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1.1. Introduction . 

Henri Braconnot's work in the 1830s is perhaps the first modern example of polymer science. 

Braconnot, along with Christian Schönbein and others, developed derivatives of the natural 

polymer cellulose producing new, semi-synthetic materials, such as celluloid and cellulose 

acetate. The term "polymer" was coined in 1833 by Jöns Jakob Berzelius, though Berzelius did 

little that would be considered polymer science in the modern sense. In the 1840s, Friedrich 

Ludersdorf and Nathaniel Hayward independently discovered that adding sulfur to raw natural 

rubber (polyisoprene) helped prevent the material from becoming sticky. In 1844 Charles 

Goodyear received a U.S. patent for vulcanizing rubber with sulfur and heat. Thomas Hancock 

had received a patent for the same process in the UK the year before. Vulcanized rubber 

represents the first commercially successful product of polymer research. In 1884 Hilaire de 

Chardonnet started the first artificial fiber plant based on regenerated cellulose, or viscose rayon, 

as a substitute for silk, but it was very flammable.
[1]

 In 1907 Leo Baekeland invented the first 

synthetic polymer, a thermosetting phenol-formaldehyde resin called Bakelite. 

Despite significant advances in polymer synthesis, the molecular nature of the polymer was not 

understood until the work of Hermann Staudinger in 1922. Prior to Staudinger's work, polymers 

were understood in terms of the association theory or aggregate theory which originated with 

Thomas Graham in 1861. Graham proposed that cellulose and other polymers were "colloids", 

aggregates of molecules small molecular mass connected by an unknown intermolecular force. 

Hermann Staudinger was the first to propose that polymers consisted of long chains of atoms 

held together by covalent bonds. It took over a decade for Staudinger's work to gain wide 

acceptance in the scientific community, work for which he was awarded the Nobel Prize in 1953. 

The World War II era marked the emergence of a strong commercial polymer industry. The 

limited or restricted supply of natural materials such as silk and latex necessitated the increased 

production of synthetic substitutes, such as rayon and neoprene. In the intervening years, the 

development of advanced polymers such as Kevlar and Teflon have continued to fuel a strong 

and growing polymer industry. 

http://en.wikipedia.org/wiki/Henri_Braconnot
http://en.wikipedia.org/wiki/Christian_Sch%C3%B6nbein
http://en.wikipedia.org/wiki/Cellulose
http://en.wikipedia.org/wiki/Celluloid
http://en.wikipedia.org/wiki/Cellulose_acetate
http://en.wikipedia.org/wiki/Cellulose_acetate
http://en.wikipedia.org/wiki/J%C3%B6ns_Jakob_Berzelius
http://en.wikipedia.org/w/index.php?title=Friedrich_Ludersdorf&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Friedrich_Ludersdorf&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Nathaniel_Hayward&action=edit&redlink=1
http://en.wikipedia.org/wiki/Plastic
http://en.wikipedia.org/wiki/Rubber
http://en.wikipedia.org/wiki/Isoprene
http://en.wikipedia.org/wiki/Charles_Goodyear
http://en.wikipedia.org/wiki/Charles_Goodyear
http://en.wikipedia.org/wiki/Vulcanization
http://en.wikipedia.org/wiki/Sulfur
http://en.wikipedia.org/wiki/Thomas_Hancock_%28inventor%29
http://en.wikipedia.org/wiki/Hilaire_de_Chardonnet
http://en.wikipedia.org/wiki/Hilaire_de_Chardonnet
http://en.wikipedia.org/wiki/Fiber
http://en.wikipedia.org/wiki/Cellulose
http://en.wikipedia.org/wiki/Viscose
http://en.wikipedia.org/wiki/Rayon
http://en.wikipedia.org/wiki/Silk
http://en.wikipedia.org/wiki/Polymer_science#cite_note-0
http://en.wikipedia.org/wiki/Leo_Baekeland
http://en.wikipedia.org/wiki/Chemical_synthesis
http://en.wikipedia.org/wiki/Thermoset
http://en.wikipedia.org/wiki/Phenol
http://en.wikipedia.org/wiki/Formaldehyde
http://en.wikipedia.org/wiki/Bakelite
http://en.wikipedia.org/wiki/Hermann_Staudinger
http://en.wikipedia.org/wiki/Association_theory
http://en.wikipedia.org/wiki/Thomas_Graham
http://en.wikipedia.org/wiki/Hermann_Staudinger
http://en.wikipedia.org/wiki/Atoms
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Nobel_Prize
http://en.wikipedia.org/wiki/World_War_II
http://en.wikipedia.org/wiki/Rayon
http://en.wikipedia.org/wiki/Neoprene
http://en.wikipedia.org/wiki/Kevlar
http://en.wikipedia.org/wiki/Teflon
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The growth in industrial applications was mirrored by the establishment of strong academic 

programs and research institute. In 1946, Herman Mark established the Polymer Research 

Institute at Brooklyn Polytechnic, the first research facility in the United States dedicated to 

polymer research. Mark is also recognized as a pioneer in establishing curriculum and pedagogy 

for the field of polymer science.
[2]

 In 1950, the POLY division of the American Chemical 

Society was formed, and has since grown to the second-largest division in this association with 

nearly 8,000 members. Fred W.Billmeyer, JR, a Professor of Analytical Chemistry had once said 

that "although the scarcity of education in polymer science is slowly diminishing but it is still 

evident in many areas. What is most unfortunate is that it appears to exist, not because of a lack 

of awareness but, rather, a lack of interest." (Source: Polymer Science, Wikipedia) 

1.2. Polymer brush. 

Polymer brush is a layer of polymers attached with one end to a surface. 
[3]

 The brushes may be 

either in a solvent state, when the dangling chains are submerged into a solvent, or in a melt state, 

when the dangling chains completely fill up the space available. Additionally, there is a separate 

class of polyelectrolyte brushes, when the polymer chains themselves carry an electrostatic 

charge. 

The brushes are often characterized by the high density of grafted chains. The limited space then 

leads to a strong extension of the chains, and unusual properties of the system. Brushes can be 

used to stabilize colloids, reduce friction between surfaces, and to provide lubrication in artificial 

joints. 
[4]

 Polymer brushes have been modeled with Monte Carlo methods 
[5]

 or with Brownian 

dynamics simulations 
[6]

. 

 

 

 

 

 

http://en.wikipedia.org/wiki/Herman_Francis_Mark
http://en.wikipedia.org/wiki/Brooklyn_Polytechnic
http://en.wikipedia.org/wiki/United_States
http://en.wikipedia.org/wiki/Polymer_science#cite_note-NHCL_Polymer_Research_Institute-1
http://en.wikipedia.org/wiki/American_Chemical_Society
http://en.wikipedia.org/wiki/American_Chemical_Society
http://www.answers.com/topic/polymer
http://www.answers.com/main/ntquery?s=polymer+brush&gwp=13#cite_note-0
http://www.answers.com/topic/colloid
http://www.answers.com/topic/joint
http://www.answers.com/main/ntquery?s=polymer+brush&gwp=13#cite_note-1
http://www.answers.com/main/ntquery?s=polymer+brush&gwp=13#cite_note-2
http://www.answers.com/topic/brownian-dynamics
http://www.answers.com/topic/brownian-dynamics
http://www.answers.com/main/ntquery?s=polymer+brush&gwp=13#cite_note-3
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Figure 1-1: Schematic diagram of Polymer brushes with different graft  

densities 
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1.3. Grafting methods. 

Most of these studies have focused on surface modification by means of either óógrafting-toôô or 

óógrafting-fromôô techniques 
[7-14]
. óóGrafting-toôô involves the bonding of a preformed end-

functionalized polymer chains to the reactive surface groups on the substrate. The limitation in 

this technique is that the attachment of a small number of chains significantly hinders diffusion 

of additional polymer chains to the surface, thereby leading to very low grafting density. In the 

grafting-from technique, initiator species on the substrate surface are used to initiate 

polymerization upon exposure to a monomer solution under appropriate conditions, so that high 

grafting density can be achieved. 

 

1.4. ATRP. 

 

ATRP or atom transfer radical polymerization is an example of a living polymerization or a 

controlled/living radical polymerization (CRP). Like its counter part, ATRA or atom transfer 

radical addition, it is a means of forming carbon-carbon bond through transition metal catalyst. 

As the name implies, the atom transfer step is the key step in the reaction responsible for uniform 

polymer chain growth. ATRP (or transition metal-mediated living radical polymerization) was 

independently discovered by Mitsuo Sawamoto
[15]

 and by Krzysztof Matyjaszewski and Jin-Shan 

Wang in 1995.
[16]

 This is a typical ATRP reaction: 

The uniformed polymer chain growth, which leads to low polydispersity, stems from the 

transition metal based catalyst. This catalyst provides an equilibrium between active, and 

therefore propagating, polymer and an inactive form of the polymer; known as the dormant form. 

Since the dormant state of the polymer is vastly preferred in this equilibrium, side reactions are 

suppressed. This equilibrium in turn lowers the concentration of propagating radicals, therefore 

suppressing unintentional termination and controlling molecular weights. 

ATRP reactions are very robust in that they are tolerant of many functional groups like allyl, 

amino, epoxy, hydroxy and vinyl groups present in either the monomer or the initator. ATRP 

methods are also advantageous due to the ease of preparation, commercially available and 

inexpensive catalysts (copper complexes), pyridine based ligands and initiators (alkyl halides).
[17]

 

http://www.answers.com/topic/living-polymerization
http://www.answers.com/topic/transition-element
http://www.answers.com/topic/catalysis
http://www.answers.com/topic/polymer
http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-Kato.2C_M..3B_Kamigaito.2C_M..3B_Sawamoto.2C_M..3B_Higashimura.2C_T._Macromolecules_1995.2C_28.2C_1721-1723.-0
http://www.answers.com/topic/krzysztof-matyjaszewski
http://www.answers.com/topic/jin-shan-wang
http://www.answers.com/topic/jin-shan-wang
http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-Wang.2C_J..3B_Matyjaszewski.2C_K._J._Am._Chem._Soc._1995.2C_117.2C_5614-5615.-1
http://www.answers.com/topic/functional-group
http://www.answers.com/topic/catalysis
http://www.answers.com/topic/ligand
http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-3
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  Figure 1-2: Schematic diagram of the technique of the surface 

modification by      means of either (a) grafting-to (b) grafting-from  
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1.5. Components of ATRP. 

There are five important variable components of Atom Transfer Radical Polymerizations. They 

are the monomer, initiator, catalyst, solvent and temperature. The following section breaks down 

the contributions of each component to the overall polymerization. 

 

1.6. Monomer. 

Monomers that are typically used in ATRP are molecules with substituents that can stabilize the 

propagating radicals; for example, styrenes, (meth)acrylates, (meth)acrylamides, and 

acrylonitrile.
[18]

 ATRP are successful at leading to polymers of high number average molecular 

weight and a narrow polydispersity index when the concentration of the propagating radical 

balances the rate of radical termination. Yet, the propagating rate is unique to each individual 

monomer. Therefore, it is important that the other components of the polymerization (initiator, 

catalysts, ligands and solvents) are optimized in order for the concentration of the dormant 

species to be greater than the concentration of the propagating radical and yet not too great to 

slow down or halt the reaction. 

1.7. Initiator . 

The number of growing polymer chains is determined by the initiator. The faster the initiation, 

the fewer terminations and transfers, the more consistent the number of propagating chains 

leading to narrow molecular weight distributions.
[19]

 Organic halides that are similar in the 

organic framework as the propagating radical are often chosen as initiators. Most initators for 

ATRP are alkyl halides. Alkyl halides such as alkyl bromides are more reactive than alkyl 

chlorides and both have good molecular weight control.
[19]

 The shape or structure of your 

initiator can determine the architecture of your polymer. For example, initiators with multiple 

alkyl halide groups on a single core can lead to a star-like polymer shape.  

 

 

http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-4
http://www.answers.com/topic/molar-mass-distribution
http://www.answers.com/topic/molar-mass-distribution
http://www.answers.com/topic/polydispersity-index
http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-chemreview-6
http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-chemreview-6
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                    Figure 1-3: Illustration of a star initiator for ATRP 
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      Figure 1-4:Mechanism of the Atomic Transfer Radical Polymerization 

method 
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1.8. Catalyst. 

The catalyst is the most important component of ATRP because it determines the equilibrium 

constant between the active and dormant species. This equilibrium determines the 

polymerization rate and an equilibrium constant too small may inhibit or slow the polymerization 

while an equilibrium constant too large leads to a high distribution of chain lengths.
[19]

 

There are several requirements for the metal catalyst: 

1. there needs to be two accessible oxidation states that are separated by one electron 

2. the metal center needs to have a reasonable affinity for halogens 

3. the coordination sphere of the metal needs to be expandable when its oxidized so to be 

able to accommodate the halogen 

4. a strong ligand complexation. 

The most studied catalysts are those that polymerizations involving copper, which has shown the 

most versatility, showing successful polymerizations regardless of the monomer. 

1.9. Solvent. 

Toluene,1,4-dioxane, xylene, anisole, DMSO 

1.10. Poly(N-isopropylacrylamide). 

Poly(N-isopropylacrylamide) (variously abbreviated PNIPA, PNIPAAm, 

PNIPAA or PNIPAm) is a temperature-responsive polymer that was 

first synthesized in the 1950s.
[20] 

It forms a three-dimensional hydrogel 

when crosslinked with N,Nô-methylene-bis-acrylamide (MBAm) or 

N,Nô-cystamine-bis-acrylamide (CBAm). When heated in water above 

33°C, it undergoes a reversible lower critical solution temperature phase 

transition from a swollen hydrated state to a shrunken dehydrated state, 

losing about 90% of its mass. In dilute solution, it undergoes a corresponding coil-to-globule 

transition at similar conditions)
[21]

. Since PNIPAm expels its liquid contents at a temperature 

http://www.answers.com/main/ntquery?s=ATRP&gwp=13#cite_note-chemreview-6
http://www.answers.com/topic/temperature-responsive-polymer
http://www.answers.com/topic/poly-n-isopropylacrylamide#cite_note-0
http://www.answers.com/topic/gel
http://www.answers.com/topic/lower-critical-solution-temperature
http://www.answers.com/topic/mass
http://www.answers.com/topic/coil-globule-transition
http://www.answers.com/topic/coil-globule-transition
http://www.answers.com/topic/poly-n-isopropylacrylamide#cite_note-1
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near that of the human body, PNIPAm has been investigated by many researchers for possible 

applications in controlled drug delivery.
[22-24]

 

1.11. Aim of the Experiment. 

The surface initiated ATRP of NIPA onto a silicon wafer and Au-deposited mica has been 

reported, but in many cases, the authors do not give molecular weight and polydispersity data.
 25-

32 
Judging by our additional examinations, many cases of surface-initiated ATRP of NIPA on a 

flattened surface such as silicon, the thickness of the grafted PNIPA membranes cannot be well-

controlled according to the living polymerization system. Moreover, the densities of the grafted 

PNIPA membranes are in diluted or semi-diluted regions, and as a result, the intermolecular 

interaction between grafted polymers is not significant due to the poor choice of the 

polymerization systems. But Well defined polymer brushes are used for making materials with 

surfaces that have been designed on the nanoscale. Well controlled PNIPA is also used for cell 

sheet engineering (figure 1-5). For the preparation of cell sheets, the surface must be 

hydrophobic around the cultivation temperature, i.e., 37 
o
C, and hydrophilic below the LCST. As 

a result, the cell sheets cultured at 37 
o
C that are useful for tissue engineering are safely isolated 

from the membranes below the LCST. So aim of this study is to synthesis PNIPA grafted 

membrane on silicon surface by ATRP and precisely controlled their chain length and graft 

density, examination of the effect of chain-length and graft density on the surface characteristics, 

check the change of the wettability at hydration state in the polymer and finally check the stimuli 

responsive behavior of PNIPA grafted membrane on silicon surface. ATRP is attractive because 

it can provide good control over predictable polymer molecular weight, PDI and end groups as 

long as the conditions are suitable. 

 

 

 

 

 

http://www.answers.com/topic/drug-delivery
http://www.answers.com/topic/poly-n-isopropylacrylamide#cite_note-2
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Phase-contrast photographs of rat primary hepatocytes cultured on PIPAAm-grafted (A) and 

control  B) dishes. Rat primary hepatocytes were cultured for 4 days 

Scanning electron micrographs of hepatocytes recovered by low temperature treatment 

(A) and trypsin  treatment (B). 

 

Phase-contrast micrographs of hepatocytes subcultured by low temperature treatment (A) and trypsin 
treatment (8). Primary hepatocytes were recovered by low temperature treatment from the PIPAAm-

grafted dish and by trypsin treatment from the control dish. The recovered hepatocytes were 

subcultured for 3 days on control dishes.  

Figure 1-5: Application of PNIPA gel.  (Journal of Biomedical 

Materials Research, Vol. 27, 1243-1251 (1993)) 
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(PNIPA) Brushes on Silicon Surface by Atom Transfer Radical 

Polymerization 
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2.1. Abstract. 

High-density poly(N-isopropylacrylamide) (PNIPA) brushes were synthesized on silicon 

surfaces by surface initiated ATRP at various polymerization conditions. Polymerization 

was achieved using CuCl/tris(2-(dimethylamino)ethyl)amine (Me6TREN) as a catalytic 

system in DMSO at 20
o
C. The linear evolution of number average molecular weight (Mn) 

versus monomer conversion, the increase in layer thickness with polymerization time and 

relatively low molecular weight distribution (~ 1.2) indicate a well-controlled manner of 

polymerization. The average value of grafting density of PNIPA brushes was around 0.48 

chain/nm
2
: We obtained high-density PNIPA brushes. During the measurement of air 

bubble contact angle under the surface of the PNIPA brushes in water, the surface property 

of PNIPA brushes shows an interesting phenomenon, which is antithetic to that of typical 

PNIPA gel. With the increase of temperature from 10°C, the surfaces of the PNIPA brushes 

gradually change to more hydrophobic natures. But as temperature approaches the LCST, 

the brush surfaces turned back to hydrophilic state. This might be the effect of the change in 

the surface morphology of the polymer brushes and/or the change in physical state of the 

terminal end groups of the polymer, depending on temperature. 

Keywords: atom-transfer radical polymerization (ATRP); monolayers; polymer brushes; 

surface-initiated polymerization. 
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2.1. INTRODUCTION . 

 

    Atom transfer radical polymerization (ATRP) is one of the attractive and versatile controlled 

or living radical polymerization techniques. A variety of monomer can be used, and the 

polymerization can be performed in bulk solutions and at surfaces to obtain a wide variety of 

functional materials. For designing ñintelligentò materials that are sensitive to the change in 

environments, poly(N-isopropylacrylamide) (PNIPA) has a great interest as a thermo-sensitive 

polymer. It has a lower critical solution temperature (LCST) at ~32
o
C in water, between room 

temperature and physiological temperature.
1-4

 Below its LCST, the linear polymer in aqueous 

solution is in a random coil conformation. However, when the temperature is above the LCST, 

the linear polymer chains undergo a sharp phase transition, forming a collapsed globule state. A 

sharp change in the solubility of polymer chains in water is thus triggered by a moderate 

temperature stimulus. As a result of this property, thermoresponsive surfaces based on PNIPA 

covalently bounded on solid surfaces have been developed for various applications.
5-7

 

Thermoresponsive surfaces with temperature responsive properties are most important among 

smart surfaces since temperature can be easily controlled as a stimulant. By applying external 

stimuli (e.g. adhesion, wettability, friction, roughness, reactivity, biocompatibility, selectivity 

etc.) on ñsmartò materials, it switch and/or tune the properties of the coatings.
15

 Thatôs the reason 

for developing many thermoresponsive surfaces.
7 

Naturally hydrophobic interactions are 

thermodynamic in nature. If water structure forms around hydrophobic groups, gained entropy is 

reduced by accomplishing hydrophobic species.
16 

To study alteration of polymer brushes few 

research groups used AFM method and presumed if temperature raised over LCST brush 

thickness will decrease. Most of the controlled radical polymerization reactions at surfaces so far 

have been carried out at fairly elevated temperatures, mostly between 90 and 1208C. 

Polymerization at lower temperature would have several advantages: Firstly, such processes 

would be compatible with substrates that are sensitive to elevated temperatures. Additionally, 

spontaneous thermal polymerization and other side reactions, such as transesterification reactions, 

elimination reactions and thermal crosslinking, occurring in systems with sensitive monomers 

will be less likely. Accordingly, lower polymerization temperatures could lead to a better control 

of the polymerization reaction and improve the structural homogeneity of the grafted films.The 
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polymer-grafted surfaces can be prepared by ñgrafting toò or ñgrafting fromò method. 
8
 

Comparing to the ñgrafting toò method, high-density polymer grafted membrane, so-called 

ñpolymer brushò, with well-controlled structure can be synthesized by the ñgrafting fromò 

method. 
9-12

 In this work, we synthesized high-density polymer brushes of PNIPA on silicon 

surface by the ñgrafting fromò method using [11-(2-chloro)propionyloxy]undecyl-

dimethylchlorosilane modified silicon and propargyl 2-chloropropionate/CuCl/Me6TREN (1:1:1) 

as the initiating system at 20°C and examined the kinetics of the ATRP system and the static 

structure of the resultant grafted membrane. Through variation of reaction time of 

polymerization, we showed that how the reaction time influenced the polymerization kinetics, 

evolution of number average molecular weight, Mn, molecular weight distribution, Mw/Mn, and 

the distinctive properties of the grafted membrane. Here we successfully showed that, ATRP of 

NIPA on silicon surface was precisely controlled to demonstrate a chain length of PNIPA as well 

as graft density. We also found a very interesting thermo-sensitivity of the PNIPA grafted 

membrane. 

 

 

2.2. EXPERIMENTAL SECTION . 

2.2.1. Self-Assembly of Initiator Monolayer on Silicon Wafers.
 13

 

    The surface-attachable ATRP initiator ([11-(2-chloro)propionyloxy]undecyl-

dimethylchlorosilane, CPU-dMCS), was synthesized by the hydrosilylation of  10-undecen-1-yl 

2-chloropropionate with chlorodimethylsilane in the presence of Karsted catalyst at room 

temperature for 6 hours (Figure2-1). 10-undecen-1-yl 2-chloropropionate was synthesized by a 

substitution chloride in the presence of triethylamine in dry-THF. 100 ɛl CPU-dMCS as a silane 

coupling solution was added into 100ml dry toluene in a glove box. Treated silicon wafers were 

then immersed into the silane coupling solution and were kept into a thermostat chamber at 60 
o
C 

for 84 hours to form a self-assembled initiator monolayer. The surface modified silicon wafers 

were then removed from solution and ultrasonically cleaned by dry toluene, rinsed sequentially 

with toluene and methanol, and then dried through an argon stream. The successful synthesizes 

of the ATRP initiator layer was verified by X-ray photoelectron spectroscopy (XPS).   
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Figure 2-1: Synthetic route of [11-(2-Chloro)propionyloxy] 

undecyldimethylchlorosilane CPU-dMCS 
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Figure 2-2:  1H  NMR  spectrum  of  11-(2-Chloro)propionyloxy] 

undecyldimethylchlorosilane CPU-dMCS 
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Figure 2-3 (b):  NMR  spectrum  of  Propargyl 2 chloropropionate 

(PCP) 

 

Figure 2-3 (a):Synthesis route for the ATRP initiator  

Propargyl 2-chloropropionate (PCP) 
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2.2.2. Synthesis procedure of the ATRP initiator. 

     Propargyl 2-chloropropionate (PCP) was used as a free ATRP initiator. PCP was synthesized 

by an esterification reaction of propargyl alcohol with 2-chloropropionyl chloride in presence of 

dry trimethyl amine and THF (Figure 2-3 (a)).  A typical procedure was as follow.  

Air was removed from a 250 ml round ïbottom flask by freeze/pump/thaw cycle and the flask 

was charged with trimethyl amine (1.98ml), propargyl alcohol (1.98 ml) and dry THF (40 ml). 

The reaction mixture was cooled to 0 
o
C in an ice-water bath. 2-chloropropionyl chloride (3.37 

ml) was added dropwise over a period of 1hour under continuous magnetic stirring. Then the 

mixture was stirred at 0 
o
C for 1 hour and at room temperature whole night. The mixture was 

diluted with n-hexane (equivalent amount of THF volume) and washed with 10% HCl solution, 

NaHCO3, brine and miliQ water. To remove water from the mixture, dried MgSO4 was added 

and kept it over night. After removing MgSO4 by filtration, the filtrate was concentrated and then 

further purified by silica gel column chromatography using a mixture of n-hexane: ethyl acetate 

= 9:1 as the eluent. Then the solvent was removed by rotary evaporator and residue was distilled 

under reduced pressure. A colorless liquid was obtained with 74% yield. 
1
H NMR (Figure 2-3 

(b)) (CDCl3, ŭ, ppm): 4.86 (2H, -CH2O-), 4.42 (H, -CHCl-), 2.53 (H, -CſCH), and 1.695 (3H, -

CH3). 

2.2.3 ATRP of NIPA in bulk solution and on surface of ATRP initiator layer. 

    Scheme 2-4 shows the preparation of PNIPA brushes on silicon surface. Formation of self-

assembled monolayer was discussed above.
 
The polymerization was carried out as follows: A 

Schlenk tube was charged with NIPA (1.65 gm,) as a monomer. 3ml dimethylsulfoxide (DMSO) 

was added with monomer inside glove box. The solution was degassed by three consecutive 

freeze/pump/thaw cycles and backfilled with nitrogen gas (procedure repeated three times). Then 

the tube was again charged with copper chloride (3.6 mg,), Me6TREN (10.03 ɛl,) and PCP (3.6 

ɛl). A silicon substrate with self-assembled monolayer was inserted into the solution of the tube 

very carefully under a nitrogen atmosphere. The tube was then sealed with stopper by using 

aboratory film paper. The grafting process was carried out at 20 
o
C with continuous shaking by a 

shaker (Model: EYELA, NTS-4000) at different pre-planned time. After desired time period  
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Figure 2-4:  Schematic procedure for preparation of PNIPA brush on 

silicon wafer 
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Figure 2-5: 1H  NMR  spectrum  of  Poly(N-isopropylacrylamide) 

(PNIPA) 
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Figure 2-6: FT-IR spectra of  PNIPA-Cl cast film. 
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the tube was exposed to air to terminate the polymerization. The collected eluents were 

concentrated and precipitated into an excess of hexane. Monomer conversions were observed by 

1
H NMR based on integration areas. At resonance peak 4.0 ppm was considered as NIPA 

monomer and PNIPA, the integration factor was assented to 1 and the resonance peak 6.0-6.4 

ppm (vinyl portion of NIPA) as monomer. By GPC analysis number average molecular weight, 

Mn and molecular weight distribution, Mw/Mn, were obtained. Thickness of the grafted membrane 

were measured by a multimode, Nanoscope IIIa controller (Digital Instruments, Santa Barbara, 

CA) equipped with an atomic head of 100Ĭ100 ɛm
2
 scan range. Measurements were done in the 

air by contact mode using a commercially manufactured V-shaped silicon nitride (Si3N4) 

cantilever with gold on the back for laser beam reflection (Nanopics 2100, NPX2100). Air 

bubble contact angle measurements were made with a Data Physics telescopic goniometer with a 

Hamilton syringe with a flat-tipped needle. Water was used as the probe liquid. 

 

2.3. RESULT AND DISCUSSION. 

    ATRP of NIPA on the silicon surface was accomplished in presence of a free initiator, 

CuCl/Me6TREN system, and DMSO as a solvent, because the polymerization without the free 

initiator will give free polymers with Mn values independent of monomer conversion and high 

molecular weight distribution (Mw/Mn > 3). During the polymerization without a free initiator, 

the concentration of the Cu
II
 complex produced from the reaction at the substrate surface is too 

low to reversibly deactivate P
.
, which is the propagating radical produced by the halogen atom 

(X) transfer from P-X to Cu
I
 complex, with a sufficiently high rate. Thus, during polymerization 

reaction a minimum amount of deactivator is required to control the surface initiator of ATRP. 

On the other hand, the additional initiator would increase and adjust the concentration of Cu
II
 

complex as in a free ATRP system.  Alternatively, the adjustment of the Cu
II
 concentration could 

be made by directly adding an appropriate amount of Cu
II
 complex.  Another advantage of the 

addition of the free initiator is that it produces free polymers, which can be used for the 

measurement of molecular weight and molecular weight distribution of the graft chains, because 

the graft chains have nearly the same molecular weight and molecular weight distribution as the  
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Figure 2-7: (a) First order kinetic plot for ATRP of NIPA in DMSO at 

20°C. (b) Monomer conversion vs time curve for ATRP of NIPA in 

DMSO at 20°C. (c) Dependence of molecular weight and polydispersity 

on conversion. 
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Figure 2-8: (a) Thickness of PNIPA brush vs time. (b) Thickness of 

PNIPA brush vs molecular weight of PNIPA.  (c) Thickness of PNIPA 

brush vs monomer conversion. 
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free polymers. We performed polymerization reaction by varying polymerization time from 30 

minutes to 8 hours keeping the temperature constant at 20 
o
C.  

   The kinetic plot in Figure 2-7 for reaction that was carried out in DMSO shows curvature, 

which usually indicates (1) the presence of termination reactions caused by the increase in the 

amount of CuCl2, (2) the deactivation of CuCl by the commingling of oxygen, or (3) the increase 

in the reaction kinetics by heat of reaction. If the curvature of the kinetic plot is caused by the 

case of (1), some tailing could be seen in the molecular weight peak in the GPC chromatogram, 

suggesting small amounts of dead chains. As, however, our obtained GPC chromatograms were 

symmetric curves, this concern will be swept aside. Since the final solutions turn to bluish tinge, 

the curvature of the kinetic plot could be due to a progressive reduction of the concentration of 

the available catalyst, i.e. by (2). The increase in the reaction kinetics by heat of reaction may be 

also important factor. The conversion approaches to 100 % with time (Figure 2-7 (b)). The 

molecular weight data are plotted in Figure 2-7 (c) molecular weights increased lineally, passing 

through the origin. The molecular weight distributions, which are relatively low, slightly 

decrease but nearly constant of approximately 1.2 with the conversion (Figure 2-7 (c)). These 

indicate that the number of polymer chains kept constant during the polymerization and the 

polymerization process is controlled with a negligible contribution of transfer and termination 

reactions. As the number of initiator is larger in solution polymerization than that of surface 

polymerization, termination could be less important in solution polymerization. Polymer growth 

is limited to a thin layer near surface and polymerization from the surface should be 

homogeneous. By repeated rinsing the membranes with solvents, we confirmed that the polymer 

chains were not physically adsorbed onto the membranes. The thickness of the polymer 

membranes, which were determined by AFM Nanopics imaging across the scratch boundary, is 

plotted against the polymerization time in Figure 2-8 (a). The layer thickness increased with 

polymerization time. As the molecular weight of the polymer grafted on the substrate should be 

correlated to that of the free polymer produced in the solution, the thickness was plotted against 

Mn of the free polymer. The relationship between the thickness of the polymer layer grown from 

the surface and the Mn of the free polymer chains is plotted in Figure 2-8 (b). A linear increase in 

the thickness with chain length was observed, indicating the chain growth from the surface is a 

controlled process with a degree of living character to it and that the thickness of the membrane, 
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which corresponds to the chain length, can be easily manipulated. The living nature was also 

probed by examining the relation between conversion and the thickness (Figure 2-8 (c)). These 

observations demonstrate that the growth of the polymer chains in the solution and from the 

surface is a living or controlled process. 

   From the data in Figure 2-8 (b), graft density, ů, can be determined from the molecular weight 

of the polymer chain, Mn, and the corresponding membrane thickness, L, by the equation,
14

                   

                             ů = LɟNA/Mn 

where ɟ is the mass density of PNIPA (1.042 g/cm
3
) and NA is Avogadroôs number. The values 

of ů for all samples are listed in Table I. 

 

 

 

 

 

The graft densities varied within a range from 0.45 to 0.5 chain/nm
2
, where polymer chains 

behave as extended brushes, meaning that polymer chains are highly extended states regardless 

of the polymerization time.  

   To determine the behavior of thermo-sensitive wettability of the PNIPA brushes, contact angle 

must be one of the effective analytical methods. Static contact angle of air bubble under the 

polymer brushes of different samples as a function of temperature is shown in Figure 2-9. In the 

case of all five samples with different thickness, trend of the curve is almost the same. With  

 

 

Reaction time (h) 0.5 1 2 4 8 

ů (chain/nm
2
) 0.45 0.5 0.46 0.5 0.48 

Table I. Values of graft density of the 

polymer brushes 
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Figure 2-9: Contact angles of air bubble under PNIPA brushes with 

different thickness in water as a function of temperature. 

 

 

 

 

 

 


