CHAPTER 11

THEORY AND LITERATURE REVIEW

2.1 Patterned Polyme

Artificially desi® or films have received a great

deal of attention and technology such as

microelectronics, an and chemical sensors, and

tissue engineering. Miregfcil heir_rcl > 'as model heterogeneous systems has

led to fundamental unger irie »[-1ajertace phe 3 ena. This growing field has

roduced a variety of sugf@c@ipattérusa ometer and micrometer scales. Thin
p e b

films of polymers thatfine g react unctignal groups provide a surface that
can be further modified By dRenfacal re . Methods for attaching polymers to

self-assembly monolayer (SAS ntinuously developed, for example,

electrostatic adserdtion of polyelec ..._--_-V::T ..... opp psitely charged surface,

: . A Y
chemisorption of%p@l ,,! b a surface, and covalent

b |
attachment of pol ul to reactive SAMS. At pres there are a few methods

available forﬁiattermng thin films of polymers on SAMs. These include procedures

Hdobdond. W] 5 ffdon F pofymers wine patmea

SAMs, and tallplatmg phase separ@tlon in diblock copolymers
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pattemed surface because of their novel structures and properties. An assembly

based on p

patterned polymer brushes could be obtained by traditional photolithography or

chemical amplification of patterned SAMs.

In 1997, Ruhe and coworkers [1] explored the preparation of patterned,
covalently tethered polymer brushes by photolithography using an appropriate mask

and deep or near UV irradiation before, during and after polymer brush formation.



Three approaches were attempted. First, surface reactions were carried out to remove
tethered polymer chains from selected areas. The second approach used light
irradiation to decompose immobilized azo initiators in selected areas followed by
polymer brush formation through thermally induced radical polymerization in the
unirradiated areas. The third technique was photoactivation of an initiator through a

mask leading to photopolymerization in sglected areas. All three approaches allowed

preparation of patterned, covalent! tethesed! ; blymer brushes with a high spatial

resolution. Using photolithography n and coworkers [2] obtained

micropatterned, immobilized=poly(acrili 1) e polystyrene film. In 2000,

Hawker and coworkers 0-me al polymerization to prepare
ilichte

a poly(tert-butyl acrylate \\\\\\\\- olystyrene film containing

s\ 0 '“’\ polymer brush followed
' \ mask. Photogenerated acid

converted polytert-butyl ate), S -.;.: Hal X ylic acid) brushes. The end

bis(tert-butylphenyl)iodg

by exposure of the Surf C

result was a patterned” sufffacesigonta istinct™ areas of hydrophobic and

hydrophilic brushes.

In 1998, White iduced the concept of

microcontact printipg: IE JThis method has been

)
extended into pattergihg polymer fiims. Later in I they reported patterned

polymer growth on silio®nesurfaces using (P and surface-initiated polymerization.

[5] Microcoﬂtu%}ngf}rmugiw @% Ejp’;}ﬁﬁSAM composed of

octadecyltrichlglosilane and norbon‘enyl trichlorosilane. Exposure of the surface to a

Ru matwfiaﬂﬁh ' m\ﬁcﬁ\q% mcﬂ]mﬂoﬂze produced
patterned polymer brushes. The patterned polymer films were successfully used as
reactive ion etching resists. In the same year, Hussemann and coworkers [6] have
successfully achieved patterned, covalently tethered polymer brushes by chemical
amplification from patterned SAMs with hydroxyl and methyl terminal groups. Their
strategy is illustrated in Figure 2.1. Di(ethylene glycol) and methyl-terminated
monolayers were patterned by pCP on gold surface. Surface-initiated ring opening

polymerization of e—carprolactone in the presence of a free initiator such as benzyl



alcohol catalyzed by triethylaluminum under suitable conditions produced tethered

polymer brushes in the hydroxyl functionalized areas. It was found that the thickness

of poly(e-carprolactone) varied linearly with the M , of the free polymer formed in
solution from the added initiator. In 2000, Shah et al. [7] used ATRP to amplify

initiator monolayers prepared by pCP on gold surfaces.
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Figure 2.1 Strategy for®& ification of a patterned SAM prepared by microcontact
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U
_ X - 8Jedescr e t imine) (PEI)
on a gqﬁil auﬁjtj jﬂﬂﬁﬁg‘rﬁﬂn lﬁfﬂnemed thin

films of PEI are attached covalently to the SAM by amide bonds. These procedure

consists of 3 steps : (1) formation of a reactive SAM terminating in interchain
carboxylic anhydride group on gold and silver; (2) patterning of this SAM by
microcontact printing using a poly(dimethylsiloxane) stamp linked with PEI; (3)

hydrolysis of the unreacted anhydride groups with base and removal of

noncovalently bound PEIL



In the same year, Ingall and coworkers [9] reported a method for the
production of patterned monolayers that allows the generation of micron sized
features by creating a phenylsilane monolayer on the oxide surface and then using
193 nm light to cleave the surface phenyl groups; the remaining groups can then be

functionalized to create surface — grafted patterned polymer layers.

Furthermore, McCarthy and Fadeévi( 10,11] prepared tris(TMS) monolayers

which was used as patterns_forthe synthesi iformly mixed binary monolayers

of organosilanes on oxidiZ&@"ssicon wafers om contact angle studies using

S)unonolayers have interstitial

ted tha M
holes with the size , %\Qﬁ\i d Later by McCarthy and
coworkers, the contr St \ 5 -;f of tris(TMS) was used to

. it AANNN
manipulate the distrib >~of nQpore: and generated model of

probe fluids of differe

chemically heterogerncou d'w r1 TMS)) for adsorption of

functionalized polysty: on'the substrate surface were
used as adsorption site

COOH). The thickness of #he Ad od 12 1d%e controlled by the tris(TMS)

tionalized polystyrene (PS-

surface coverage, adsorbing so i72] T lecular weight and adsorption time.
The thickness of théjad po r 1z ‘ f} increasing tris(TMS)

|}

coverage. An incredsgf '8 idenced as the molecular

weight of the polymeB‘nd a nu
the surface topography,‘tlxtris(TMS)-mod"I}ed surface having been adsorbed PS-

COOH exhibﬁi Hrﬁ é’r}ﬂélf%fﬁ‘ﬁa%%}’é‘ﬁ% of the surface with

tris(TMS). Ag@ilegates of the adsorbed PS-COOH having an average height of 1.2
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In 2002, Tsujii and coworkers [12] attempted to fabricate a finely patterned

nored f; the surface increased. For

graft layer with a nano-scale resolution by the combined use of surface-initiated
living radical polymerization and electron beam lithography; the electron beam was
scanned on an initiator — immobilized substrate to selectively bombard and
decompose the initiator, followed by the electron beam induced pattern, which was

amplified by the atom transfer radical polymerization (ATRP). This system



understudy indicated that increasing electron beam doses was required to cope with
the relatively low electron beam sensitivity of the initiators, resulting in a decrease in

the graft density of the polymer

Figure 2.2 AFM imaggs (hei_ght/p asc) o PS—COdﬂ adsorbed from toluene to
tris(TMS) modified surfécess
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Synthetlc polymers are long-chain molecules possessing uniform repeat units
(mers). The chains are not all the same length. These giant molecules are of interest
because of their physical properties, in contrast to low molecular weight molecules,
which are of interest due to their chemical properties. Possibly the most useful

physical property of polymers is their low density versus strength.



When synthetic polymers were first introduced, they were made by free
radical initiation of single vinyl monomers or by chemical condensation of small
difunctional molecules. The range of their properties was understandably merger.
Random copolymers are greatly expanding in the range of useful physical properties
such as toughness, hardness, elasticity, compressibility, and strength, however,

polymer chemists realized that their materials could not compare with the properties

The natural polymers aregenérally” conG€a€iief polymers made by addition of
polymer chains. Polymerization
of all chains stops at 1dent Lot some time polymer chemists

have realized that to a s u ophlstlcatlon new synthetic

techniques would béficegdéd. ‘j \\

Conventional cli@ a
5 5 . ' mu-l ’\
E ‘ ' ALl n

synthesis, consist of #ouy A —SH

or example, free radical
propagation, chain transfer,
and termination. As eaiy 193 VA rop -‘ hat anionic polymerization of

styrene and butadiene, comSeciitisie ad ?’?_ onomer to an alkyl lithium initiator

occured without chain trans! ;y HUT During transferless polymerization,

the number of polya n€c there is no termination,

. 1‘ has been polymerized.

T

gsumes. The name “living

active anionic ‘.'F."
When fresh monomer is added; pe ation

polymerlzatlon was cgined for the method))y Szwarc [13], because the chain ends
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sense. Befor8l Szwarc’s classic work Flory [14] had descrlbed the properties

ﬂ’mﬁ OB

weight is determined by the amount of initiator used versus monomer (Eq. 2.1)
Degree of polymerization = [monomer]/[initiator] (2.1)

Another property of polymers produced by living polymerization is the very

narrow molecular weight distribution. The polydispersity (D) has a Poisson

distribution, D = MM, =1+ (1/dp); M, is the average molecular weight



10

determined by light scattering, M , is the average molecular weight determined by

osmometry, and dp is the degree of polymerization (the number of monomer units

per chain). The values of M, and M , can also be determined by gel permeation
chromatography (GPC). A living polymerization can be distinguished from free
radical polymerization or from a condensation polymerization by plotting the

molecular weight of the polymer v@rsus conversion. In a living polymerization, the

molecular weight is directly pr portionad i ersion (Figure 2.3, line A). In a free
radical or other nonliviagpt 101 cular weight polymer is formed
in the initial stages (Ii eanid in 3@ condensation polymerization, high molecular

weight polymer is forgae J5/ilk Eonversion approaches 100% (line C).

Figure 2.3 Molecutk arious kinds of polymerization

methods: 1vi ¢ ‘ ization,; ' free_radical polymerization; and (C)
e TN NN
U
OY LTSN 0 leh ()01
powe ools*“for ston: the “Synthesis o ckeCopolymers by

sequential addition of monomers and the synthesis of functional-ended polymers by

weight conversion curves for

selective termination of living ends with appropriate reagents. The main architectural
features available starting with these two basic themes are listed in Figure 2.4 along
with applications for the various polymer types. Although living polymerization of
only a few monomers is nearly perfect, a large number of other systems fit theory

close enough to be useful for synthesis of the wide variety of different polymer chain



11

structures. In general, the well-behaved living systems need only an initiator and
monomer, as occurs in the anionic polymerization of styrene, dienes, and ethylene
oxide. For an increasing number of monomers, more complex processes are needed
to retard chain transfer and termination. These systems use initiators, catalysts, and
sometimes chain-end stabilizers. The initiator begins chain growth and in all systems

is attached (or part of it, at least) to,the nongrowing chain end. The catalyst is

necessary for initiation ands ‘ gat gl but is not consumed. The chain-end
\ ’I

0 ate. When the catalyst is a Lewis

.

stabilizer usually ‘:-___:
acid (electron-pair acCeptor) th o1l 1y be a Lewis base (electron-pair
donor), and vice versa. '~c n step must be faster than or the
same rate as chain propd® elght control. If the initiation
rate is slower than*the g catiol m ains formed will be longer than
the last chains foriaéd. . ¢ :\\ imilar to that of the growing
chain is chosen, the iy 1 rate 45-as '. omparable to the propagation
rate. A number of livi . “ m‘ excess monomer is present. A
possible explanation "1s ghat _ e ivinedend \ stabilized by complexation with
monomer [15]. Large counte nd-{e re effective than small counterions in

living polymerization systet enter is only indirectly involved.
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Figure 2.4 Architectural forms of polymers avaiable by living polymerization

techniques.
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In this research, free radical process for living polymerization is selected and
described. The concept of using stable free radicals, such as nitroxides, to reversibly
react with the growing polymer radical chain end can be traced back to the
pioneering work of Rizzardo and Mozd [16]. After further refinement by Georges
[17], the basic blueprint for all subsequent work in the area of “living” free radical

polymerization was developed. bsequently, the groups of Sawamoto[18],

nitroxide free radical withntca otal*Spefics to obtain a variety of copper-,

nickel-, or ruthenium*media livilg” freemradieal systems. These systems were

called atom transfer radical*pei¥iierization (ATE is mechanism is an efficient
method for carbon-carh Sufl fornik ) 0 synthesis. In some of these
reactions, a transi 3 gaglystagts' as a carriCrof the halogen atom in a

“iansition-metal species, M/",
abstracts halogen atog rom ,-_, alidey RX, to form the oxidized species,
M/""'X, and the carbondteiifcibd! fa¢ ¢l Inlthelsubsequent step, the radical R®
participates in an inter- PREs adical addition to alkene, Y, with the
formation of the intermediate Fagkeat spe Y". The reaction between M,""'X and
RY" results in a targe duct; RYX, a fierates the reduced transition-metal
species, M/", ;-."_' ‘-' J he fast reaction between

RY* and M/"'X : rio : I€Cular termination between alkyl

radicals and efﬁment}y introduces a halogen funct10na1 group X into the final

product in ﬂﬁﬁ"ﬂlﬂwlﬂ 'l 5 NE1NQ

maunglunyingdr<
R =

Y
Figure 2.5 The mechanism of ATRP.
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The ATRP system relies on one equilibrium reaction in addition to the
classical free-radical polymerization scheme (Figure 2.6). In this equilibrium, a
dormant species, RX, reacts with the activator, M\", to form a radical R* and
deactivating species, M""'X. The activation and deactivation rate parameters are kuc
and kgeacr, Tespectively. Since deactivation of growing radicals is reversible, control

over the molecular weight distributiop @ud, in the case of copolymers, over chemical

1. The equilibriyn ' @ow in order to maintain a low

stationary concentratiom®f radeCals. A high walu d result in a high stationary

radical concentratica®ai M CEmInation Id prevail over reversible

2. The dyna f ghafequilibrun; be fast; i.e. deactivation must be

fast compared to propdgationin orde: (e & fast mterchange of radicals in order

Figure 2.6 Equilifia

.,I
o

3 5 TS W oo

Cl) with 2,2’ ®lipyridine (bpy) as a “solubilizing” ligand. The active species has been

¢ o o/
BRI AN IR
methaqryla es under ppropriate” condition [19]. Pef€ec ha 185" described the

role of bpy as partially solubilizing the Cu(I)/Cu(II) catalyst [26]. The role of the bpy

is to co-ordinate to Cu(I) to give a pseudo-tetrahedral Cu(I) center in solution (Figure
2. 7):
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Figure 2.7 The rotation of the bp from the tetrahedral and co-ordination of

the solid state, in SOTHLIO et "\ the trans conformation and

orthogonal rings ar€ prefy ({on. Metal complexes contain
bpy in a cisoid comfOrmy L f1gs 1 bered chelating ring. The
ligand 7 orbitals cafa .~ the, metal thus stabilizing low
oxidation states, in pag (1 ) by thie Cu(bpy),” cation of halogen
_ \ u(Il). The pentaco-ordinated

blves rotation of the bpy ligands from the

atoms from alkyl halidés
species were shown in Fig ‘
tetrahedral and co-ordination 6 u center. This has also been proposed
by Matyjaszewski [27]. anism is correct, the two main
roles of the ligandare Y stabibzation o Cuiby=remaval of electron density from
the metal and (ii) ffigyat T edral Cu(l) and distorted

|
¢ very insoluble in organic

square based pyramtdal Cu(Il). Copper(I) halides a

solvents and ﬁ, d therefore, t ‘oncept of so ubilizing copper(I) indeed
valid. Howﬁ:ﬁ ﬁtﬁbﬂn%jﬁﬁﬁ ‘ under atom transfer
radical polymerization conditionsgesults in a vgry heterogeneoweaction medium
QRN T URAG HBIY G B e
a paldigreen solid. Under these conditions the actual concentration of active catalyst
is impossible to determine. The system has been modified to give a homogeneous
system by the use of bipyridines with alkyl substituents in the 4™ position e.g. tert-

butyl [28-29]. The use of these homogeneous copper(I) complexes results in a

marked lowering of the polydispersity index (PDI) to approximately 1.05.
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In 2003, Matyjaszewski’s group studied the effect of [bpy]/[Cu(I)] ratio,
polarity of the medium, and nature of alkyl bromides on the activation rate constants
(kaer) in ATRP. The highest values of k. for Cu(I)Br were obtained at
[bpy)/[Cu()Br] ~ 2/1 and 1/1 in more polar and less polar solvents, respectively.
This was ascribed to different structures of the complex, Cu(bpy), Br and

Cu(bpy), CuBr;", correspondingly as shown in Figure 2.8 [30].

F’HJEJ’J EWI? <Alik]

(Favored in more polar solvents)

anuﬂzﬁ'?l@*mﬁm HANRPHIRY- o0

ATRP can be applied to a large variety of monomers [8-11] to produce
polymers with well-defined microstructures [31-34]. The success of ATRP in
synthesizing hydrophilic polymer provides an additional advantage over the
traditional living ionic polymerization. The first example of aqueous ATRP was
from Matyjaszewski’s group in 1998. They found that ATRP of 2-hydroxyethyl
acrylate (HEA) can be carried out directly in water in the presence of CuX/bpy/R-X
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at 90°C. After polymerization for 12 h, 87% monomer conversion was achieved, the
molecular weight of the final product was 14,700, and the final polydispersity was
1.34 [35]. Similar results were obtained by Armes’s group for the controlled
polymerization of sodium methacrylate in water at 90°C. Monomer conversions of
70-80% were achieved after 10 h, with polydispersity of 1.20-1.30 [36]. In 2000,

Wang and Armes reported the fagilg JATRP of methoxy-capped oligo(ethylene

glycol) methacrylate (OEGMA)"in ftof 20°C with various initiators. A
remarkably fast rate of pglymesiza - with unusually high monomer
conversions (up to 99%). firskesder monomerkinetics, and predetermined molecular

weights with narrow ior’/ weight, distributio indicating good “living”
character [37-38]. In 20087 thé ntjcontrolled pel 2 erization of 2-hydroxyethyl

methacrylate (HEMA) igfachi using ; ol/water mixtures or pure

methanol at 20°C by*A €.co vorkers [3 \* same year, Armes’s group
can polymerize to hj e 10k -_ blocompatible polymers based on 2-
methacryloyloxyethyl A 14 both aqueous and alcoholic
media at ambient temper: ydispersities were obtained [40-

41].

<y
2.3 Polymer Brush '| ; |"

Poly ﬂ ﬁ ﬁ .EJ erch s which are tethered
by one end ﬁ o aﬁﬂ ﬁ Ij iently dense that the
polymer chams are crowded and fofced to stretchaway from the guface or interface

o QAPRIATINRAGH A §bes o

chain.®rhese stretched configurations are found under equilibrium conditions; neither

a confining geometry nor an external field is required. This situation, in which
polymer chains stretch along the direction normal to the grafting surface, is quite
different from the typical behavior of flexible polymer chains in solution where
chains adopt a random-walk configuration. A series of discoveries show that the
deformation of densely tethered chains affects many aspects of their behavior and

results in many novel properties of polymer brushes [42].
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Polymer brushes are a central model for many practical polymer systems
such as polymer micelles, block copolymers at fluid—fluid interfaces (e.g.
microemulsions and vesicles), grafted polymers on a solid surface, adsorbed diblock
copolymers and graft copolymers at fluid—fluid interfaces. All of these systems,
illustrated in Figure 2.9, have a common feature: the polymer chains exhibit

deformed configurations. Solvent ca either present or absent in polymer brushes.

In the presence of a good solve 1 chains try to avoid contact with each
other to maximize contact W
conditions), polymer chas werstretth a -.--* interface to avoid overfilling

incompressible space.

The interface ' nO W niel chains aréytcthéed in the polymer brushes

may be a solid subst ¢ cen two liquids, between a

¥
liquid and air, or betwee, lymers. Tethering of polymer
chains on the surface 6 1 dl-be fenersible versible. For solid surfaces,
the polymer chains ca® bg che -463 .,- | e substrate or may be just
adsorbed onto the surface#Phy grr.-. 2 olid surface 1s usually achieved by

block copolymers with one b engly with the substrate and another

‘v‘ud part of the chain prefers

block interacting | Wz he attachment may be

achieved by simildi A

one medium and the feft

ﬂ‘UEJ’JVIEWﬁWEJ’]ﬂ‘i
awwmnimum'mmaa
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Central model

Diblock copolymer

Graltcopolyme
[uid-ITuid ineMfices

End-grafied
polymers

Figure 2.9 Example§.of polymer sys FSING Pol¥mer brushes.

(Y]

-

,ﬂ J
Polym brushe€ @ tethered olyfets) attracted attention in 1950s when it
was found ﬁtuaﬂg o%ﬂ\i]e@e oﬂaiﬂ ﬁrticles were a very

effective Wayql’o prevent flocculatign [42]. In okgr words, one can attach polymer

QTSI TUHAY IR G o o

brushe§ of two approaching particles resist overlapping and colloidal stabilization

are achieved. The repulsive force between brushes arises ultimately from the high
osmotic pressure inside the brushes. Subsequently it was found that polymer brushes
can be useful in other applications such as new adhesive materials [43-44], protein-
resistant biosurfaces [45], chromotographic devices [46], lubricants [47], polymer
surfactants [42] and polymer compatibilizers [42]. Tethered polymers which possess

low critical solution temperature (LCST) properties exhibit different wetting
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properties above and below LCST temperature [48]. A very promising field that has
been extensively investigated is using polymer brushes as chemical gates. Ito and
coworkers [49-51] have reported pH sensitive, photosensitive, oxidoreduction
sensitive polymer brushes covalently tethered on porous membranes, which are used
to regulate the liquid flowing rate through porous membranes. Suter and coworkers

[52-53] have prepared polystyrene hrushes on high surface area mica for the

fabrication of organic—inorgami idsd @ation-bearing peroxide free-radical
initiators were attached to"mica surfa change and used to polymerize
_7 anocomposites. Patterned thin
cell growth control [55-56],

biomimetic material i J) m se and drug delivery [58].

NPOSitions mer brushes tethered on a

,; C G 5 ‘\
. ' ! ;E- e \w\t \\ opolymer brushes, mixed
homopolymer brush _-'-J;:‘ b .\ -\ and block copolymer brushes.
b # A4 ¥ \ \

Homopolymer brushes ask cibiypof '\ | polymer chains consisting of

one type of repeat unit. edyidmopoly: >s are composed of two or more

types of homopolymer chains 57 me adg olymer brushes refer to an assembly

of tethered polym¢ efit jrepeat units which are
randomly distributgdfa polymer brushes refer to
an assembly of teth !l‘ polymer-ehams*ee ng ff? 0 or more homopolymer
chains covalently conrpc&l to each other.y one end [61]. Homopolymer brushes

can be furthﬂduﬂ{a %ﬁmﬁw qucﬂlﬁed polymer brushes.

They may aldg] be classified in terms of rigidity of the polymer chain and would

AR TN N

2.10.



20

tay) Flexible homopolymer brush by Mixed homopolymer brush

-

1 L=
/ LA T T

7Y /
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\-\4 olymer brush
N 6
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o A M 7 T At bttt S
Vo =

Y \Gaddssi X
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Figure 2.10 Classifrﬂion of linear polymer brushes, .’.’l a4) homopolymer brushes;

:.l Sr}rll.ixed hc@:ﬁgﬁ% %rﬁ%lﬁoﬁﬁ lﬁshs(d) block copolymer
o TR TR

adsorb onto a suitable substrate with one block interacting strongly with the surface
and the other block interacting weakly with the substrate. The disadvantages of
physisorption include thermal and solvolytic instabilities due to the non-covalent
nature of the grafting, poor control over polymer chain density and complications in

synthesis of suitable block copolymers. Tethering of the polymer chains to the

surface is one way to surmount some of these disadvantages. Covalent attachment of
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polymer brushes can be accomplished by either “grafting to” or “grafting from”
approaches. In a “grafting to” approach, preformed end-functionalized polymer
molecules react with an appropriate substrate to form polymer brushes. This
technique often leads to low grafting density and low film thickness, as the polymer
molecules must diffuse through the existing polymer film to reach the reactive sites
on the surface. The steric hindrance for surface attachment increases as the tethered

polymer film thickness incre: : ] " ome this problem, the “grafting from”

approach is a more promism fla® symithesis of polymer brushes with a

high grafting density. aftine~from!' DeACeomY lished by treating a substrate
with plasma or glow-dischare? sengrate imf \ o initiators onto the substrate
followed by in situ surfaeé=insfiat : Wever “grafting from” well-

defined self-assembi€d 2y 5,(SAMBS)IS morenatitaetive due to a high density

of initiators on the susface mechanism. Also progress in

W

polymer synthesis teclifiig 0" produce polymer chains with

controllable lengths. Po pave been used to synthesize

. AL . .
polymer brushes include g lonjei¥niont 'Q-mediated radical, atom transfer
radical polymerization (ATRP}@ad ring o © polymerization.

WA T

AULINENINYINT
ARIANTAUUNING 1A Y
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» ‘C

. N Wi ] ,
Figure 2.11 Preparation 61 pUivfier bra y “physisorption”, “grafting to” and
“grafting from”.

,_"il ht and molecular weight

In order to' o 1

distribution and to btal ¢! block copolymer brushes,

J.N

controlled radical pol)/merlzatlons 1nclud1ng ATRP, reverse ATRP, TEMPO-

N ANy
VRVAINGRILNA N BAGH o 1

attractéd considerable attention due to its control of molecular weight, molecular
weight distribution and synthesis of block copolymers. Husseman and coworkers
[64] applied ATRP in the synthesis of tethered polymer brushes on silicon wafers
and achieved great success. They prepared SAMs of 5-trichlorosilylpentyl-2-bromo-
2-methylpropionate on silicate substrates. The a-bromoester is a good initiator for
ATRP. They have successfully synthesized PMMA brushes by the polymerization of
MMA initiated from the SAMs. It has also been reported that tethered
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polyacrylamide has been obtained from surface initiated ATRP of acrylamide on a

porous silica gel surface [65].

Recently, Matyjaszewski and coworkers [68] reported a detailed study of
polymer brush synthesis using ATRP in controlled growth of homopolymer and

block copolymers from silicon surfaces. They described that the persistent radical
sufficient concentration of dea (on /utus vailable to provide control over
chain lengths and distribufions=The @ied by termination of initiator

metal complex prior®0 comiTuéy it of the reac OR* Moreover, the only factor

molecules in the earl 0r'by addition of the transition

affected is the kinetig§0f #c €3 Ll he fi niencasey first-order consumption of
monomer is dictated #Y i | hding oc » e, free initiator while in the
latter, due to the etre yflo, 'ﬁ) @i | o y. halide bound to the surface
and low monomer Cony€rsidn, -‘.» Loyt hains scales linearly with
reaction time. Their conClugion si at the design of such complex structures
whether in solution or atfan {Aterice: a inding of the relative rates of chain

propagation, equilibrium constants: ant ences of the end group, metal, and
ligand in crossovgi-reaction are important, Fa ctors such assinitiator functionality and

A : .
thesphysical properties of the
Tl

iy

blocking efficiency

resulting material.

In 2001, ‘A‘ ‘ %J sh by ATRP of 2-
hydroxyeth}ﬂ"m:g ﬂlﬂnd nlmﬂﬂnjzo(ethylene glycol)
— 0 ) fo ;ﬁi ificd wifan inifiater | posed of 2-
bromﬁsﬁ}ﬁﬁﬁﬁﬁ ﬂﬁsﬁﬁaﬁg nﬁﬁ: this initial

study are fascinating new “model” sterically stabilized colloids which are likely to
prove attractive for both theoretical and experimental studies. The aqueous solution

properties of the grafted polymer chains determine the colloid stability of the
particles, as expected [69].

In the same year, von Werne and Patten [70] reported the preparation of

structurally well-defined polymer-nanoparticle hybrids by modifying the surface of
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silica nanoparticles with initiatiors for ATRP by using these initiator-modified
nanoparticles as macroinitiators. They found that polymerizations of styrene and
methyl methacrylate (MMA) using the nanoparticle initiators displayed the
diagnostic criteria for a controlled / “living” radical polymerization: an increase in
the molecular weight of the pendant polymer chains with monomer conversion and a

narrow molecular weight distributig

or the grafted chains. Polymerization of

weight control, while pOlyn a K ‘ from the same nanoparticles

exhibited good molecularswers YO whera small amount of free initiator
was added to the polymer 161 \\\:‘\u\ th erlzalton of both styrene and
MMA from larger silic 300 N meter) did not exhibit molecular

(1]}

’ N N

weight control. M . : \x\-\ \
amount of free initi ’ \\

of deactivator (Cu(Il) V&ﬁ:‘ indings provide guidance for
efforts in using ATRP (0r

by the addition of a small

induced when 5-15 mol%

\ f polymers from high and low

surface area substrates.

In 2004, Feng et i-' ared  poly(2-methacryloyloxyethyl

-t o

phosphorylchloline

i
- -

£y fces by combining an
initiator self-asserble fj erafting. They used two
methods to control thd grafting processOne was to ad 'll ree initiator to the reaction
system; the other was fo &id excess deac“tor This process indicated the surface

thickness uﬂ ﬂ Ej ﬁ}ﬁ%@%ﬁ’rﬂ Pfﬁ'ckness depended on

catalyst and §inonomer concentratlons as well as activator/deactivator ratio.

CN WE NI b MY (131

however, it also decreased the polymerization rate. Increasing the ratio of
monomer/catalyst and monomer concentration also increased the polymer layer

thickness.

The conformation of polymer end-grafted on a solid surface is an importance
parameter, it plays an important surface property in many areas of science and

technology, e.g., colloid stabilization, adhesion, lubrication, tribology, and rheology.
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The conformation of those polymers in good solvent can dramatically change with
graft density; at low graft density, a “mushroom” structure will be formed with the
coil dimension similar to that of ungrafted chains. With increasing graft density,
graft chains will be obliged to stretch away from the surface. For example, in 2002,
Jones and coworkers [72] studied the influence of initiator density on the controlled
growth of polymer brushes in aquepus, solution at room temperature. They used
mixed monolayers 18 // anethiol and o-mercaptoundecyl
bromoisobutyrate (active initiaton 1 'a&nﬁ;olled radical polymerization of
i —0| hip between initiator density

MMA from gold. They

and the growth rate of i composed of 10% and 50%

of active initiator grg the thickness of polymer

brushes grafted from initiator. However, they did

not find a maximum indfia etsity,-bey I o further incrase in polymer

thickness was observed #For . 10logy o ier brush could be observed

Y e~

between the different #niti@tor m;lzn {ons. wer active initiator brushes

showed fairly large and pdlydi€pefse erains'du@ to the polymer chains were growing

very far apart, coalescmg lm‘.ﬁWg ?J_ﬁ thile increasing active initiator surface

‘"

rse and densily packed.

Figure 2.12 AFM images of PMMA brushes grown from gold evaporated onto mica

after 50 min of reaction time: (a) 10% of active initiator, (b) 25% of active initiator

and (c) 100% of active initiator
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Yu, et al. [73] reported that the controlled grafting of well-defined polymer
brushes of poly(methyl methacrylate) (PMMA) was carried out via ATRP on the
hydrogen-terminated Si surfaces (Si-H surface). Prior to the surface initiated ATRP,
the Si-H surface was functionalized by the o—bromoester group in 3 steps: (i)
coupling of an m—unsaturated alkyl ester with the Si-H surface under UV irradiation,

(11) reduction of the ester group byguiAlH,, and (ii1) esterification of the surface-

tethered hydroxyl group witha2-b \Iin 30 DU e bromide. XPS and ellipsometry
""'—.,"'x‘h ff

data indicated the format -J_i__;.‘::-‘o yme _on the silicon surface. Kinetic
studies revealed a lineaf NCIcase in tCkn%urface graft polymerized film
with reaction time and Dt Home '-‘:"\ met in“selution, indicating that the chain

growth from the surfag a “living” characateristic.
iz t10n has proceeded uniformly

of PMMA on the silicon

AFM images suggested gffatghgfA |-z

on the Si-R;Br surfdCe (@ Vg 'ég dense \

surface. As shown in #ig hains on the silicon surface

exist as a distinctive ovgfla anosized islands probably has

resulted from the nanoscaled 7-:'.7,-7. Agg i the grafted polymer after the

surface has been dried.

()
Si-g-PMMA Surfac.
Z: 20 nm/Div

Csum Rz liom

amaﬁn‘:mum'mmaﬂ

Flgure 2.13 AFM 1mages of (a) Si-H surface, (b) Si- R3Br surface, and (c) Si-g-
PMMA surface
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2.4 Characterization Techniques

2.4.1 Ellipsometry [74]

Ellipsometry is a sensitive optical technique for determining properties of
surfaces and thin films. If linearly polarized light of a known orientation is reflected

at oblique incidence from a surface thén the reflected light is elliptically polarized.

The shape and orientation oft e sefUehend on the angle of incidence, the
direction of the polarizationse 1 the reflection properties of the
surface. Ellipsometry -: » eflected light with a quarter-
wave plate followed o of the quarter-wave plate and
the analyzer are varig oh, the analyzer. From these
orientations and the di \ ‘incident light are expressed as the
relative phase chan@e, - : plitt n hange, ¥, introduced by
reflection from the susfacg S ' 16 cla he ratio of Fresnel reflection

coefficients, R, and R, {gF p ectively.

(2.2)
]

An ellipsome “measures the changes in the poldrzation state of light when it

is reflected frgm a s pﬁ ﬂ ﬁ for example, a thin
film on theﬂrrueg, ange ﬁﬂ\ H;] n properties is also
changed. Measurmg these changesgn the reflectigq properties allgyjus to deduce the

~QRARENTRUNING A
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¥ght source
\ detector ‘
‘% v polmer anal yzer B .-"./

s

analyzer angle

Figure 2.14 Schematic { an ellipsometry experiment

2.4.2 Contact Ang

Contact angle m€as assess changes in the wetting

a'change in surface energy. The

*

characteristics of a surfaé€ apdhGice i

technique is based on the th _-'1_,;‘_'? k equilibrium described by Young's

equation. -

.FI i
L = i¥ |

Fj.ug HNTWENA
WM TATINE A

YLGCOSO = ysG - YsL (2.3)

where Y16, ¥sc and ysi are the interfacial tension between the phases with subscripts
L, G, S corresponding to liquid, gas, and solid phase respectively and 6 refers to the

equilibrium contact angle. The Young's equation applies for a perfectly
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homogeneous atomically flat and rigid surface and therefore supposes many
simplifications. In the case of real surfaces, the contact angle value is affected by
surface roughness, heterogeneity, vapor spreading pressure, and chemical
contamination of the wetting liquid. Although the technique to measure contact
angles is easy, data interpretation is not straightforward and the nature of different

contributions to the surface is a matter of discussion. Generally, we can define the

complete wetting, wetting, partial® {ting faddnonwetting according to Figure 2.16.

Figure 2.16 Schematic rg

[]

2.4.3 X-ray Photoelec "0se0py (XPS) [75]

XPS is anjabb
is ESCA which istgfs

3Pegtroscopy. Another name
Lf"‘:‘ Chemical Analysis. In
XPS or ESCA, a " of (1 2) -rays 'j first produced by electron
bombardment of an angdg material (Al, Mg, Si). When the X-rays interact with the

sample undaﬁu%é qu w Eﬁql% wrﬁ’qaﬂ‘i. core levels (such as

Is, 2s, etc.). lthe binding energy of the electron in the core hole was EB, then the

ARSI AT TN TR
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xXPS
® Ex-lw-Eu-¢
i ﬂ

‘.“‘
ZEr

1
1 4 wacuum
f

3s, 3p, efe.

——— 88— 2[:'1,’2. 2p3‘,2

2512

1812

X .ray photoclcCtron emission process.

N

0 : (2.4)

where Ex is the meéS e energy of the exciting

1

radiation, EB the bindi: 3 & : n the'Solid, and ¢ the spectrometer
| electron binding energies can
be calculated by measuri : _ ['the electrons that are ejected from
the sample, using the above e i Thegleetron energies are measured using an

electrostatic ener oY)

.

iC2 nalyzer". The analyzer
measures the Kkip ctic Aiftdd electrons. A general

schematic drawing '; the ma ¢ s e XPS instrument is shown in
W |

i¥

Figure 2.18. The main gomponents of the %r,stem include the vacuum system, the x-

ray source, ﬂ ﬂ]ﬁ %ﬂﬂ%iﬂ (gjqxﬂ;?iscriminaﬁon of the

electrons is apfained by sweeping the p in the lens or by using a grid

A Al e
X-ray qo Jthe an li 31 trica m]r' d thd effagiencies of the
lens, the analyzer and the detector. The energy resolution is due to the inherent width

of the X-ray radiation and the resolving power of the spectrometer.
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X-ray source
Analyser
Detecto

Sputtering qun Entrance

Figure 2.18 General schew
XPS can prov, \
1. Elemental identifi \ s [\protons increases as we progress
through the periodic ta : gle for a fixed core level (such
as the 1s level) will'in 1 measuring the electron kinetic
energy is equivalent to inip@ghick 'i. ¢ present on the surface.
TR ) o .
2. Oxidation states for any giveietements=Fhcre will be small shifts in the binding
; b ,u ' -

energies due to change "9‘ oxidation states generally have
higher binding eng ;; : "‘”""'“m-"“""T: energies.

3. Quantitative analyses " throug g and calculation of atomic
l

i¥

concentrations because‘.the photoelectron 1nten51ty is directly related to the atomic

°°“°e““”‘°ﬁ°'ﬂ‘ﬂ°‘?‘?‘l‘ﬂ“ﬂﬁ LALRLiE)

4. Depth pro g when combined Ylth ion etchmg (sputtering) technlques

QAR AA TR Rt

over the surface. Modern instruments can have a spatial resolution down to a few

microns.

2.4.4 Atomic force Microscopy (AFM) [76]

AFM is a type of scanning probe microscopy, allowing three-dimensional

topographical imaging of surface. The AFM probe is in physical contact with the
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surface as it moves over the sample. Because it may be used on any surface, AFM is
much more suited to polymer surface analysis. The essential features of AFM are
shown in Figure 2.19. The tip of the probe, which is commonly made of silicon
nitride, is attached to a cantilever bearing a reflective surface upon which is a laser
beam is directed. The sample is mounted on a piezoelectric support, which moves in

response to surface variations sensed by the probe. As the tip is scanned (or

“rastered”) over the surface, top ons cause deflections in the cantilever

that are monitored by recOrding. cflected laser beam. A computer

interprets the deflectionsasathree-dificnsionatprofile of the polymer surface with
p / e . Of the polyme

resolution in the angstrom I

that obtained by SEM.

Veral orders of magnitude better than

, ‘ :
aser Diode
Using Lense

Cantilever Substrate

I
r'- ‘ Glass Cover
PreAmph i St Oring

®Sample

"y
|

Piezo Scanner

RS IR NE Ty
C] Computer

Figure 2.19 Schematic diagram of an atomic force microscope.
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The Atomic Force Microscope (AFM ) is being used to solve processing and
materials problems in a wide range of technologies affecting the electronics,
telecommunications, biological, chemical, automotive, aerospace, and energy
industries. The materials being investigating include thin and thick film coatings,
ceramics, composites, glasses, synthetic and biological membranes, metals,

polymers, and semiconductors. The AEM is being applied to studies of phenomena

such as abrasion, adhesion, cleas o\ COfTy - etching, friction, lubrication, plating,
and polishing. By using A ;s-:::‘ 3 of? L% e the surface in atomic resolution

but also measure the f "™Phe publications related to the

AFM are growing speedi

The first AFM#Wa o o a tiny shard of diamond

onto one end of a tig§" sufp, 4011y 1985:Binnig and Gerber used the

cantilever to examife indls gurfaces all a\: at the end of the cantilever
was pressed against #he e wiilc (héssample Was Scanned beneath the tip. The

force between tip andéSauliple acking the deflection of the

cantilever. This was don ufineling current to a second tip

positioned above the cantilev meate lateral features as small as 300

A. The force mici 0Sco without the breakthrough in

e

haided a curiosity in many

tip manufacture, "?"_-'

research groups. It Albrccht ) aduate student, who fabricated the first

silicon microcantilever‘ag measured the ey)mic structure of boron nitride. Today

the tip-cantiﬂe%sﬁbfyat%ﬁ ﬂ‘lﬁOWHﬂfﬂ]ﬁ or SisN,. The era of

AFM came fifially when the Zurich group released the image of a silicon (111) 7X7

L o / .
N NPT R N (M
wasah nd. sev aa;a € otantiléve b eﬁr cted, and the
instrument has been embraced by scientists and technologists.

The force between the tip and the sample surface is very small, usually less
than 10" N. How to monitor such small forces is another story. The detection system
does not measure force directly. It senses the deflection of the microcantilever. The
detecting systems for monitoring the deflection fall into several categories. The first

device introduced by Binnig was a tunneling tip placed above the metallized surface
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of the cantilever. This is a sensitive system where a change in spacing of 1 A
between tip and cantilever changes the tunneling current by an order of magnitude. It
is straightforward to measure deflections smaller than 0.01 A. Subsequent systems
were based on the optical techniques. The interferometer is the most sensitive of the
optical methods, but it is somewhat more complicated than the beam-bounce method

which was introduced by Meyer and Amer. The beam-bounce method is now widely

used as a result of the excellentswork .r Algander and colleagues. In this system an
optical beam is reflected from.the mirrorcd.s@u on the back side of the cantilever
onto a position-sensitiVEPHEIEALIE ctor In , ment a small deflection of the
cantilever will tilt the rgi Jcalp n N w ‘e position of beam on the
photodetector. A third g /

"N\,

effect on the laser ougput. 15767 '_, '- _detector

/ / < t ( . \g 5 \ r1d uses the cantilever as one

of the mirrors in th€ Cay o he cantilever has a strong

The principles™on - very'simple. An atomically sharp

tip is scanned over a suffacgwi \\ s that enable the piezo-electric
scanners to maintain the p at. b obtain height information), or

height (to obtain force inf 2b@ sample surface. Tips are typically

o

made from Si;Ni_ O ' b end of a cantilever. The
nanoscope AFM $da ‘“ ystem in which the tip is
attached to the undetside of a ctive €3 ver. A c'L de laser is focused onto the
back of a reflective canfileyer. As the tip sgans the surface of the sample, moving up

and down wﬂ %E},@w Ejr%qz‘ﬁ ‘w Hﬁ]ﬂd‘ﬁected off the attached

cantilever int8h dual element photodlode The photodetector measures the difference

gh L WAV 0 0 1T (2

from the computer, enables the tip to maintain either a constant force or constant

height above the sample. In the constant force mode, the piezo-electric transducer
monitors real time height deviation. In the constant height mode, the deflection force
on the sample is recorded. The latter mode of operation requires calibration
parameters of the scanning tip to be inserted in the sensitivity of the AFM head

during force calibration of the microscope.
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Some AFM's can accept full 200 mm wafers. The primary purpose of these
instruments is to quantitatively measure surface roughness with a nominal 5 nm
lateral and 0.01nm vertical resolution on all types of samples. Depending on the
AFM design, scanners are used to translate either the sample under the cantilever or
the cantilever over the sample. By scanning in either way, the local height of the

sample is measured. Three dimensional topographical maps of the surface are then

constructed by plotting the locaksamplé h¢ ersus horizontal probe tip position.

ferent from radiation based

microscopies because 4 sional imaging technique. The

ability to distinguis \ \ gcMsithe standard by which lateral

7
A N

images resolved by y 'e Dpilgs afd=8Ca Y _techniques. The former is

resolution is usuall 10€d an important distinction between

limited by diffraction, g hd aer4primanlydby 2 \ obe geometry and sample
4 i

geometry. Indeed, méhy e radius of curvature that

significantly influencesfhie g@solvunt abilifypof the . Even greater improvements
in resolution have been aftaujedanith T mode but contact imaging still is
capable of high resolution imagings 1

p ghre K ;?P_J &/
by Keller

ussion on resolution was published

Voo i
In order to .,;. .,,.. isolation platform is

needed. The vibratiof
firmly anch iﬁﬁ ﬁﬁ heved to result from
rubbing of En fi ﬂ mﬂﬁtﬁa st the outside lining
material. Between the low resonafice frequencysaf the bungy caxd system and the

) ) TSR VT BB B e e

effectigely comprises a band pass filter. This allows the microscopists to safely

1solat10n consists of a large miss attached to bungy cords

image their samples in the intermediate range of about 1-100 Hz and obtain atomic

resolution.
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Gel permeation chromatography is extremely valuable for both analytic and
preparative work with a wide variety of systems ranging from low to very high
molecular weights. The method can be applied to a wide variety of solvents and
polymers, depending on the type of gel used. With polystyrene gels, relatively
nonpolar polymers can be measured in solvents such as tetrahydrofuran, toluene, or

ene; with porous glass gels, more polar

(at high temperatures) o-dichlorobe

The results o atography experiments for

molecular-weight di rom other techniques that

there is serious doubt 4 jal discrepancies occur.

Moblie
phase
1838rvor >
AT Data
Infection —— system

o
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