of controlled 

chattering.  In this work, the bifunctional comonomer ethylene glycol 

dimethacrylate (EGDMA) was used to crosslink PMMA chains.  Five different 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 128 

EGDMA concentration levels were added to the MMA syrup for casting: 0.5%, 

1%, 2%, 3% and 4% based on the total weight.  In selection of the cutting 

parameters, we found that higher cutting speed generated larger wavy patterns and 

the effects of materials properties on the pattern size are more significant at lower 

cutting speeds.  A cutting speed of 30-80 mm/s (at 25 kHz) generated sub- or 

micrometer sized patterns that were proven to be useful in diffraction gratings.  

Furthermore, we found that there existed a critical speed at 30 mm/s (25 kHz 

oscillation frequency) with the uncrosslinked PMMA samples, above which the 

section started to break.  The cutting parameters of 30 mm/s speed and 25 kHz 

frequency were therefore chosen in this study of crosslinking effect on pattern 

formation.  

 

Figure 6.1 shows the representative TEM images of the PMMA thin 

sections having various amounts of EGDMA.  Without crosslinking, the pattern 

structure of the linear PMMA surface appeared broken and twisted when 

sectioned at this speed (Fig. 1(A)).  It was difficult to define the pattern size of the 

broken PMMA thin films since the structures were not uniform.  However, for the 

samples containing 0.5% to 4wt% EGDMA, the wavy pattern morphologies were 

significantly improved under the same preparation conditions.  It was noticed that 

the pattern sizes of the crosslinked PMMA thin sections varied with the degree of 

crosslinking.  For example, in Fig. 6.1(B), 6.1(C) and 6.1(D), where the samples 

contained 0.5%, 1% 2% and 3% EGDMA (based on weight), the average pattern 
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sizes were 775, 813, 850, 871 nm, respectively.  As the amount of crosslinker was 

further increased to 4%, the average pattern size on PMMA thin sections was 

slightly decreased to 843 nm. 

 

 

Figure 6.1 TEM images of PMMA thin sections containing different amount 

of crosslinking agent EGDMA. The numbers in PMMA-n denote the weight 

percent of EGDMA incorporated in the PMMA formulation.  All the sections 

were prepared by controlled chattering at a cutting speed of 30 mm/s and an 

oscillation frequency of 25 kHz. 
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Figure 6.2 3D AFM images of crosslinked PMMA block surfaces and their 

average pattern sizes (λ). The number n in PMMA-n denotes the weight percent of 

EGDMA incorporated in the PMMA formulation.  The cutting speed is 30 mm/s 

and the oscillating frequency is 25 kHz. 

 

An oscillation cutting process creates two new surfaces in every cut, one 

on the newly formed thin section, and the other on the sample block.  The surface 

structures of the sample blocks were examined by AFM.  Representative 3D 

images are shown in Figure 6.2.  In general, the patterns found on the blocks were 

similar to those on their corresponding thin sections from the same cut, but their 

sizes were different.  Shown in Fig. 6.2 are the patterns generated on the block 

surfaces of the PMMA-0.5, PMMA-1, PMMA-2, PMMA-3 and PMMA-4 

measured by AFM.  The average sizes of the patterns are 945, 998, 1030, 1096 
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and 1057 nm, respectively.  However on the thin sections cut from these blocks 

(Figure 6.1), the average pattern sizes were 775, 813, 850, 871 and 843 nm, 

respectively.  It is known that when sectioning plastic specimens, the length of 

chips could be shortened as a result of compression introduced during cutting.   

This shortening along the cutting direction also causes compression of wavy 

patterns on thin sections.  The degree of compression on the thin section was 

about 18% - 20% for all the crosslinked PMMA samples containing 0.5% - 4% 

EGDMA.  It is evident that the degree of compression was not significantly 

affected by the degree of crosslinking at a fixed cutting condition.  Therefore, the 

pattern size on the crosslinked PMMA thin section can be considered to be 

proportional to that of the block surface.  It is hypothesized that the different 

amount of crosslinker altered the mechanical property of PMMA and thus resulted 

in a different chattering mechanism on the block surface. The difference in 

chattering mechanism eventually yielded the different pattern sizes.   

 

The formation of wavy surfaces during controlled chattering involves the 

separation of bulk material along the knife-edge as well as compression and 

tension causing deformation of the material on the new surface.  To obtain a well-

defined surface structure, materials should have sufficient resistance to 

deformation during machining.  We firstly measured the Vickers hardness of the 

crosslinked PMMA samples on a CLEMEX micronhardness testing system. The 

hardness is a measurement of the resistance of material to permanent shape 
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change under an applied force and is calculated based on load over surface area of 

the indentation.  The unit HV is equivalent to kilogram force/square millimeter.  

Hardness results of crosslinked PMMA were plotted together with the pattern 

sizes measured on thin films and block surfaces versus the amount of EGDMA in 

Figure 6.3.  Generally, the harness data are consistent with the pattern sizes that 

showed the increased trend as a function of EGDMA concentration up to 3%, 

however there is a slight drop both in microhardness and pattern size when the 

crosslinker-degree was increased from 3% to 4%.   

 

Figure 6.3 Pattern size (on thin film and block surface) and microhardness of 

crosslinked PMMA samples with various amount of crosslinker.  
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Figure 6.4 Values of Young’s modulus (GPa) and strain at break versus the 

amount of crosslinking agent in PMMA (%). 

 

Besides the hardness tests, tensile experiments were also conducted to 

investigate the tensile properties of the crosslinked PMMA and the effect on the 

controlled chattering.  Since Young’s modulus represents the stiffness of material 

in the elastic region, it is an important parameter in resisting deformation of the 

material, and is highly related to the outcome of surface finish.  When chattered at 

30 mm/s speed and 25 kHz frequency, the PMMA sample sections appeared 

broken.  It indicates that the high impact stress generated at 30 mm/s exceeded the 

ultimate strength of the material, leading to discontinuous chips.  However, the 

incorporation of 0.5% crosslinking agent resulted in a significant improvement of 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 134 

the surface pattern structures (Figure 6.1(A) and (B)).  The Young’s modulus of 

PMMA-0.5 was about 3.09 GPa as shown in Figure 4, while it was only 2.67 GPa 

for the uncrosslinked PMMA.  It is known that with moderate degree of 

crosslinking, the chain mobility is reduced through forming a network structure
19

.  

Therefore, the modulus of the materials is increased.  In this study, the Young’s 

modulus of PMMA increased with increasing EGDMA concentration until 2%.  

Further increase of crosslinking agent above this amount did not improve its 

Young’s modulus.  It actually experienced a slight decrease when EGDMA was 

over 3%.  Although the amount of decrease was not significant as compared to 

experiment error of the modulus measurement, it was generally accepted that with 

increasing degree of crosslinking in the network, the heterogeneity of network 

also increases
20-22

. As a result, the polymer becomes more brittle, and shows 

lower the resistance to impact forces
23

.  Our result agreed with that reported by 

Deb and coworkers, in which Young’s modulus of PMMA crosslinked by 

EGDMA (0, 2%, 5%, 10%) initiated with 0.75% of BPO was studied
24

.  

In tensile experiment, strain value at the break point (break strain) 

represents maximum deformation of the materials under maximum stress.  In 

machining, it could also be used in the analysis for degree of material deformation 

after disruptive processing.  Our result showed that the thin sections prepared by 

controlled chattering were subjected to compression that led to reduced pattern 

sizes on the thin sections.  It is anticipated that the block surfaces were subjected 

to similar compressive forces as the thin sections and thus the pattern size on the 
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block surface could be related to the ultimate strain of the material.  As shown in 

Figure 6.4 (filled dots), the strain values at break point of PMMA decreased 

steadily with increasing crosslinking degree from 0 to 2% and reached a plateau 

when the crosslinking degree was over 3%.  Similar to the tensile modulus, the 

decreased break strain of crosslinked PMMA is due to the reduced flexibility of 

polymer network and the material becomes more brittle.  The effect of 

crosslinking on the ultimate strain was apparent at low degree (below 2%) and 

became less significant when the crosslinking degree was between 2%- 4%. 

 

Figure 6.5 Strain values at break (%, squares) and microhardness (HV, 

triangles) of crosslinked PMMA samples versus pattern size on block surfaces 

measured by AFM.   
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In Figure 6.5, the break strain (squares) and the hardness (triangles) of 

crosslinked PMMA were plotted against the pattern size on block surface.  In 

general, the break strain showed a good linear fit to the pattern size with the slope 

of about 0.01nm
-1

.  The hardness data of 0.5% - 3% EGDMA also exhibited a 

very good linear relationship with the pattern size on block surface, except for the 

big drop of PMMA-4.  These curves indicate that larger pattern size can be 

obtained by sectioning harder and less elastic materials.  Figure 6.5 provides a 

rough estimation to the pattern size with a known break strain in a certain region. 

6.4.2 Controlled Chattering on Epoxy Samples 

Aside from the study on PMMA samples, the controlled chattering 

experiments were also conducted with Spurrs’ epoxy samples. Spurrs’ epoxy is a 

well-known embedding medium for microtome sectioning
18

.  It is generally a soft 

material as compared to acrylic polymers.  The Vickers hardness of Spurrs’ epoxy 

was 15 HV measured by the microhardness system.  The hardness of the Spurrs’ 

epoxy was tuned to this level for easy trimming and high quality sectioning.  

Under certain cutting conditions (e.g., speed, feed, clearance angle, surface 

shape), Spurrs’ epoxy was a perfect material for generating smooth surface 

finishes.  However, once an oscillation cutting of high speed was applied, Spurrs’ 

epoxy also chattered.  Figure 6.6 shows some TEM images of the wavy patterns 

on Spurrs’ epoxy sections cut at different speeds with a section feed of 60 nm and 

an oscillation frequency of 25 kHz.  Different from the work on linear PMMA
17

, 
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there was no pattern found on the epoxy thin sections at 2 mm/s speed of cut.  

When the cutting speed was increased to 4 mm/s and over, the epoxy sample 

started chattering.  Further increase of the cutting speed resulted in larger patterns.  

The onset of cutting speed for chattering Spurrs’ epoxy (≥4 mm/s) was higher 

than that for linear PMMA (≥2 mm/s) at the same oscillation frequency.  This 

may be attributed to the highly crosslinked structure of epoxy, which gives a 

higher shearing stress resistance than physically entangled linear PMMA chains
25

.  

On the other hand, it was found that the patterns generated at higher cutting 

speeds (8-80 mm/s) were more uniform and profound. The range of 10- 80 mm/s 

was optimal for the selected cutting feed and oscillation frequency.  A point worth 

mentioning is that in a conventional microtomy, chatters are usually more severe 

at lower cutting speeds but become milder at increased cutting speeds
26

, and 

chatters are not observable in the range of highest cutting speeds.  However, in 

our study the chattering phenomenon seems to function in the opposite way: 

higher cutting speed yielding larger and deeper pattern.  The underlying 

mechanism can be complicated but a fact is clear: in the conventional microtomy, 

the source of chattering is not controlled and mostly mild, thus it could be 

suppressed by high cutting speed.  On the contrary, in the controlled chattering, a 

vibrating source is applied by an external device and vibrates with a high-energy 

output (29.9 V).  
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As shown in Figure 6.6, the pattern size on the epoxy thin sections 

increased monotonously with the increase of cutting speed.  As the cutting speed 

increased from 4 to 50 mm/s, the pattern size on the thin sections increased an 

order of magnitude from 119 to 1375 nm.  If the materials mechanical property 

can be improved to sustain higher shearing force and the oscillation frequency can 

be adjusted over a larger range (below 25 kHz or beyond 40 kHz), it is possible 

for further extension of patterning size to a larger range. 

 

 

Figure 6.6 Representative TEM images of Spurrs’ epoxy sections prepared by 

oscillating cutting. Cutting speed (v), oscillating frequency (h) and amplitude (A) 

are shown under each image. 
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Figure 6.7 Representative 3D and 2D AFM images of epoxy sample surfaces 

prepared by controlled chattering with different cutting parameters. 

 

The patterns on the epoxy block surfaces were also measured by AFM.  

Figure 6.7 shows that high-quality wavy patterns with uniform structure were 
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generated on the block surfaces. The pattern size on the block surfaces 

corresponded to that of the thin sections and increased with the increased cutting 

speed (for a given oscillating frequency).  Figure 8 shows a linear relationship 

between the pattern size and the cutting speed.  On the other hand, the depth of 

patterns (amplitude) generated at higher cutting speeds also appeared to be larger, 

but the influence was moderate or limited.  For example, in Fig. 6.7(C), the depth 

of the wavy structure was about 10 nm at the cutting speed of 8 mm/s (pattern size: 

407 nm).  In Fig. 5.7(D), the depth was about 20 nm at the cutting speed of 25 

mm/s (pattern size: 760 nm).   Further increase of the cutting speed resulted in 

very little increase in the pattern depth.  The largest wavy structure on the epoxy 

was prepared at 80 mm/s cutting speed (25 kHz oscillation frequency) and the 

pattern depth was 25 nm. 

6.4.3 Effect of Cutting Speed on Pattern Formation 

The pattern sizes on the thin sections and block surfaces measured by 

TEM and AFM were plotted against the cutting speed in Figure 6.8.  Both data 

showed linear dependence on the cutting speed.  The slope of the block surface 

pattern was 36.9 10
-6

 s from the AFM data and that of thin sections from the 

TEM microscopy was 27.9 10
-6

 s.  The pattern sizes obtained from PMMA-1 

were included in Figure 6.8 for comparison.  Similarly, the pattern size on PMMA 

thin films and block surfaces also showed a linear dependence on the cutting 

speed at 25 kHz oscillation frequency.  The slope of the linear fit for the patterns 



Ph.D. thesis - H. Gu McMaster University - Chemical Engineering 

 141 

on PMMA block surface was 34.5 10
-6

 s and that for thin film was 26.210
-6

 s.  

That is, the effect of cutting speed on chattering PMMA-1 is very similar to that 

of Spurrs’ epoxy.  It should be noted that the effect of cutting speed on pattern 

spanned a range of three orders of magnitude and the effect of mechanical 

properties discussed in the previous section was in small percents.  Although the 

Vickers hardness, Young’s modulus and break strain of Spurrs epoxy were 15 HV, 

2.18 GPa and 2.31% respectively, different from those of PMMA, the pattern size 

experienced only small changes and its dependence on cutting speed was not 

significantly affected. 

 

Figure 6.8 Pattern size on epoxy (filled circles) and PMMA (filled triangles) 

block surfaces measured by AFM and pattern size on epoxy (empty circles) and 

PMMA (empty triangles) thin measured by TEM. Oscillation frequency was 25 

kHz. The points are experimental data and the lines are linear fitting curves. 
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In an attempt to relate the TEM and AFM data to cutting speed, the 

compression effect in machining is considered.  Ideally, in a “free of compression” 

condition, the thin sections and their corresponding block surfaces should have 

the same value.  However, in practice, it is almost impossible to totally eliminate 

the compression.  The shortening of epoxy sections after cutting was found to be 

between 20-28% in this work with an average value of 24%.  Based on the model 

of Almound et al., the degree of compression (C) can be estimated by: 

C= 1-cos(+c)       (1) 

where  is the knife angle and c is the clearance angle
26

.  In this study, = 35 

and c= 5~10. The compression therefore was estimated between 23% and 29% 

based on Eq. (1).  The experimental compression result was in good agreement 

with the theoretical prediction.  Based on the plot shown in Figure 6.8, we can 

roughly predict and control the pattern size on the block surface (sb) through 

controlling the cutting speed (v), based on  

sb (nm)= slope × v (mm/s)      (2) 

where the slope is 36.9 (s) for Spurr’s epoxy and 34.5 (s) for PMMA-1.  It should 

be noted that the employment of Eq. (2) is under the condition of the oscillation 

frequency of 25 kHz and the section feed of 60 nm.  Varying either oscillation 

frequency or section feed will result in a change in the cutting speed dependence 

of the pattern size.  Combining Eq. (1) with Eq. (2) yields Eq. (3) that allows us to 

estimate the pattern size on the thin sections (ss), 

ss (nm)= slope × cos(+c) v (mm/s)      (3) 
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To further investigate the effect of cutting parameters on the surface patterning in 

controlled chattering, the oscillation knife with a larger range of frequency is 

required. 

6.5 Conclusions 

A variety of long-range and large-area uniform wavy patterns at nano- to 

micrometer levels were fabricated by the developed controlled chattering 

technology from representative thermoset and thermoplastic polymers.  The 

polymers used for demonstration included polymethyl methacrylate (PMMA) 

modified by ethylene glycol dimethacrylate (EGDMA) as crosslinker, as well as 

Spurrs’ epoxy.  In the study of crosslinked PMMA samples, the pattern size was 

found to be dependent on the degree of crosslinking at a set of fixed cutting 

parameters.  At low crosslinking levels (3wt% of EGDMA), increasing EGDMA 

resulted in an increase in the pattern size on both of the PMMA thin film and 

block surface.  However, the pattern size showed a slight decrease with further 

increase in the EGDMA amount to 4wt%.  The tensile tests showed that the 

pattern size was linearly dependent on the break strain of the crosslinked PMMA 

as well as the hardness of the material in the low crosslinking range.  In studying 

the effect of cutting speed on pattern size, it was found that for both PMMA (1% 

EGDMA) and Spurrs’ epoxy samples, the pattern size on the block surfaces was 

linearly proportional to the cutting speed at a fixed frequency of oscillation.  The 

pattern size on the thin sections was reduced, with the percentage of reduction in 
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agreement with the shortening of section length.  The pattern size on the thin 

sections was correlated to that on the block surfaces and it could be estimated 

from the latter data with the given knife and clearance angles. 
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Chapter 7 A One-step Approach for the 

Fabrication of Polymer and Metal 

Nanowires 

 

This chapter is reproduced based on the publication of Gu H. and Zhu S. A one-

step approach for the fabrication of polymer and metal nanowires. 

Nanotechnology 2011, 22, 265355. Copyright © Institute of Physics and IOP 

Publishing Limited 2007 - 2011. 
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7.1 Abstract 

The fabrication of one-dimensional (1D) polymer and metal nanowires 

were obtained in a one-step mechanical approach.  This approach is based on a 

controlled chattering process at the cutting edge of an oscillating diamond knife to 

conduct wavy cutting.  Consecutive shallow wavy cuttings at different phases 

yield uniform ultra-long nanowire products with controlled lateral dimensions in 

the range of sub-100 nanometers to micrometers.  The morphologies and lateral 

dimensions of the nanowires can be tuned through phase alignment, cutting depth 

and cutting speed; as demonstrated in this paper through examples of its 

application to polymethyl methacrylate, aluminum and copper.  This facile one-

step “cutting-edge” method is robust, clean, involves no chemicals, and can be 

readily scaled up with precision machining for long-range and large-area 

fabrications. 

 

7.2 Introduction 

One-dimensional (1D) nanomaterials are the “building blocks” for the 

development of nano-scale devices and circuits, and have applications in 

photonics, sensors, electronics, and other nano-photovoltaic parts.  In fundamental 

research, 1D nanomaterials are also of great interest for studying extraordinary 

physical or electrical properties under confinement
1-3

. State-of-the-art strategies of 

1D nanostructure fabrication can be mainly divided into two categories, bottom-
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up or top-down routes
4,5

.  Bottom-up routes include directed self-assembly
4,6

, 

chemical vapor deposition
7,8

, electro-spinning
9-11

, or other template based 

approaches
12-15

; and are capable of producing unusual heterogeneous 

nanostructures with lateral dimensions down to a few nanometers’ in scale.  Since 

the template removal procedure can be tedious and costly for most template-

involved techniques, the “no-template” self-assembly approach is more favorable 

in terms of simplicity.  However, some of the “no-template” self-assembly 

approach, such as conjugated polymer growing in one direction
16, 17

, is still at an 

early stage of its development and the control of morphologies is challenging.  

Another limitation for bottom-up routes is that the wires produced by this means 

are usually short (≤100 µm).  Top-down techniques have been highly developed 

in the recent years and the limit of dimension has been significantly reduced to < 

20 nm
18

.  The major technique for controlled 1D structure fabrication in this 

category is the chemical etching approach
19

, which is primarily suitable for 

elemental semiconductor materials.  Top-down technologies normally require 

multiple-step operations, involving lithography, thin film deposition/removal and 

chemical or ion etching
20-22

.  It has become a general nanofabrication method that 

is able to achieve high throughput as well as precise control on a variety of 

materials.  However, the wide applicability of this category is usually realized at 

high costs incurred from additional procedures such as functionalization of 

mold/substrate or use of specific deposition facilities.  For successful future large-
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scale applications, we believe that simplicity, bulk production and universal 

application in a variety of materials are the key factors. 

 

Our recent study on ultramicrotomy has lead to the development of a new 

nanofabrication technology - “Controlled Chattering”
23

.  This technique was 

inspired by the “chattering” mechanism typically found in an unstable cutting 

process; where the vibration of cutting tool or work piece leads to unexpected 

wavy surfaces. Since those vibrations are not controlled, the wavy structures are 

normally random.  Numerous efforts were made in the past to avoid such 

unwanted chatters.  However, by applying a modified diamond knife attached to a 

piezo transducer, we found that wavy patterns with uniform and tunable sizes 

could be fabricated through simple cutting.  The size of the patterns was tunable 

from nano- to micrometer scale by controlling the cutting speed and oscillation 

frequency. 

 

In our previous study, it was found that for patterns with different sizes, 

the amplitude of wavy structures also varied from a few nanometers to tens of 

nanometers
24

.  In microtomy, depth of cut can be referred to “section feed”.  The 

section feed is controllable from a few nanometers to micrometers and is 

determined by incremental advancing of sample holder towards knife 

(perpendicular to cutting direction) before each cut.  In fact, the ultramicrotome is 
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so delicately designed that each step of increment can be as small as 1 nm
25

.  

When sections are prepared for different microscopic facilities, the section feed is 

normally between 50 nm-500 nm.  We used 60 nm section feed for most of the 

experiments in our previous study.  Occasionally, we observed that the diamond 

knife cut discontinuous chips.  The cracks on the chips appeared straight and were 

normally located at valleys of the wavy structures.  It suggested that the vibrating 

knife under certain conditions was not able to cut deep enough to form a uniform 

section.  On the other hand, it implies that there is a possibility of cutting 1D 

nanostructures from these wavy surfaces by careful adjustment of the cutting 

parameters.  Such a process should be akin to a combination of chattering and 

trimming, in which the edge of knife gets in contact with the wavy surface 

periodically.  

 

In this paper, we report the proof of concept and demonstrate that by 

adjusting the phase alignment of two concessive wavy cuttings or controlling the 

depth of cut-to-amplitude ratio of wavy structures, 1D nanostructures can be 

successfully fabricated by using a simple mechanical method such as controlled 

chattering.  This mechanical method does not involve any chemical reactions, 

template preparation/removal or other costly post-treatment methods. The 

nanowires (nanorods and nanoribbons) fabricated in this work can easily achieve 

lengths up to a millimeter.  Concurrently, this method can be readily scaled up 

through precision machining for even longer-range fabrications. 
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7.3 Experimental Section 

7.3.1 Materials  

A PMMA sample containing 1wt% of ethylene glycol dimethacrylate 

(EGDMA) was casted as described before
23

.  Copper (99.999%) and aluminum 

(99.99%) bars were purchased from Sigma-Aldrich.   

7.3.2 Controlled Chattering Operation 

The controlled chattering experiments were conducted on a Leica UCT 

ultramicrotome equipped with an oscillating diamond knife (DIATOME


, knife 

edge: 3 mm, knife angle: 35°, frequency: 25~45 kHz, amplitude: variable from 0-

30 V).  The cutting speed was set to 30mm/s and 8mm/s for sectioning PMMA 

samples and metals, respectively.  The sample surface was pre-trimmed with a 

razor blade into a 1 mm 1 mm to 2 mm 1 mm (width length) area for 

sectioning.  The clearance angle for sectioning was set to 6°.  The input voltage 

for piezo transducer was 29.9 V, and the oscillation frequency was 40 kHz for all 

the sectioning in this work. Ribbons of PMMA and metal sections were picked up 

from collecting boat of the microtome, and were placed on Formvar coated 200-

mesh copper grids.  PMMA sections on Formvar supported copper grids were 

coated with a thin layer of carbon before TEM imaging. 
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7.3.3 Transmission Electron Microscopy 

The Transmission Electron Microscopy (TEM) observations were 

conducted on JEOL 1200EX at an accelerating voltage of 80 kV.  The images 

were recorded with a CCD camera at various magnifications.   

7.3.4 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) images were taken on the Veeco 

Dimension Icon Atomic Force Microscope equipped with Veeco TESPA probe 

(Tip radius: 8 nm) on the tapping mode. 

 

7.4 Results and Discussion 

7.4.1 Effect of Phase Alignment on Nanostructure Formation 

The successful operation of controlled chattering on polymeric materials 

such as PMMA and epoxy has been reported previously for the fabrication of 

wavy nanopatterns.
23

  In this work, a PMMA sample crosslinked with 1wt% of 

EGDMA was used as the first example to fabricate 1D nanostructures by 

controlled chattering.  The controlled chattering conducted on the crosslinked 

PMMA was: section feed = 60 nm, cutting speed = 50 mm/s and oscillation 

frequency = 40 kHz.  The resultant PMMA surface was examined by AFM and a 

3D image is shown in Figure 7.1. According to AFM measurements, the wavy 
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structures created on the PMMA block surface were about 1.14 m in wavelength 

and 56 nm in amplitude.  A consecutive controlled chattering sectioning in 

parallel generated a thin wavy film that was demonstrated in our previous practice 

on PMMA at 25 kHz oscillation frequency.  Under such a condition, the thin film 

is expected to have uniform thickness and can be as thin as the given cutting 

depth.  A schematic illustration is shown in Figure 7.2(A), where the dark blue 

region represents the sample block and the light blue region is the newly cut chip 

(film-like structure), and the black line between is the trajectory of the wavy cut. 

 

Our hypothesis was that if the wave phase of a concessive cut is 

misaligned with the previous cut typically in 0-1/4 or 3/4-1 wavelength, and the 

section feed is less than the amplitude of the wavy structure; the knife-edge is 

expected to generate separated ribbon-like structures rather than continuous chips 

(Figure 7.2(B)).  The term “ribbon-like” denotes that the edge thickness of the 

structure is smaller than the middle.  Furthermore, by using a similar shallow-

cutting process with cutting depth smaller than wave amplitude, separated rod-like 

wires can be generated if the misalignment of two concessive wavy cuts is about 

1/2 of a wavelength (Figure 7.2(C)).   
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Figure 7.1 3D-AFM image of a PMMA wavy surface prepared by controlled 

chattering at 50 mm/s cutting speed, 40 kHz oscillation frequency and 29.9 V 

input.  Wavy structure dimensions: wavelength= 1.14 m, amplitude= 56 nm. 

 

The chip structures corresponding to Figure 7.2 (A, B and C) were 

observed in the sections of PMMA chattered at 50 mm/s speed and 40 kHz with a 

cutting feed of 60 nm.  Representative TEM images are shown in Figure 7.2(D, E 

and F).  The wavelength of wavy structures in Figure 7.2(D) was 750 nm by 

TEM, which was about 34% smaller than that of the block surface (1.14 m).  

The large reduction in wavelength of the thin section reveals that the compression 

in such a high-speed high-frequency cutting was considerably large
26

.  In our 

previous experiments at 25 kHz oscillation frequency, the evidence of 1D 

structure formation was not found in controlled chattering.  The operation at 
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higher oscillation frequency appeared to be more prone to generate separated 1D 

structures.  In sectioning crosslinked PMMA samples, when the oscillation 

frequency was raised from 25 kHz to 40 kHz at a cutting speed of 50mm/s and a 

section feed of 60 nm, discontinuous chips started to be generated.  As shown in 

Figure 7.2(E), nanoribbons were generated when sectioning PMMA sample at the 

oscillation frequency of 40 kHz.  The width of the nanoribbons was measured 750 

nm in average, which was about the same size of the compressed wavy structure 

and was also 34% less than the wavelength on the original block.  Depending on 

the degree of wavy phase alignment, 1D chips with different structures were also 

generated.  Figure 7.2(F) shows the rod-like nanowire structures cut from the 

same PMMA sample with oppositely aligned phases in the concessive oscillation 

cuts.  The average width of nanorods was 720 nm under TEM.  It should be 

pointed out that there is no function available yet with the current microtome 

facilities to precisely tune the phase alignment.  The phase alignment in this work 

was achieved by a trial-and-error approach. 
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Figure 7.2 Schematic and TEM images showing various PMMA structures 

can be formed in Controlled Chattering. (A) two parallel cuts with a perfect wave 

phase alignment generate a uniform wavy thin film (light blue area).  (B) a small 

offset in the cutting phase alignment generates nanoribbons.  (C) two oppositely 

aligned cuts of controlled chattering generate nanorods. (D) TEM images of the 

PMMA wavy film surface. (E) ribbon-like structure of PMMA. (F) rod-like 

structure of PMMA. Cutting parameters are: section feed 60 nm, cutting speed 80 

mm/s cutting, oscillation frequency 40 kHz for (D)- (F). 
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7.4.2 Effect Cutting Depth and Cutting Speed on Nanostructure 

formation 

In addition to the phase alignment, there are other parameters that affect 

the structure of chips cut from controlled chattering.  The section feed determines 

the depth of a knife cut into the work piece.  A large section feed assures 

continuous chips while a small feed (shallow cut) generates discontinuous chips.  

In a shallow cut, the feed also affects the size of 1D structures: the shallower the 

cut, the thinner the wires.  The size (wavelength and amplitude) of original wavy 

structures on block surface determines the maximum width of 1D structures.  

Since the knife cuts only a portion of the material off from the wavy surface, the 

width of nanowires must be smaller than the wavelength of the original waves.  

Furthermore, a surface with larger wave, both in wavelength and amplitude, is 

more likely to get a partial cut at a certain depth, generating separated wires.  It 

also allows for a wider selection of the cutting depth.  Our previous work showed 

that the wavelength on block surface could be fine tuned in the range of tens of 

nanometers to micrometers through varying the cutting speed.  The 1D structure 

size can therefore also be correlated to the applied cutting speed.  

 

        Chattering experiments at different cutting depths and cutting speeds were 

conducted with PMMA blocks.  In the first two runs, the cutting speed and 

oscillation frequency were fixed.  The section feeds were 20 nm and 60 nm, 
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respectively.  The cutting mechanism is illustrated in Figure 7.3(A) and (B).  The 

amplitude and wavelength on the original block surface were 56 nm and 1140 nm. 

When the section feed was set to 20 nm, the nanowires had an average width of 

235 nm (Figure 7.3(D)).  That is, under such conditions, the diamond knife cuts 

only about 20% of the original wavy structure from the block surface.  When the 

section feed was increased to 60 nm, which was close to the amplitude of the 

original structure, the width of nanowires was increased to 720 nm (Figure 7.3(E)), 

approximately 63% of the wavelength of the original structure.  Although when 

the cutting feed was set to 60 nm, which was slightly larger than the amplitude of 

wavy structures (56 nm), the actual section depth did not maintain.  This deviation 

could be caused by the compression in the high-speed cutting as well as elastic 

deformations of the materials.  It could possibly explain the partial cut of 

nanowires at 60 nm’s feed.  In the other two experiments, the section feed and 

oscillation frequency were fixed to 60nm and 40 kHz, while the cutting speed was 

varied from 50 mm/s to 80 mm/s.  The lower speed generated a wavy pattern of 

1140 nm in wavelength on the block surface while the higher speed gave 1820 nm. 

Figures 7.3(E) and 7.3(F) show TEM images of the 1D structures.  The width of 

PMMA microwires was 720 nm in Figure 7.3(E) and 1150 nm in Figure 7.3(F).  

The wavy patterns having larger wavelength and amplitude yielded thicker and 

wider 1D wires at a given section depth.   
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Figure 7.3  Schematic cross sections of the wavy sample surfaces (light blue area), 

the new oscillating cutting trajectory, and the resulted surface after controlled 

chattering (A)-(C).  The size of nanowires can be adjusted by adjusting the cut 

depth. (A) a shallow cut generates small nanowires; (B) a deeper cut yields bigger 

nanowires. (C) larger surface structures allows for larger wires being cut.  And 

TEM images of PMMA nano- or microwires prepared by controlled chattering at 

different parameters. (D) section feed 20 nm and cutting speed 50 mm/s; (E) 

section feed 60 nm and cutting speed 50 mm/s; (F) section feed 60 nm and cutting 

speed 80mm/s. 
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7.4.3 Application of Controlled Chattering on Metals 

 

Figure 7.4 TEM images of aluminum and copper sectioned by controlled 

chattering. (A) aluminum wavy film; (B) aluminum nanowires; (C) copper wavy 

film; (D) copper nanowires.  Cutting parameters are: section feed 20 nm, cutting 

speed 8 mm/s and oscillation frequency of 40 kHz. 

 

Another exciting development in this controlled chattering is its 

applicability in the fabrication of metal nanowires.  Realizing that conductive 
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nanowires are highly demanded for applications in miniaturized electronics and 

lab-on-chip devices, we also extended the controlled chattering to some 

conductive metals such as aluminum and copper.  These two metals were chosen 

because firstly they have the medium softness suitable for machining; secondly, 

they are among the most-often used conductive materials in the electronics 

industry.  We used a cutting speed of 8 mm/s and an oscillation frequency of 40 

kHz for the first trial.  It should be noted that the cutting speed used for metals are 

lower than that for polymers. This was to reduce tool wear during metal 

machining thus maintain a good condition of the diamond knife.  Also, we were 

aimed to downsize wire thickness for which smaller cutting speeds or section feed 

should be used.  The section feed was set to 20 nm, at the same level of the wavy 

structure on the block surface.  Representative TEM images of aluminum and 

copper wavy films and their nanowires prepared by the controlled chattering 

method are shown in Figure 7.4.  The wavy structure of the aluminum thin film 

was about 155 nm in wavelength (Figure 7.4(A)), and the width of nanowires was 

about 80nm in average (Figure 7.4(B)).  The differences in pattern sizes on 

aluminum and copper chattered at the same parameters could be attributed to their 

different mechanical properties such as hardness, stiffness, ductility, etc, which 

will be further investigated in our future study.  In comparison, the wavelength of 

wavy film and the width of nanowires chattered from a copper block under the 

same condition were more similar, which were about 80 nm and 70 nm, 

respectively.  As demonstrated in the previous section for PMMA, the size of 
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metal wires could also be controlled through adjusting cutting parameters or depth 

(please see Appendix B.).  Since the slowest applicable cutting speed for 

controlled chattering is limited, given an oscillator that provides a higher 

oscillation frequency, we believe it is possible to further reduce the nanowire size 

to < 50 nm.  

 

In terms of productivity, it is worth mentioning that the controlled 

chattering by a microtome facility is highly automated and can be carried out in a 

continuous mode provided the conditions are well maintained.  The time-

consuming step is the preparation of samples that must be pre-polished, manually 

trimmed into a regular shape and aligned to the fixed knife.  This takes about 20 - 

40 min for an experienced operator.  However, once the sample is aligned, 

operation of the automated cutting, e.g. on a 2 mm×2 mm surface, takes less than 

1 sec.  For continuous and repeated cutting, the time for batch preparation would 

be less significant. 

 

7.5 Conclusions 

In conclusion, we demonstrated the fabrication of polymer and metal 

nanowires by a one-step “cutting-edge” method based on the controlled chattering.  

The experiments were carried out with an ultramicrotome facility that offers 

extraordinary precision control and reproducibility.  This facile fabrication 
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process can be completed in minimal time and involved no chemicals and no 

template preparation/removal.  The experiments on PMMA, aluminum and copper 

were successfully conducted for the proof of concept.  The dimension of wires 

could be tuned from sub-100 nm to micrometers under different operation 

parameters.  The key parameters for the control of wire size included section feed, 

cutting speed and oscillation frequency.  It is anticipated that this method would 

allow for the fabrication of ultra-long nanowires up to a few millimeters or higher, 

given an adequately large microtome knife.  It has many advantages over existing 

technologies for its simplicity in operation, low cost of facility, no chemical 

reaction or pollution, easy control over size, long-range and large area structures, 

and general applicability to a variety of materials. 
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Chapter 8 Contributions, Perspectives and 

Recommendations for Future Work  

 

8.1 Major Contributions 

This work detailed in this thesis has provided significant contributions to 

the development of polymer surface engineering, and specifically towards surface 

chemistry and topography design.  This includes the development and 

demonstration of two new technologies, surfadditives for in-mold surface 

modification and controlled chattering for surface patterning.  Both technologies 

are based on unconventional approaches and involve a single step.  They do not 

require high capital cost facilities, and are highly versatile and easily 

implemented.  They are also very promising when considering scaling up for 

large-scale applications. 

8.1.1 Copolymer Surfadditive for Polymer Surface Chemistry 

Modification 

 
In Chapter 3, block copolymers having the “head-neck-body” structure 

were synthesized and applied as surfadditives for surface modification and 

functionalization.  Fluorinated segments and triethoxy silane functional groups 
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were incorporated as a “head” or “neck” of the surfadditive molecule.  This type 

of surfadditives targeted applications in the molding of acrylic plastics so that a 

PMMA “body” was constructed to achieve strong adhesion.  The surface 

migration of such surfadditive molecules was due to the low surface energy of 

fluorinated “head” or “neck”.  After migration, the triethoxy silane segments 

attached to fluorinated segments were also brought to the surface of the polymer 

composite, providing functionality for further modification or crosslinking.  

Conventionally, tri-block copolymers were synthesized in multiple steps by chain 

extension; however, we prepared block copolymer surfadditives in a one-pot 

process via ATRP.  Although chain extension in multi-steps provides better 

control of chemical composition than in a one-pot process, it is inherently more 

costly.  Our approach appears to be an economic alternative where satisfactory 

results could be obtained at a much lower cost.  In the application of surfadditives 

in PMMA injection molding, an optimal operation temperature of 180°C was 

found and the effect of surfadditive loading on surface modification was studied.  

In the cell casting process, the surface migration results obtained from different 

molds (fluorinated polymer and glass) and different molecular structures were 

compared.  

8.1.2 Magnetic Surfadditive for Surface Hardness Modification 

The second type of surfadditives, based on magnetic particles, was 

designed in part to solve the low migration rate problem of polymeric 
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surfadditives.  It was found that the diffusion of polymeric chains in a polymer 

melt was very slow.  To have sufficient surface coverage of such molecules, the 

process time must be in the order of tens of hours, which is not realistic for 

industrial operations.  In comparison, the magnetic surfadditive appears promising 

since it could be effectively manipulated by a magnetic field.  In order to develop 

a type of surfadditive that can be used to increase the scratch resistance of acrylic 

plastics, we prepared magnetic nanoparticles consisting of an iron core and a 

hybrid shell that contains nanosilica cages (POSS) and PMMA brushes.  The 

hybrid material was grafted by surface-initiated ATRP.  The PMMA segments 

were introduced to increase the compatibility of particles with the bulk matrix.  

As expected, the migration efficiency of magnetic surfadditive was significantly 

enhanced as compared to the fluorinated copolymer.  With only 1wt% of 

magnetic surfadditive in the casting of PMMA board under a magnetic field, the 

concentration of particles was increased about 50 times in a 100 μm surface layer.  

This particle-enriched layer showed a 30% hardness improvement based on 

micro-indentation tests.  This part of the thesis work demonstrated the feasibility 

of using functional magnetic particles as additives to modify a polymer surface, 

which has not been reported by others. 

8.1.3 Surface Topography Modification by Controlled Chattering 

The second major contribution of this thesis is the invention and 

application of controlled chattering technology in the polymer surface topography 
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engineering.  In Chapter 5, the mechanism of controlled chattering was introduced 

for the first time.  Proof of concept experiments were conducted on PMMA 

samples using an oscillating diamond knife in ultramicrotomy.  It was found that 

by applying fast cutting speed ranging from 2-80 mm/s, and oscillation frequency 

between 25-45 kHz, uniform wavy patterns with feature sizes from nano to 

micrometer scale could be fabricated in one step. Using current technologies of 

nanofabrication based on lithography or self-assembly it is challenging to 

fabricate patterns over a long range (2 orders of magnitude) and in large scale.  

However, controlled chattering is able to tune pattern size over 3 orders of 

magnitude and is readily scalable.  Moreover, since this patterning method is 

based on physical sectioning, it is a clean process without any chemical reactions 

or by products. 

 

In Chapter 6, the controlled chattering mechanism was further investigated 

in depth by studying the effect of crosslinking and cutting speed on the pattern 

formation. Two types of polymers with different mechanical properties, i.e. 

PMMA and epoxy, were used.  PMMA is a typical thermoplastic material with 

linear chain structure, while epoxy is a widely used thermosetting polymer with 

crosslinked structures.  In sectioning linear PMMA samples, it was found that the 

thin sections produced at high cutting speed (30 mm/s and 25 kHz oscillation 

frequency) appeared twisted and broken, therefore patterns could not be retained.  

However, by applying a crosslinking agent to PMMA, the quality of wavy 
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patterns was significantly improved even at higher cutting speed.  In this chapter, 

the effect of crosslinking degree on pattern size was systematically studied.  The 

results showed that a mild crosslinking degree (0.5-3%) increased the Young’s 

modulus and decreased the rupture strain of PMMA; therefore, larger wavy 

patterns were created on the section and block surfaces.  However, higher 

crosslinking degree (3-4%) did not further alter these mechanical properties 

significantly; therefore, the size of patterns was little affected.  The controlled 

chattering results on PMMA samples were compared to those on epoxy samples.  

Very similar linear relationships of the pattern size to the cutting speed were 

observed.   For both types of materials, the patterns on thin sections were found 

compressed along the cutting direction.  Although it was difficult to totally 

eliminate compression, it was feasible to estimate the degree of compression 

based on the knife angle and cutting clearance angle.  Therefore, by measuring the 

pattern size on the block surface (or thin section surface), the pattern size on thin 

section surface (or block surface) could be estimated. 

 8.1.4 Fabrication of Nanowire Structures by Controlled Chattering 

Another useful application of controlled chattering, demonstrated in this 

thesis, was the fabrication of ultra-long nanowires from wavy-patterned surfaces.  

By conducting shallow cutting (relative to the amplitude of wavy structures on the 

block surface) and careful alignment of oscillation phases between two concessive 

cuts, ribbon-like or rod-like structures made of a variety of materials were 
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generated.  To the best of our knowledge, this is the simplest and fastest approach 

thus far to fabricate nanowire structures.  In Chapter 7, experimental results on 

crosslinked PMMA, aluminum and copper were presented and discussed.  The 

effect of phase alignment, cutting depth and cutting speed on nanowire formation 

as well as size control were studied.  The feasibility of preparing metal nanowires 

was considered particularly important since conductive nanowires are in high 

demand in microdevice fabrication.  Besides this, controlled chattering has 

another advantage over existing methods, which is the ability to fabricate 

nanowires with ultrahigh aspect ratio.  For example, the copper nanowires 

fabricated at 8 mm/s cutting speed, 40kHz frequency and 25 nm depth, were about 

70nm in width and 2mm in length.  That is, the aspect ratio is about 2.8×10
4
.  In 

fact, the length of nanowires is determined by the size of the oscillation knife.  It 

is expected that with the availability of a large oscillation knife, further increase 

of aspect ratios is possible. 

 

8.2 Perspectives and Suggestions to Future Work 

8.2.1 Other Functional Surfadditives for Specified Surface 

Modification  

 
The successful application of multifunctional surfadditives suggests a new 

approach for polymer surface modification that can be finished in mold.  Since 
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ATRP is tolerant to a variety of monomers, surfadditives with various functional 

groups could be synthesized and used for a diversity of property modification; for 

example, monomers containing ethylene oxide (EO) pendent groups such as 

oligoethylene glycol methacrylate (OEGMA) can be incorporated for applications 

where a biocompatible surface is desired;
1-3

 hydrophilic monomers combined with 

fluorinated monomer can be synthesized and used to construct hydrophilicity 

“switchable” surfaces.
4-7

  Azobenzenes undergo reversible photo induced 

isomerization rapidly at different wavelengths of light and this mechanism was 

successfully used to create surface patterns under the manipulation of light
8
.  

Recently, it was also reported that azobenzene grafted PMMA surfaces presented 

some properties of controlled cell adhesion
9
.  The methods of attaching 

azobenzenes to polymer substrates in these studies were mainly based on coating 

or grafting.  It is expected that by synthesizing azobenzene based surfadditives, 

the modification of polymer surface for such purposes could be also achieved.  

Furthermore, the surfadditive approach would be more advantageous towards 

industrialization as it can be applied to large-sized products and the pieces that 

have complex geometries, and does not involve costly operations.   

8.2.2 Theoretical Studies of Migration Processes 

Besides a new molecular design concept, there are also many fundamental 

questions remaining unresolved.  For example, the surface energy driven 

migration of surfadditives is only qualitatively studied.  It is known that the rate of 
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polymer migration is dependent on its molecular weight, molecular structure, 

temperature, bulk properties, etc. however, it is not clear that how these factors 

determine the migration.  To study this, polymers with more precisely controlled 

molecular weight or structure need to be prepared, for instance, in multi-step 

procedures.  Following this, theoretical modeling as well as reliable experimental 

measurements will become feasible.  Overall, the major limitation for the 

application of such polymeric surfadditives is their long time for migration (hours 

or even longer), being unsuitable for transient processing procedures such as 

injection or extrusion molding.   

8.2.3 Obstacles of Using Magnetic Surfadditives 

The incorporation of magnetic nanoparticles in the surfadditive resolved 

the slow migration issue existing in polymeric surfadditives, and the migration 

could be essentially finished instantly.  However, the segregation of particles on 

the surface significantly affected optical properties of the bulk material.  It was 

found that 0.1% of magnetic particles was enough to form a black layer on the 

bulk surface after surface migration.  No matter how small the nanoparticles prior 

to migration, they eventually concentrated at specified area and aggregated into 

micrometer-sized chunks.  These chunks significantly affected the 

transmission/diffraction of visible light, thus affecting the optical property of the 

bulk material.  Due to the segregation nature of magnetic particles, it is not 
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recommended to use magnetic surfadditives in materials of which optical 

properties are important. 

8.2.4 Investigation of Cutting Parameters Affecting Controlled 

Chattering 

The controlled chattering technology appears to be straightforward and 

mechanically simple.  However, the mechanism involved in the pattern formation 

on the specimen surface is yet to be better understood.  Whether the amplitude of 

wavy structure is a direct copy from the vibration of the knife-edge, or if it is also 

affected by material mechanical property is not clear.  Among the possible cutting 

parameters, only the effect of cutting speed on pattern formation was 

systematically studied.  The effect of cutting depth as well as oscillation 

frequency on pattern formation was not systematically investigated.  Since the 

cutting depth is significantly affected by the elasticity of the materials to be cut, 

the true depth of cut could not to be accurately measured without a precision 

monitoring facility.  On the other hand, the commercial oscillating diamond knife 

used in this study is only tunable from 25 to 45 kHz, which does not allow us to 

conduct sufficient study on this factor.  It would be ideal if a new oscillation knife 

can be made with frequency tunable in a wider range, e.g. 1-100 kHz.  Using such 

a knife, a quantitative study of the oscillation effect on pattern size might be 

feasible. 
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8.2.5 Extension of Controlled Chattering to Other Types of 

Materials  

Chattering experiments have been successfully conducted on PMMA, 

epoxy and even soft metals such as aluminum and copper.  Theoretically, this 

method should be applicable to any kind of materials that is suitable for precision 

machining.  Therefore, a wider range of materials, including polycarbonate, 

polyester, polystyrene, semi-conductive and conductive polymers, can be tested.  

For some elastic materials such as PDMS, polyethylene, ABS, etc., it is not 

feasible to conduct precision cutting at room temperature because of the large 

deformation under compression.  However, a cryo-sectioning facility might offer 

a solution since the specimens could be sectioned at the frozen state. 

8.2.6 Challenging the Limits of Nanowire Length and Width 

A remaining challenge in the nanowire fabrication technologies is to 

achieve high aspect ratio.  Controlled chattering technology appears to be 

advantageous and have lots of room for further progresses.  One approach is to 

develop larger knifes, therefore larger specimens can be sectioned.  It is known 

that the length of nanowires fabricated by controlled chattering is determined by 

the width of the cutting tool.  Ideally, a defect-free knife is able to cut nanowires 

with length equal to the width of the specimen (the part in contact with the knife).  

Therefore, the availability of high quality, large-sized knife is crucial for the 

fabrication of ultra long nanowires.  On the other hand, high aspect ratio could 
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also be achieved by reducing the thickness (width) of the wires.  The size of the 

nanowires can be reduced by reducing cutting depth, cutting speed or a more 

sophisticated phase adjustment.  It is expected to be difficult to get the lateral 

dimension in the sub 10 nm scale on polymer samples since the size of polymer 

chain is of about a few nanometers.  However, this practice might be feasible if 

conducted on inorganic materials such as aluminum, copper, silver, gold etc.  In 

fact, the ability to fabricate ultrathin nanowires down to a few nanometers’ scale 

could lead to new advanced materials with unique properties.  For instance, some 

semiconducting or conductive materials with dimensions in the sub 10 nm scale 

showed quantum mechanical effects
10,11

, such as enhanced thermoelectric 

properties
12,13

 or other peculiar electrical properties
14,15

.  The key issues to achieve 

this are: using a more advanced oscillation knife with perfect knife edge and 

allowing for higher oscillation frequency, precision control of cutting parameters, 

and a careful selection of a material with the corresponding proper mechanical 

properties. 
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Appendix A: Diffusion of Semi-flexible 

Polyelectrolyte through Nanochannels 

 

This chapter is reproduced based on the article of Gu H.; Faucher S.; Zhu S. 

Diffusion of Semi-flexible Polyelectrolyte through Nanochannels. AIChE Journal, 

2010, 56, (7), 1684-1692. Copyright © 2009 American Institute of Chemical 

Engineers.  
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A.1 Abstract 

The diffusion of sodium polystyrene sulfonate through polycarbonate 

nanochanels was studied in salt-free dilute aqueous solution.  A stronger 

molecular weight dependence of diffusion was observed compared to free 

diffusion in dilute solution.  Scaling exponentials relating polymer size to 

diffusivity were between Flory’s theory (
0.6

effD N  ) and Rouse’s model (

1

effD N ), revealing a crossover regime from 3-D diffusion to 1-D diffusion.  

Diffusion was less hindered for the polyelectrolyte (Deff/D0), than for a rigid 

sphere, when the polymer/channel size ratio exceeded 0.2.  This is attributed to 

elongated chains with reduced frictional hindrance.  Simulation of the confined 

diffusion based on an elongated cigar model gave D   N
-1

Rt
2/3

 while the 

experimental results agree with D  N
-0.94

Rt
2/3

.  For charged polyelectrolytes, the 

transition to 1-D diffusion therefore begins before the polymer radius of gyration 

exceeds the channel size contrary to model assumptions.  We attribute this to the 

charged nature of the polyelectrolytes causing extended chain conformations. 

 

A.2 Introduction 

Polymer diffusion in a confined geometry has been an appealing topic for 

both experimental and theoretical studies given its practical importance in the 

fields of molecular separation, catalysis, and bio-electrophoresis
1-10

.  In the last 
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few decades, hindered diffusion of colloids or flexible polymers in synthetic 

membranes has been studied
11-12

.  These studies attempted to analyze hindrance in 

terms of effective partition of polymers as well as increased drag coefficient 

inside channels.  In these works, most solutes are modeled as either rigid spheres 

or Gaussian chains and sometimes as porous spheres to derive numerical 

expressions modeling the diffusion behaviour
13

.  These models have proven true 

for the diffusion of spherical solutes, some flexible and linear polymers as well as 

branched polymers.  However, these theories have seldom been applied to 

describe and model the diffusion of charged polyectrolytes.  In the few cases 

where polyelectrolyte diffusion has been studied, the mediums used are typically 

salted causing shielding of electrostatic charges on the chain backbone and 

therefore diffusion behavior that is artificially akin to that of flexible polymer 

chains.  Although complex, no experimental studies have examined the confined 

diffusion of highly charged polyelectrolytes with scaling theory and compared the 

theoretical models in a crossover region from 3-D to 1-D diffusion. 

Unlike neutral polymers, polyelectrolytes dissociate in aqueous solution to 

form polyions and numerous counterions.  In the presence of adequate electrolyte 

salt (e.g. NaCl), the counterions screen the charges of the polyion.  However, with 

low or zero-salt concentration, the polyions are known to behave as wormlike (or 

semi-flexible) chains because of the electrostatic repulsion between charges along 

the chains
14-17

.  Therefore, charged polyelectrolyte chains are more extended than 

neutral flexible polymer chains.  Usually, a wormlike chain is characterized by its 
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contour length L, being the length along the chain contour and the persistence 

length lp, a length scale for measuring polymer bending rigidity.  The concept of 

persistence length was first introduced by Kratky and Porod, as a direct measure 

of local conformation for a linear polymer chain in small-angle scattering 

experiments
18,19

.  Later, it was further developed in relation to ionic strength to 

describe bending rigidity of semi-flexible polyelectrolyte.  A longer persistence 

length is indicative of a relatively stiffer chain. 

The static size of polyelectrolyte chain is directly related to its persistence 

length.  In a bulk solution, where no confinement is present, a wormlike swollen 

chain has a radius of  
1/5

3/5 /f pR N a l a  according to Flory’s theory
5
, where a is 

the size of monomeric unit and N is the degree of polymerization.  Its free 

diffusivity thus scales as:  
1/5

3/5 1

0 / pD N a a l


   once one incorporates the prior 

equation into the Einstein equation ( 0 /B fD k T R ) relating the rate of diffusion 

of a rigid sphere to its size.  Given a fixed persistence length, this model therefore 

predicts that the diffusivity of polymer chain is inversely proportional to its chain 

length (N, or alternatively molecular weight) to the power of 0.6. 

In narrow channels, the chains are also free to coil so long as the channel 

radius Rt is larger than the coil size.  But if the coil size exceeds channel size, the 

polymer chain must elongate to pass through the channel.  de Gennes et al.
1,5

 

presented an elongated cigar model for the diffusion of polyelectrolyte chains in a 
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cylindrical tube when the tube diameter is larger than the polymer persistence 

length (2Rt > lp).  The polymer chain is viewed as a connected sequence of blobs 

having a radius of b (Figure A.1a, b = Rt).  The diffusion coefficient of the blob 

chain (or elongated cigar) inside tube is estimated to be: 

1 2/3 1/3( ) ( / ) ( / )blob t pD aN R a a l .  For constant a and lp, the diffusivity Dblob is 

proportional to N
-1

Rt
2/3

.  The blob model is based on the assumption that the tube 

is filled with an extended polymer when the tube size is equal to the blob size.  de 

Gennes’ model therefore predicts that the diffusivity is inversely proportional to 

the number of repeat units in the polymer chain (or alternatively molecular 

weight). 

Figure A. 1 Conformation of a single polymer chain trapped into a cylindrical 

tube with tube diameter = 2Rt. (a) blob model: an elongated polymer chain inside 

a small tube is simulated as a series of blobs where b is the radius of blob, ξt is the 

axial extension of polymer chain inside the tube. (b) Odijk model: a highly 
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confined polymer chain inside a small tube is schemed as a more extended chain 

with a characteristic reflecting length of λ. 

 

For stronger confinements where the persistence length is larger than the tube 

size (2Rt < lp), back-folding of a polymer chain is energetically unfavorable.  The 

chain then presents a “reflecting” conformation
18

.  In this case, a length scale of 

 
2/3 1/32 t pR l   was introduced by Odijk to study chain dynamics.  Below this 

length scale, the chain segment is treated as rigid rod and the whole chain can be 

considered as a sequence of rigid links (Figure 1b).  Based on the Odijk model, 

the diffusivity was derived as: 1 ln( / )Odijk tD N R w , where w is the width of the 

rod
19,20

.  Both Odijk’s and de Gennes’ models for confined systems therefore 

estimate the diffusivity to scale with the inverse of polymer molecular weight.  

These models therefore are in sharp contrast to those modeling diffusion behavior 

in a bulk system where the diffusivity is proportional to N
-0.6

. 

 

The Odijk and de Gennes models describe isolated, elongated polymer chain 

dynamics in a tube.  While these scenarios are interesting theoretically, they are 

difficult to verify experimentally.  However, in cases where polymer chains are 

moderately confined and in a crossover regime between bulk and confined 

diffusion, experimental validation of these models may be possible.  In this work, 

we experimentally investigate the diffusion of charged sodium polystyrene 
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sulfonate (PSS) chains through cylindrical nanochannels in dilute salt-free 

solution for the first time.  The effects of polyelectrolyte chain length and channel 

size on the diffusion are examined and compared with different theoretical 

models.  The radii of the nanochannels used in this study are comparable or larger 

than the hydrodynamic radii of the PSS coils with no more than one order of 

magnitude in difference.  While theoretical models rely on channel size to define 

confined polymer chain dimensions in order to study polymer dynamics in 

confined spaces, the study of crossover behavior in confined spaces is 

experimentally feasible.  This work provides new experimental evidence for the 

early transition between 3-D and 1-D diffusion for highly charged polyelectrolyte 

not previously explored. 

A.3 Experimental Section 

A.3.1 Materials 

Sodium polystyrene sulfonate (PSS) standards prepared by sulfonation of 

polystyrene standards were purchased from Polymer Standards Service-USA Inc.  

The degree of sulfonation ranges from 85% to 90% as reported by the 

manufacturer.  The weight average molecular weights of these polymers are listed 

in Table A.1.  The polydispersivity indexes (Mw/Mn) of the parent polystyrene 

standards are lower than 1.04.  Sodium benzoate (Fluka, 99.5%) was used as 

received.  Solutions were prepared with filtered de-ionized Water from a Milli-Q 

water purification unit.  Track etched polycarbonate (PC) membranes with 
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uniform parallel cylindrical pores were sourced from Sterlitech Corp with the 

membrane sizes also listed in Table A.1. 

A.3.2 Membrane Characterization 

(1) Scanning electron microscopy (SEM): SEM (JEOL JSM-7000F SEM) 

was used to characterize the pore sizes and uniformity of the nanochannels.  Track 

etched PC membranes were coated with gold by vacuum deposition before 

imaging.  Two representative SEM photographs of the track etched PC membrane 

are shown in Figure A.2.  From the images, it is evident that the pore size 

distribution and pore density are uniform.  The pores are aligned normal to the 

membrane surface, so that the pore length (l) is considered to be equivalent to the 

membrane thickness. 

 

Figure A. 2 Examples of PC membrane micrographs by SEM (average Rt ≈ 27 

nm). 
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Scheme A. 1 On-line diffusion experiment setup based on a UV-spectrometer 

method.  c1, c2 denotes the solute concentration in the receptor and donor 

chamber, and V1, V2 are the volumes of receptor and donor chamber.  Apparatus 

are not to scale. 

 

(2) Small solute diffusion experiments:  The diffusion of sodium benzoate 

through the PC membranes was measured using the diffusion apparatus, shown in 

Scheme A.1, to determine porosity of the membranes prior to their use for the 

study of polymeric diffusion.  Since the molecular size of sodium benzoate is 

much smaller than the membrane pore size (RH/Rt < 0.01), hydrodynamic 

hindrance from the membrane can be neglected.  The free diffusion coefficient of 

sodium benzoate is Dbenzoate = 8.63×10
-6

 cm
2
/s as reported in the literature

24
.  

Taking this value as the effective diffusion coefficient of benzoate, the membrane 



PhD thesis - H. Gu McMaster University - Chemical Engineering 

 188 

porosity can be calculated using mass transfer equation (Equation 1).  The 

porosity results of three different membrane samples are listed in Table A.1. 

 

Table A. 1 Characteristics of PSS standards and channel properties of 

polycarbonate membranes in this study 

Mw 

(kg/mol) 

RH 
a
 

(nm) 

Rg 
b
 

(nm) 

RH/Rt 

Rt 
c
 = 16 nm 

P 
d
 = 0.96% 

Rt = 27 nm 

P = 1.32% 

Rt = 40 nm 

P = 4.1% 

6.53 1.9 2.9 0.12 0.07 0.05 

15.0 3.1 4.9 0.19 0.11 0.08 

32.9 5.1 7.9 0.32 0.19 0.13 

63.9 7.6 11.8 0.48 0.28 0.19 

145 12.4 19.5 0.78 0.46 0.31 

Note: 
a
 Hydrodynamic radius of polyelectrolyte was calculated based on Stokes-

Einstein equation: ,
 
where kB is Boltzmann’s constant, T is the 

absolute temperature, η is the viscosity of water and D0 is the free diffusivity of 

the solute
25

.
 
  

b 
Radius of gyration was calculated by 00.0829 /g BR k T D 25

.  
c
 

Radius of nanochannel was averaged by SEM images.  
d 

Porosities, i.e. the ratio of 

effective diffusion area over membrane surface area, was measured by small 

solute diffusion experiments, using the same apparatus shown in Scheme A.1. 
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A.3.3 Diffusion Experiments 

The diffusion experiments were conducted in a custom fabricated diffusion 

cell at room temperature (23 ºC).  The cell was made by incorporation of a custom 

fabricated Teflon cap to a UV quartz cuvette (Scheme A.1).  The cap was 

designed to seal the cuvette and simultaneously fix the track etched PC membrane 

to its top.  In so doing, the quartz cuvette became the donor chamber while the 

Teflon cap served as part of the receiving chamber side of the diffusion apparatus.  

In this way, the solute concentration in the donor chamber could be measured on-

line without invasive sampling using a UV spectrophotometer.  The donor 

chamber was stirred by magnetic stirring and the receptor side refreshed through a 

re-circulating water circuit pumping fluid at a rate of 0.8 ml/min.  The 

experimental time depended greatly on the ratio of polymer size to pore size and 

ranged from 5 hours to 60 hours as this ratio increased.  Each experiment was 

repeated 3 to 4 times to obtain an average diffusivity. 

 

A.3.4 Estimate of Diffusion Coefficient 

 For membrane transport at pseudo-steady state, a mass balance equation 

across the membrane is given by: 

2 1( )
dn

kA c c
dt

         (1) 
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Where dn/dt is the flux of solute transfer in moles/s, k is the total mass transfer 

coefficient, and As is the membrane area.  With the initial conditions of c1 = 0 and 

c2 = c2,0 at t = 0 and approximating c1 ≈ 0 during the length of the experiment (V1 

>> V2), integrating Equation (1) yields: 

0 2

ln tc kA
t

c V
         (2) 

where V2 is the volume of donor chamber, t is the duration of measurement 

(typically between 5 and 60 hours), and ct and co are the solute concentration 

difference between two chambers at time t and the beginning respectively.  The 

inverse of mass transfer coefficient (1/k) is the mass transfer resistance, which is 

composed of the membrane resistance (l/pDeff), the entrance/exit effects 

(πRt/4pD0) and the boundary layer resistance (δ/D0) on both sides of the 

membrane. The following approximation was derived by Malone and Anderson:
26 

0 0

/ 21 2t

eff

Rl

k D p D p D

 
         (3) 

Where Deff is the effective diffusion coefficient inside pores, p is membrane 

porosity, and δ is the boundary layer thickness on each side of the membrane.  

The entrance/exit effect adds two equivalent transfer length of πRt/4 to the total 

path in pores.  Since the channel length used here is 6 μm, and the pore radii range 

from 16 to 40 nm, the maximum end effect to membrane transport is less than 1 

%.  Considering the effective diffusivities of PSS in membranes were much 
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smaller than the bulk diffusivities, the end effect to membrane transfer resistance 

is negligible. 

On the other hand, the boundary layer thickness δ is correlated with bulk 

diffusivity at a fixed stirring rate based on Colton and Smith’s prediction
27

: 

1/ 3

0D          (4) 

Thus equation (3) and (4) implies the boundary layer resistance becomes more 

significant for small, fast diffusing solutes transport through membrane.
9
  In the 

worst case when the smallest PSS (MW =6530 g/mol) diffuse through the largest 

pores (Rt =40 nm), the maximum boundary layer effect was about 20% of the total 

resistance.  Our results were also compared with literature measurement on the 

same type of track-etch membrane with similar pore sizes
28,29

.  The membrane 

boundary layer effect can also be estimated by analytical method
30

, given that the 

membrane used here has very low porosity and the diffusion experiments were 

conducted under sufficient stirring. 

 

A.4 Results and Discussion 

Table A.2 summarizes our experimental results.  The diffusion coefficient 

of sodium polystyrene sulfonate inside the track etched polycarbonate membrane 

nanochannels clearly decreased with increasing polymer molecular weight, MW, 
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and increased with increasing nanochannel radius, Rt.  The polymer’s free 

diffusion coefficient in the diluted bulk solution, D0, was obtained through 

extrapolation of the diffusion data of highly charged PSS to infinite dilution by 

Tanahatoe and Kuil
31

.  The effective diffusion coefficient of the polyelectrolyte 

through the nanochannel, Deff, was measured by the UV diffusion cell in a dilute 

solution with the polyelectrolyte concentration less than 1/10 of the overlap 

concentration of each polymer, typically in the range of c2 = 0.5 ~ 1.0 g/L. 

 

Table A. 2 Summary of PSS diffusion coefficient data in PCTE membranes 

MW 

kg/mol 

D0 ×10
-7

 

cm
2
/s 

Rt = 16 nm Rt = 27 nm Rt = 40 nm 

Deff × 

10
-7

cm
2
/s 

Deff/D0 

Deff  × 

10
-7

cm
2
/s 

Deff/D0 

Deff  × 

10
-7

cm
2
/s 

Deff/D0 

6.53 12.9 6.81 0.53 9.23 0.725 11.56 0.89 

15.0 7.84 3.55 0.45 4.99 0.64 6.127 0.78 

32.9 4.84 1.52 0.31 2.56 0.53 3.35 0.69 

63.9 3.23 0.81 0.25 1.45 0.45 2.12 0.66 

145 1.96 0.29 0.15 0.45 0.24 0.75 0.38 
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A.4.1 Dependence of Diffusion Coefficient on Polymer Molecular 

Weight 

The diffusion coefficient is predicted to be proportional to N
-0.6

 for a molecule 

following a self-avoiding random walk in a good solvent (N is the number of 

repeat units in the polymer chain, and N is proportional to MW).  While the direct 

diffusion measurement of charged polyelectrolyte at infinitely low concentrations 

and in salt free solution is challenging, Tanahatoe and Kuil 
31

 analyzed their 

diffusion data in a salt system and showed the molar mass dependence of 

diffusion 0.61

0D N  , which is in agreement with polymer free diffusion theory. 

 

However, in our work, the presence of nanochannels caused a stronger 

dependence of diffusion on molecular weight.  As observed in Figure A.3, the 

slope of the best fit provides a power law index of the molecular weight 

dependence for each set of experiments with a fixed pore size.  As the 

nanochannel size decreased from 40 nm to 16 nm, the exponent on molecular 

weight relating it to diffusion decreased from -0.85 to -1, owing to the increased 

constraints from the channel wall (DM
-0.85

 to M
-1

).  In the smallest channel size 

(Rt = 16 nm), where the polymer/pore size ratio (RH/Rt) ranged from 0.12 to 0.5, 

the molecular weight dependence of diffusion was very close to that predicted by 

de Gennes (DM
-1

) for highly confined chains (RH/Rt < 2). 
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Figure A. 3 Effective diffusivity as a function of molecular weight (Mw) for 

varying nanochannel sizes in a logarithm scale.  The dashed line (slope of -0.6) 

and dash-dot line (slope of -1.0) represent the expected slope for free diffusion (3-

D, Flory) of polymer chains in a good solvent and for constrained diffusion of 

polymers in channels (1-D, de Gennes, Rouse, and Pincus) respectively. 

 

The trend we observed for the polyelectrolytes through the precisely 

perforated polycarbonate membranes is comparable to that for polystyrene 

diffusion through non-structured porous glass.  Guo et al.
32

 reported that the 

diffusion of polystyrene through porous glass was inversely proportional to 

molecular weight when the polymer/pore size ratio (RH/Rt) was between 0.2 and 
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0.5.  When RH/Rt > 0.6, a stronger molecular weight dependence (DM
-ν

, ν>1) 

was observed.  In their work, however, the pore structure in the porous glass was 

highly inter-connected and tortuous making it difficult to determine the diffusion 

path length and pore size.  To address this, they developed a correction based on 

“cavity and bottleneck models” to give an average value.  In contrast, our 

approach did not require this correction since the nanochannels were well defined.  

The nanochannels in the PC membranes were isolated fine cylindrical tubes with 

high uniformity and therefore the influence of geometrical defects was not 

expected.  Nevertheless, Guo’s work provided interesting data describing a 

behavior akin to that we observed in this work for a fine structure now 

commercially available. 

 

The data in Figure A.3 suggest a transition from 3-D diffusion to 1-D 

diffusion, taking place in the range of medium confinements (0.1 < RH/Rt < 0.5).  

It should be pointed out that de Gennes’ 1-D elongated cigar model postulated the 

blob size equal to the tube size and the confined chain aligned in the axis of the 

tube (Figure A.1a).  In such a scenario, one would expect that the confined 

polymer chain has a RH much larger than the tube size Rt.  This appears not to be 

the case in our work since we observed the behavior described by de Gennes for 

RH/Rt ≈ 1 to occur at RH/Rt ≈ 0.1. 
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Pincus modeled the dynamics of an isolated and stretched chain in a good 

solvent under external force (hydrodynamic fluctuations, velocity gradients, or 

electrical fields, etc.) instead of the geometrical confinement.
33,34

  Based on 

scaling theory, Pincus applied a tensile force f to the end of polymer chain.  The 

stretched chain was represented as a sequence of blobs with the blob size 

/Pincus Bb k T f        (5) 

In contrast to de Gennes’ confined chain, the stretched chain allowed for lateral 

fluctuations within a small range, but this difference did not affect the scaling law 

of chain dynamics.  Therefore, the simulated dynamics of both chains were 

similar except for their numeric coefficients
1
.  That is, if the confined chain in a 

narrow tube in de Gennes’ theory is replaced by Pincus’ elongated chain with 

smaller blob sizes, using the Kirkwood calculation method to determine chain 

mobility, the diffusion coefficient inside tubes scales analogously as 
1D N 

 .  

Both de Gennes and Pincus scalings are based on the assumption that cooperative 

motion of the segments due to hydrodynamic interaction is negligible, which 

result in a “free draining” motion style in consistent with the Rouse diffusion 

model ( /Rouse BD k TB N  or 1

RouseD N , where B is the monomer mobility in 

solution)
35

.  One should note that the scaling of diffusivity with chain length 

isolates hydrodynamic interactions but the channel size is also a combined effect 

which is related to the conformation of the chain and the drag on segments.  In the 
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following section, we will analyze diffusion data in different approach accounting 

for both polymer and channel size effect.   

 

A.4.2 Comparison with Rigid Sphere Model  

In many engineering situations, the diffusion of polymers in porous 

membrane or small channels is characterized in terms of diffusion hindrance, 

which is defined as the ratio of effective diffusion coefficient over free diffusion 

in solution (Deff/D0).  The diffusion hindrance is considered as a product of 

partition coefficient and hydrodynamic interaction between chain and wall
11

.  In 

this manner, Renkin modeled the diffusing solute as a rigid sphere that is 

geometrically constrained by the centre line of a confining cylindrical pore
7
: 

2 3 5

0

(1 ) [1 2.1( ) 2.1( ) 0.95( ) ]
eff H H H H

t t t t

D R R R R

D R R R R
        (6) 

The first term in the product represents the reduction of effective diffusion area 

when the solute has a finite size, as a result of steric exclusion from the pore wall.  

In other words, the effective diffusion channel is smaller in its cross section than 

the entire channel, because the center of particle (or centre of mass) can only pass 

through an area with a radius of (Rt-RH)
36

.  In an deal case, this term is 

approximately equal to the partition coefficient of a spherical solute in a 

cylindrical channel.  The partition coefficient is defined as the ratio of polymer 

concentration inside a porous media over the concentration outside of it when the 
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system reaches an equilibrium
12

.  The second term in the product is the friction 

factor between solute and pore wall, theoretically derived by Faxen
37,38

.  This 

equation was extensively verified by confined diffusion experiments of urea, 

glucose, antipyrine, sucrose, in porous membranes, typically when RH/Rt < 0.32.  

In addition, subsequent studies on the diffusion of linear polymers in track etched 

membranes or other porous membranes were also reported for testing the theory 

with the polymer/pore size ratios up to 0.8
9,10,39-41

.
 
  A very good review paper by 

Deen compared the existing theoretical models with some spherical solute 

diffusion experiments in membranes having cylindrical pores
11

.  In most of these 

studies, flexible linear polymer chains were adequately large to be treated as 

hydrodynamic particles or porous rigid spheres, given a characteristic size of Rg or 

RH. 

 

Figure A.4 shows that Deff/D0 decreased as the polymer/pore size ratio RH/Rt 

increased.  This is expected since there was a reduced partition of solute inside the 

nanochannels as compared to the bulk condition.  At higher RH/Rt ratios, the 

effective diffusion of PSS was significantly faster than the predicted.  If we 

eliminate the hydrodynamic friction effect in the model (i.e., the second term in 

the product in Equation (6), the predicted partition coefficient (the dashed curve in 

Figure A.4) is close to the experimental data.  The frictional hindrance from the 

channel wall on the polymer is therefore noted but its effect is smaller than that 

predicted by a rigid sphere model. 
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Figure A. 4 Plot of the effective-to-free diffusivity ratio as a function of 

polymer-to-pore size ratio.  Solid curve represents Renkin's model.  Dashed curve 

is the reduced partition coefficient of spherical solute inside the cylindrical 

channel as a function of the polymer/pore size ratio estimated by (1-RH/Rt)
2
. 

 

A similar deviation from the Renkin model was reported by Deen et al.
29

 for 

the hindered diffusion of dextran and ficoll polymer through PC membranes.  

Dextran is a linear polysaccharide while ficoll is a crosslinked copolymer of 

sucrose and epichlorohydrin.  Both polymers were selected with a series of 

molecular weights having similar hydrodynamic radius, with the polymer/pore 

size ratio ranging from 0.2 to 0.8.  It was found that within the same PC 

microchannels, linear dextran diffusion was faster than that predicted by the rigid 
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sphere model while ficoll diffused remarkably slower than the predicted.  It was 

postulated that the deformation of linear chains inside the pores could potentially 

reduce the frictional hindrance from the wall thus allowing for faster diffusion 

rates than rigid spherical molecules (ficoll). 

 

The measurement of the size effect on diffusion inherently depends on the 

method used for measuring polymer configuration (RH).  Our calculation of PSS 

molecule size was based on the Stokes-Einstein equation, which is the equivalent 

hydrodynamic radius of a spherical solute having the same diffusion coefficient.  

This definition is extensively used for coiled polymer diffusion in unbounded 

solutions.  However, it is not a true radius defining the boundary of a polymer 

chain.  Particularly, for polymer chains possessing irregular or elongated 

configuration, the radius dimension is just a characteristic length scale related to 

its mobility.  In order to gain perspective on the rigidity of polyelectrolytes in 

regards to diffusion hindrance, we examined the literature data related to 

persistence length, Debye screen length, and contour length scale
17,21,22,31

.  The 

PSS chain length information is summarized in Table A.3 and analyzed below. 
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Table A. 3 Molecular weight (MW), number of repeat units (N), and contour 

length (L) of the sodium polystyrene sulfonate (PSS) standards without added salt 

in dilute solution. 

PSS 

standards. 
Standard 1 Standard 2 Standard 3 Standard 4 Standard 5 

MW (kg/mol) 6.53 15.0 32.9 63.9 145 

N 
a 

32 73 160 310 704 

L 
b
 (nm) 5.4 12.4 27.2 52.7 120 

 

a
 Degree of polymerization, derived from polymer molecular weight (MW) divided by 

monomer molecular weight. 
b
 contour length calculated with the monomeric distance = 

0.17 nm
31

.
 

 

The stiffness of a charged polyelectrolyte chain can be characterized by its 

contour length L and persistence length lp.  Based on the study of Kassapidou et 

al.
42

 the persistence length lp for PSS in a salt-free solution is 15.8 nm and 18.6 

nm at ionic strengths of 0.004 and 0.001 mol/L.  Lower ionic strength results in 

longer lp for the same polyelectrolyte since the charges on the backbone are not as 

effectively screened.  An estimate of the confined PSS lp in this work is difficult, 

since the polyelectrolyte concentration and counterions are restricted by the 

channel size.  If we assume the concentration of monomer units inside the channel 
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is governed by the partition effect only and the counterions distribute 

homogeneously in the system, the monomer concentration inside the channel can 

be estimated as: 

2

, ,(1 / )m tube H t m bulkc R R c        (7) 

where 
,m tubec  is always lower than 0.004 mol/L.  The PSS persistence lengths in 

this study are therefore lp>15.8 nm.  This length scale is most likely in the same 

order of magnitude with the contour lengths L of the five PSS standards listed in 

Table A.3.  Therefore we can consider the polymer chains to be extended and rod 

like in their conformation. 

 

A second challenge in determining charged chain conformation relates to the 

electrostatic interactions that occur in salt-free solution, which is usually modelled 

with the Debye-Huckel approximation
23

.  Based on the assumption that there is no 

inter-chain charge stiffening, and electrostatic screening is only caused by 

noncondensed counterions, the calculation of Debye-Huckel screening length (

1 ) for salt-free polyelectrolytes can be simplified to 
23,43

 

1 1/2(4 )B ml c          (8) 

where lB is the Bjerrum length, cm is the monomer concentration in a unit volume.  

This equation shows the Debye-Huckel screen length is directly determined by the 

monomer concentration, lower concentration results in longer screen length with 
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square-root dependence.  Given a Bjerrum length of 0.7 nm for water at 25 °C, 

and an average monomer concentration of 0.002 mol/L in this study, κ
-1

 is 

estimated to be 7.8 nm.  This screen length is in the order of the contour length 

and persistence length scale, again this indicates the macromolecule likely takes 

on an elongated configuration. 

Park et al. studied the statistical mechanics of polyelectrolyte in cylindrical 

pores with a Gaussian chain assumption based on a Debye-Huckel screen 

length
44,45

.  Taken into account were the effects of screened electrostatic 

interactions and the excluded volume effect between monomeric unit and pore 

wall as well as between monomeric unit pairs.  Neglecting the counterion 

condensation, they found a crossover of chain conformation from stretched (

gR L  if 1

gR  ) to self-avoiding chain (
3/5

gR L if 
1

gR   ) regime.  If we 

apply Park’s simulation to the present work, the PSS standards 1 to 4 would have 

a stretched conformation since Rg is in the same magnitude of κ
-1

.  However, the 

equilibrium partition concentration of Sample 5 with a large coil size is 

significantly reduced since the polymer size approaches the channel size.  That is, 

the electrostatic screening length scale would increase according to Equation (8).  

Again, although the Rg of Sample 5 in bulk is about 19.5 nm, which appears 

sufficiently long to behave as a self-avoiding coil, when confined in the channels 

with Rt = 16, 27, 40 nm, the partition concentration of the large PSS inside 

channels would be reduced to a factor of 0.05, 0.29 or 0.48 of the bulk 

concentration, respectively.  This dilution thus leads to longer Debye-Huckel 
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screening lengths of up to 30 nm in small channels.  Therefore, the large 

polyelectrolyte chain would also deform and elongate inside the small channels.  

This rigid extended chain conformation explains the enhanced molecular weight 

dependence of diffusion in nanochannels and thus following a different hindrance 

model in comparison with the solid sphere model. 

 

A.4.3 Scaling of Diffusivity Based on Elongated Blob Chain Model 

Given the lack of a complete fit with the rigid sphere model, and the 

indication of extended conformation for most of the polymer samples inside 

nanochannels, we correlated our data to the theories pertaining to chains that are 

stretched such as de Gennes’ elongated cigar model or Odijk’s theory.  The 

crossover behavior between de Gennes and Odijk regimes is currently not fully 

understood.  However we can speculate that Odijk’s model is better suited than de 

Gennes’ cigar model to account for diffusion of polymers under stronger 

confinement.  A rough critical confinement size was identified by Reisner et al by 

measuring DNA extension and relaxation time inside square shaped nanochannels 

(channel width ranged from 30 to 400 nm).  They found the crossover behavior 

between de Gennes and Odijk’s regimes when the channel width is about twice of 

the DNA persistence length.
46

  Below this critical width, bending rigidity becomes 

significant (Odijk’s model) and power law scaling of relaxation time with channel 

width disagrees with de Gennes’ prediction.  If we equate the cylindrical channel 
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diameter with square channel width in this study, the three membrane diameters 

(2Rt = 32, 54, 80 nm) are generally over twice of the polyelectrolyte persistence 

length (15-18 nm).  That is, the polyelectrolyte chains should retain bending and 

backfolding segments, which could be better explained by the blob model. 

 

Given that the hydrodynamic radii or radii of gyration of the present polymer 

standards are smaller than the radii of channels in the membranes, the lateral 

dimension of stretched chains should have even smaller size if they orient along 

the nanochannel axis.  To apply the blob chain model in this study, we hence 

assume the equivalent blob size (b) of a confined polyelectrolyte chain is b = γRt, 

where γ is a constant factor less than 1.  Therefore the number of monomeric units 

inside a blob is defined as: 

 
1/

/tg R a


         (9) 

where ν is Flory exponent = 3/5, a is the monomer size.  The dimension of the 

polymer chain inside channel (l//) therefore is: 

    
2/3*

// ( ) / ( ) /t t tl N R N g R aN R a  


      (10) 

where N
* 
is the number of blobs (N

*
=N/g).  The friction coefficient of the polymer 

chains inside the channel is thus 

/ /6chain l          (11) 
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Finally, the diffusion coefficient inside the channel is described by: 

1 2/3

/ /

( ) ( )
6

t
eff

RT
D aN

l a





        (12) 

Given that a and γ are numerical constants, a simplified scaling law of diffusion 

as a function of chain length and channel size is: 

1 2/3

eff tD N R         (13) 

 

Figure A. 5 Effective diffusivity divided by the channel radius to the 2/3 power 

versus PSS molecular weight. 
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To test the applicability of Equation (13), the effective diffusion coefficient of 

the five standards over the channel sizes to the power predicted by the blob theory 

was plotted against molecular weight.  As shown in Figure A.5, the majority of 

the data points fall nicely onto a master curve with a slope = -0.95, which is close 

to the -1 power predicted for elongated chain diffusion.  We therefore conclude 

that the diffusion of polyelectrolytes in salt-free solution can best be modelled as 

rigid rod like molecules with little to no frictional retardation. 

 

A.5 Conclusions 

We studied the confined diffusion of polyelectrolyte in a salt-free 

environment through PC membrane nano-channels with the polymer/pore size 

ratios ranged from 0.05 to 0.8.  Scaling of the effective diffusion coefficient 

versus molecular weight revealed a diffusion mechanism that is distinct from that 

observed in bulk (i.e., self-avoiding walk) with 3/5

0D N .  The chain length 

dependence of the effective diffusion inside the nanochannels ranged from 

0.85

effD N  to 
1

effD N  as the channel size decreased.  Although the 

equivalent hydrodynamic radii of polymers were smaller than the nanochannel 

sizes, the inverse proportion of diffusion coefficient with chain length was 

indicative of 1-D diffusion behavior.  The hindrance of confined diffusion 

coefficient of such polyelectrolyte was found to be smaller than that of rigid 
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sphere solutes.  Scaling of the diffusivity with molecular weight and channel size 

showed good agreement with the blob theory, which is indicative of 

elongated/stretched conformation of the polyelectrolyte.  The polyelectrolyte 

chain was modeled as a sequence of blobs with the blob size smaller than the 

channel size.  In agreement with the blob model where the diffusivity was 

inversely proportional to the degree of polymerization, the experimental data 

showed the diffusivity proportional to the power of -0.94 (D ~ N
-0.94

Rt
2/3

).  This 

exponent close to unity suggested the applicability of elongated chain 

conformation inside the nanochannel, and further intra-molecular hydrodynamic 

screening.  In conclusion, for the charged PSS in this study, the crossover regime 

of free diffusion and ideal 1-D diffusion started before the polymer radius of 

gyration exceeded the channel size, which differs from the typical theoretical 

assumptions.  We attributed this to the charged nature of the polyelectrolyte which 

caused an extended chain conformation. 
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Appendix B Additional TEM Images of 

Nanowires Fabricated by Controlled 

Chattering 

 

Figure B. 1 TEM of PMMA nanowires (crosslinked with 1% EGDMA) 

sectioned by controlled chattering at 50 mm/s cutting speed, 40 kHz oscillation 

frequency and 20 nm section feed. Magnification: 10,000 times. 
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Figure B. 2 TEM of PMMA wires (crosslined with 1% EGDMA) sectioned by 

controlled chattering at 80 mm/s cutting speed, 40kHz oscillation frequency and 

60 nm section feed. Magnification: 5,000 times. 
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Figure B. 3 TEM of aluminum nanowires sectioned by controlled chattering at 

8 mm/s cutting speed, 40 kHz oscillation frequency and 20 nm section feed at 

10000 times magnification. Magnification: 10,000 times. 
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Figure B. 4 TEM of aluminum nanowires sectioned by controlled chattering at 

8 mm/s cutting speed, 40 kHz oscillation frequency and 30 nm section feed. 

Magnification: 10,000 times. 
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Figure B. 5 TEM of copper nanowires sectioned by controlled chattering at 8 

mm/s cutting speed, 40 kHz oscillation frequency and 20nm section feed. 

Magnification: 20,000 times. 
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Figure B. 6 TEM of aluminum nanowires sectioned with (A) 20 nm feed, and 

(B) 30 nm feed. Both samples were cut at 8mm/s cutting speed, 40 kHz oscillation 

frequency. Images were taken at 100,000 times magnification. 

 

Figure B. 7 TEM of copper nanowires sectioned with (A) 20 nm feed, and (B) 

25 nm feed. Both samples were cut at 8 mm/s cutting speed, 40 kHz oscillation 

frequency. Images were taken at 100,000 times magnification. 


