
ABSTRACT 

 

 
ARIFUZZAMAN, SHAFI MAHMUD. Applications of Functional Polymer Brushes for 

Nanoparticle Uptake and Prevention of Protein Adsorption. (Under the direction of Dr. Jan 

Genzer.) 

 

 

 The central theme of this Ph.D. dissertation is to develop novel multifunctional 

polymer coatings for understanding partition of proteins and nanoparticles on polymers 

grafted to flat surfaces (so-called brushes).  Systematic investigation of the adsorption 

phenomena is accomplished by utilizing surface-anchored assemblies comprising grafted 

polymers with variation in physical properties (i.e., length or/and grafting density) and 

chemical functionality.  The chemical composition of the brush is tailored by either 

“chemical coloring” of a parent homopolymer brush with selective chemical moieties or by 

sequential growth of two chemically dissimilar polymer blocks.  We present preparation of  

two types of tailor-made, surface-grafted copolymers: 1) those composed of hydrophilic and 

hydrophobic blocks (so-called amphiphilic polymer brushes), and 2) those comprising of 

anionic and cationic polymer segments (so-called polyampholyte brushes).  We describe the 

organization of functionality in the grafted polymer brushes and the partitioning of proteins 

and nanoparticles using a battery of complementary analytical probes.  Specifically, we 

address how varying the molecular weight, grafting density, and chemical composition of the 

brush affects adsorbtion and desorbtion of model proteins and gold nanoparticles.  Our 

observations indicate densely-populated  responsive amphiphilic polymers are very efficient 



in suppressing protein adsorption.  In addition, we have established that the length of 

poly(ethylene glycol) spacers attached to a parent homopolymer brush is a key factor 

governing uptake of gold nanoparticles. Both grafting density and molecular weight of the 

coating are important in controlling the kinetics and thermodynamics of protein adsorption 

on surfaces.  Our findings and methodologies can lead to the development of next generation 

environmentally friendly antifouling surfaces and will find application in medical devices, 

antifouling coatings and anti reflection finishes.  
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CHAPTER 1 

Thesis overview 

 

 

1.1 Introduction 

Protein adsorption on man-made surfaces is a topic of great interest and importance 

because of its scientific and economic relevance.  Proteins or polypeptides made of amino 

acid building blocks are biomacromolecules that represent an essential part of every living 

being.  Proteins form a system of scaffolding that maintains cell shape and participates in 

every process within cell, catalyzes biochemical reactions, takes part in cell signaling, 

provides immune response, and facilitates cells adhesion.  Proteins adsorb on almost any type 

of synthetic material due to their fundamental structure.  They are amphiphilic 

macromolecules, composed of hydrophobic cores and hydrophobic coronas.  They are also 

polyampholytes, having both positive and negative moieties.  Those features make proteins 

adaptable; they can rearrange or adjust their structure and condition very efficiently 

depending on the nature of the adsorbing substrate.  Protein adsorption is at the heart of a 

variety of applications and advanced technologies, i.e., medical implants, coatings for ship 

hulls, immobilization of enzymes and antibodies, development of biochips and biosensors, 

carriers of targeted drug delivery, food and biochemical processing, water purification, heat 

transfer, metal corrosion and many others.  Although successful protein adsorption in 

scaffolds is critical for tissue engineering application, detrimental effects can be associated 
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with protein “fouling” in other materials.  For instance, a major problem of currently 

implanted and blood-contact biomaterials is the triggering of a wide variety of unwanted 

responses associated with the rapid accumulation of a large number of blood plasma 

proteins.
1-4

  Cell adhesion, followed by biofilm formation leads to significant decrease of 

proper function of implants.  Other examples involve fouling of marine organisms on man-

made surfaces, i.e., those present in ships.  The primary mechanism in the attachment of 

marine organisms to surfaces involves secretion of protein or glycoprotein adhesives.
5-7

  

Economic losses due to biofouling are enormous; the US Navy alone spends $100 million of 

additional fuel cost annually due to the drag caused on the ships by adsorbed biomass.  Those 

costs magnify further if one considers the need to clean the ships during frequent dry-

docking.  Corrosion on the ship‟s haul and the introduction of invasive or non-native marine 

species to new environments are also of major concern.
8-11

  From these examples, it is 

understandable that tailoring protein adsorption at surfaces and interfaces remains an active 

area of research.
12-17

  Therefore, significant attention has been directed toward development 

of efficient protein-resistant surfaces
18-22

 which prevent or at least minimize biofouling. 

Traditionally the most effective and widely-used means of controlling marine 

biofouling is by applying antifouling paints that rely on the release of toxic materials, i.e., 

copper biocides and tributyltin self-polishing copolymer paints.  However, these paints have 

been found to be toxic to the environment.
8, 23, 24

  As a result, the International Maritime 

Organization banned the application of tributyltin paints on ships in 2003 and proscribed its 
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presence on ships from 2008.
11

  In addition, the use of biocidal paints that release copper is 

becoming more regulated.  It is therefore of little surprise that considerable effort has gone 

into researching and developing alternative non-toxic protein-resistant surfaces
18-22

 for 

marine antifouling
25

 as well as for biomedical applications .
26, 27

  A majority of this work is a 

part of two major research initiatives funded by US office of Naval Research 

(http://www.onr.navy.mil) and European Community through its AMBIO program 

(http://www.ambio.bham.ac.uk/).  Both programs are geared towards finding 

environmentally friendly antifouling alternatives, which would immediately replace 

traditional toxic metal-based systems. 

 Although research initiatives aimed understanding the interfacial behavior of proteins 

have resulted in a wealth of knowledge in this area, the phenomenon of protein adsorption on 

surfaces is not completely understood.  This is mainly due to the complex nature of protein 

adsorption, which makes a systematic investigation of this important scientific issue 

challenging.  Proteins can adsorb to various surfaces via a number of non-specific and 

specific interactions, including, van der Walls interactions, electrostatic forces, hydrophobic 

forces, and hydrogen bonding.
14, 28

  A pictorial representations of forces participating in 

protein-surface interaction is presented in Figure 1.1.
28

  The net potential profile (bold solid 

line) is a superposition of the van der Waals potential (dotted line), attractive or repulsive 

double-layer potential (bold dashed line), steric repulsion (long dashed line), and specific, 

short-range interactions (solid line).  The relative ranges and magnitudes of these interactions 

http://www.onr.navy.mil/
http://www.ambio.bham.ac.uk/
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give rise to a complicated potential that exhibits multiple minima and energy barriers.
28

  The 

protein adsorption process is dynamic in nature with added complications associated with the 

mobility, exchange, and denaturation of the adsorbed molecules.  In order to appreciate the 

complexity of this issue, Figure 1.2 illustrates a general case of adsorption of a single protein 

adsorption on the surface.  After an initial adsorption to the surface, the protein can dissociate 

and return to solution, change orientation, alter conformation but retain biological activity, 

denature and lose activity, or exchange with other proteins in solution.  These processes are 

further complicated by a range of conformational altered and/or denatured states accessible to 

the adsorbed protein, by the many different microenvironments at the surface created by 

heterogeneities in the surface, and the presence and conformations of other proteins..
28

  

Considering that in practical situations one typically faces adsorption of multiple proteins 

acting in concert, the problem is much more complex than the simple pictorial scheme in 

Figure 1.2.  In order to design an optimal foul-resistant surface, one needs to identify and 

control the driving forces that govern the partition of protein on man-made surfaces.  One can 

achieve this goal by tailoring the structure of the substrate to gain control and understanding 

of parameters governing protein adsorption.  In order to comprehend protein adsorption, the 

surface has to be engineered in such a way so that the interaction energy of the surface and 

the protein hinders the adsorption, or in case when an adsorption takes place, the adsorbate 

can be removed from the surface relatively easily.  It has been claimed that there is a window 

in surface energies (20-30 mJ/m
2
) where adhesion is minimal.

29-32
  Protein adsorption studies 
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by Absolem and coworkers revealed that the surface energy of bacteria, the surface energy of 

substrate, and the surface tension of the suspending liquid all govern the adhesion of bacteria 

on solid surfaces.
33

  Therefore, a systematic method to tailor surface energy and functionality 

is necessary to aid designing effective antifouling coatings.  

Self assembled monolayers (SAMs) offer one of the most versatile tools to introduce 

surface functionality and to tune surface energy.  In this respect, Wiencek and Fletcher used 

SAMs of different composition of hydroxy- and methyl- terminated alkanethiols for estuarine 

bacterium adhesion.
34

  They observed a decrease of cell detachment on more hydrophobic 

surfaces.  Wiencek and Fletcher speculated that water molecules attached preferentially to 

more hydrophilic surfaces acting as a barrier for irreversible adhesion of cells.  Ista and 

coworkers reported on the absorption of Deleya marina and Staphylococcus epidermis on 

SAMs made of methyl-, carboxy-, and poly(ethylene glycol) (PEG)-terminated moieties.
35

  

They observed that while the amount of Deleya marina was the highest on the methyl-

terminated SAMs, Staphylococcus epidermis attached preferentially to carboxy-terminated 

SAMs.  In both cases no adsorption was observed on PEG-terminated SAM surfaces.  

Therefore the phenomenon is much more complex that the picture put forth by Wiencek and 

Fletcher.  Callow and co-workers tested zoospores of a green macrofouling alga 

(Enteromorpha) on substrates comprising mixed SAMs made of co-depositing methyl- and 

hydroxyl- terminated thiols
36

 and observed a correlation between the substrate 

hydrophobicity and the number of attached spores to the SAM surface.  In a later study, Ista 
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and coworkers reported on the attachment of Cobetia marina and Ulva linza to SAMs made 

by mixing alkanethiols with hydrophobic and different hydrophilic (hydroxyl- vs. carboxyl-) 

tail groups.
37

  While they detected a higher attachment of Cobetia marina on hydrophobic 

(methyl-terminated) alkanethiols, the adsorption and removal of Ulva linza was not as 

straightforward.  According to their observation although Ulva linza adsorbed very strongly 

on hydrophobic surfaces, the adsorption of hydroxyl- vs. carboxyl- terminated surfaces was 

very different.  This suggested clearly that surface functionality have strong effect on the 

adsorption of the glycoprotein adhesive. Although SAMs provide a high degree of molecular 

control over surface composition and architecture, they can only offer a limited density of 

functional groups on a substrate.  Moreover, SAM surfaces suffer from poor mechanical 

strength and a relatively low film thickness.  A possible avenue to circumvent those 

limitations is to graft polymeric films to surfaces.  Traditionally, surface-grafted oligomers
38-

43
 and polymers

44-51
 are grafted to the surface to create protein-resistant “non-fouling” 

surfaces.  Many of these terminally-grafted oligo- and polymers contain several ethylene 

oxide (EO) units as a part of their structure.  Although the origin of fouling resistance of EO-

covered surfaces is still not completely understood,
47, 52

 the large hydration volume of 

ethylene oxide repeat units,
53

 unique interaction of PEO with water,
54-56

 osmotic repulsion 

experienced by polymer chains upon protein adsorption,
48, 57, 58

 and conformation of EO 

units,
59

 are commonly believed to be among the main parameters that endow PEO with its 

protein resistance capabilities.
47, 52, 60

  Therefore, the interfacial energy between a surface and 
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water plays an important role in conferring antifouling characteristics of surface.
61

 Although 

amphiphilic biomolecules, such as proteins, show significant adsorption on hydrophobic 

surfaces, non-polar elastomeric polymer such as poly(dimethyl siloxane) (PDMS) have been 

explored widely as foul-release coatings.
62, 63

  The low modulus (≈ 1 MPa) and low surface 

energy (≈ 22 mJ/m
2
) of PDMS allow the adhered organism to detach easily from the surface 

showing good „fouling release‟ properties.  On the same note, fluoropolymers
25, 64, 65

 having 

low surface energy and interesting mechanical properties have also emerged as promising 

candidates for foul release coatings.
66, 67

  Although the ability to resist protein adsorption 

remains imperative for a coating to prevent marine fouling, it is well understood that surface-

free energy, mechanical properties, and wettability all play a very important role in defining 

the extent to which a surface can resist biofouling and facilitate fouling release.
66, 68, 69

  The 

very basic principle in designing an antifouling surface is to minimize the intermolecular 

forces of interactions between extracellular biomolecules and the synthetic surface so that it 

can prevent adsorption in the first place.  In the event that bio-adhesion occurs, the surfaces 

should exhibit a cleaning (foul release) character so that an adhered biomass can be released 

easily by applying low shear stresses.  Previous research has shown that combining PEO-

based materials with fluoropolymers will generate polyamphiphiles that may play a central 

role in designing a new generation of antifouling surfaces.  

With this goal in mind, in Chapter 2 of this Ph.D. Thesis we describe the preparation 

of amphiphilic polymer coatings by first grafting polymer brush of poly(2-hydroxyethyl 
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methacrylate) (PHEMA) on top of flat solid substrates followed by post-polymerization 

reaction on the hydroxyl-terminus of HEMA‟s pendent group using three classes of 

fluorinating agents, including, organosilanes, acylchlorides and trifluoroacetic anhydride 

(TFAA).  We assess the distribution of chemical modifiers using a suit of analytical probes 

and perform adsorption study of model protein fibrinogen (FIB) on these novel materials.  In 

Chapter 3, we present another post functionalization technique involving N,N′-disuccinimidyl 

carbonate (DSC) activation and grafting of α-amine moieties on PHEMA polymer brush, 

pattering of PHEMA brush, and adsorption-desorption study of gold nanoparticle on 

poly(ethylene glycol) (PEG) grafted PHEMA brush.  Through combination of experimental 

and computational studies, in Chapter 4 we demonstrate that both length (N) and grafting 

density ( ) of polymer brush grafted on surfaces are critical in governing protein adsorption.  

In Chapter 5, we present an exploration of newly-developed “activators regenerated by 

electron transfer-atom transfer radical polymerization” (ARGET-ATRP) methodology to 

prepare amphiphilic and ampholytic polymer brushes with a wide range of surface energies.  

Finally, we summarize our findings in Chapter 6 and provide an outlook for future research.  
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Figure 1.1  Hypothetical interaction potential between a soluble protein and a surface.
28
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Figure 1.2  The complex nature of protein adsorption. 
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CHAPTER 2 

Formation of surface-grafted polymeric amphiphilic coatings comprising 

ethylene glycol and fluorinated groups and their response to protein 

adsorption 

 

 

2.1 Abstract 

Amphiphilic polymer
 
coatings were prepared by first generating surface-anchored polymer 

layers of
 

poly(2-hydroxyethyl methacrylate) (PHEMA) on top of flat solid substrates 

followed
 
by post-polymerization reaction on the hydroxyl terminus of HEMA's pendent

 

group using three classes of fluorinating agents, including, organosilanes, acylchlorides,
 
and 

trifluoroacetic anhydride (TFAA).  The distribution of the fluorinated groups
 
inside the 

polymer brushes was assessed by means of a
 
suite of analytical probes, i.e., contact angle, 

ellipsometry, infrared spectroscopy,
 
atomic force microscopy, and near-edge x-ray absorption 

fine structure spectroscopy.  While organosilane modifiers were found to reside primarily 

close to the tip of the brush, acylchlorides penetrated deep inside PHEMA thus forming 

random copolymers P(HEMA-co-fHEMA).  The reaction of TFAA with
 
the PHEMA brush 

led to the formation of amphiphilic diblocks, PHEMA-b-P(HEMA-co-fHEMA), whose 

bottom block comprised unmodified PHEMA and the top block was made of P(HEMA-co-

fHEMA) rich in the fluorinated segments.
 

This distribution of the fluorinated groups 

endowed PHEMA-b-P(HEMA-co-fHEMA) with responsive
 
properties; while in hydrophobic 

environment P(HEMA-co-fHEMA) segregated to the surface, when in contact with a 
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hydrophilic medium, PHEMA partitioned at
 
the brush surface.  The surface activity of the 

amphiphilic coatings was tested by studying the adsorption of fibrinogen (FIB).  While
 
some 

FIB adsorption occurred on most coatings, the ones made
 
by TFAA modification of PHEMA 

remained relatively free of FIB. 

 

2.2 Introduction 

One of the outstanding issues of modern materials
 
science involves the development of 

coatings that resist the deposition
 
of biomaterials.

1
  While early strategies have relied 

primarily on tuning the coating's chemical composition, recent developments in the field 

have revealed that combating adsorption of biomass onto man-made surface requires not only 

control over the coating's surface chemistry but also tailoring its topography, charge, 

mobility of the surface groups, and
 
mechanical properties.

2, 3
  Polymeric materials are 

particularly well-suited for preparing antifouling surfaces because they enable facile control 

over the chemical
 
composition, shape, charge, mobility, and modulus.  In this Chapter we

 

describe the formation and characterization of coatings whose chemistry and responsive 

nature have been tailored in order to achieve effective
 
protection against marine biofouling. 

Materials designed to resist protein adsorption contain typically ethylene glycol 

(EG),
1, 4

 phosphazene,
5
 or zwitterionic surface

 
groups.

6, 7
  However, numerous studies carried 

out over the past decade
 
have demonstrated that these types of coatings are not always

 
very 
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effective in preventing adsorption of marine organisms.
3
  Because of

 
the amphiphilic nature 

of bio-organisms, designing an effective coating that
 
is capable of resisting bioadhesion is a 

very challenging task.  While some species, such as Ulva, settle heavily on hydrophobic 

surfaces, others, such as Navicula, prefer hydrophilic surfaces.
8
  It thus

 
appears that single 

substrate chemistry cannot be utilized single-handedly in designing multipurpose marine 

antifouling coatings.  To this end, several groups designed amphiphilic coatings comprising 

EG and fluorinated chemistries that both act in concert in order to minimize adhesion of 

numerous
 
marine organisms.  For instance, Wooley and co-workers synthesized a series

 
of 

polymeric networks comprising hyperbranched fluoropolymers and poly(EG) chains and
 

studied their resistance against a variety of proteins and zoospores
 
of green fouling alga.

9-11
  

The group reported that the coating's performance depended on the chemical composition 

and the topographical heterogeneity of the surface.  In another strategy, Krishnan et al. used 

amphiphilic diblock copolymers comprising EG and fluorinate blocks.
12

  Their study 

demonstrated
 
that these amphiphilic coatings facilitated the removal of both Ulva and 

Navicula by applying a simple water jet cleaning.  These
 
two studies represent excellent 

examples illustrating the potential for developing amphiphilic coatings that contain both 

hydrophobic as well as hydrophilic
 
components that act in concert to prevent (or at least

 

minimize) marine adhesion. 

The formation of functional fluorocarbon-based antifouling coatings typically
 

requires sophisticated chemical routes that are further complicated by rather strong chemical 
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immiscibility among the various components (i.e., those between
 

hydrocarbons and 

fluorocarbons).  Here we describe a new strategy that
 
could circumvent the aforementioned 

synthetic drawbacks and suggest that functional coatings can be prepared successfully by 

post-polymerization chemical modification of
 
surface-grafted macromolecules.  Specifically, 

we demonstrate that amphiphilic polymer coatings can be formed by first decorating 

substrates with end-grafted EG moieties
 

based on poly(2-hydroxyethyl methacrylate) 

(PHEMA) polymers followed by attaching commercially available fluorinated units to the 

hydroxyl terminus present in HEMA.  Specifically, we discuss three different chemical 

routes leading to the
 
formation of EG-fluorinated amphiphiles by attaching (1) organosilanes, 

(2) acylchlorides, and (3) trifluoroacetic anhydride to the PHEMA brush backbone.  The 

distribution of the fluorinated groups inside the PHEMA brushes is governed both by the 

head-group chemistry present in the fluorinated
 
modifier that reacts with the–OH groups in 

PHEMA and by the “bulkiness” of the fluorinated mesogen.  In order to address the interplay 

between the structural nature of the fluorinated modifiers and its distribution inside the 

PHEMA brush, we use modifiers with various types of mesogens.  We employ a suite of
 

surface-sensitive analytical probes to assess the spatial distribution of the
 
fluorinated units 

inside the brush.  We also test the response of such-prepared amphiphilic coatings to 

fibrinogen, which was shown to
 
exhibit adsorption characteristics that are similar to those of

 

Ulva.
13
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2.3 Materials & methods 

2.3.1 Preparation of PHEMA brushes on silicon wafers 

Silicon wafers (Silicon Valley Microelectronics Ltd.) were cut into 1×7 cm
2
 pieces and were 

exposed to ultraviolet radiation/ozone (UVO) treatment (Jelight Inc., model 42) for 30 min.  

This treatment generates a large concentration of surface-bound hydroxyl groups required for 

the attachment of the polymerization initiator (11-(2-bromo-2- methyl)propionyloxy)- 

undecyltrichlorosilane (BMPUS), which was synthesized by following previous reports.
14

  

After chilling 30 ml of anhydrous toluene in a glass vial to −20 °C, 2.5 µl of BMPUS was 

quickly added.  Each wafer was then immersed into the toluene solution of BMPUS and
 

allowed to sit at −20°C for 18 h, after which the wafer was removed, rinsed copiously with 

toluene, and sonicated
 
in neat toluene twice for 10 min.  BMPUS thus deposited

 
forms an 

organized self-assembled monolayer (SAM) on the silica-covered substrate.  Measurements 

using variable angle spectroscopic ellipsometry (VASE) (J. A. Woollam, Co.) confirmed that 

only a monolayer of BMPUS was formed and that BMPUS molecules were distributed 

homogeneously on the substrate.  The bromoisobutyric terminus in BMPUS acted as an 

initiation point for polymerization of HEMA using atom transfer radical polymerization. 

The polymerization reaction solution was prepared in a round-bottom, single-neck 

Schlenk flask equipped with an all-Teflon
®
 Airfree

®
 valve (Chemglass) under nitrogen purge 

in order to maintain an oxygen-free environment.  In order to generate linear (uncross-linked) 

PHEMA brushes, we followed the procedure suggested elsewhere.
15

  The flask was first 
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flushed with nitrogen and the chamber was charged with solution comprising 75.65 g of 2-

hydroxyethyl methacrylate (HEMA) (98%, Acros), 51.5 g of methanol (high performance 

liquid chromatography (HPLC) grade, Fisher Scientific), 14.2 g of de-ionized water (DIW), 

8.41 g of bipyridine (99%, Acros),
 
2.71 g of CuCl (99.99%, Sigma-Aldrich), and 0.2 g of 

CuCl2 (99.99%, Sigma-Aldrich).  Methanol and DIW were used as co-solvents.  The solvents 

and monomer were purged with nitrogen prior to polymerization in order to remove any 

traces of oxygen.  The
 
reaction mixture was stirred for 2 hrs to dissolve and homogenize all 

the salts, monomer, and solvents.  A positive pressure of nitrogen was maintained in the flask 

to avoid any ambient oxygen contamination.  Two silicon wafers covered with BMPUS were 

placed back to back in a 30 ml nitrogen purged empty vial.  The polymerization of HEMA 

was carried out at 25°C.  The polymerization time was chosen to form PHEMA brushes of 

desired thickness (polymerization rate was ≈1 Å/min).  The polymerization time was 

adjusted to achieve desired brush thickness and chain density of ≈0.4 chains/nm
2
.  The 

pristine polymer brushes have been characterized thoroughly as reported in prior 

publications.
16-18

  From these studies it has been deduced that for brushes synthesized under 

the aforementioned conditions M≈1200h, where M is the number average molecular weight 

of the brush and h is the height of the dry brush in nm.  After a predetermined period of time 

the substrate was removed from the reaction mixture, exposed to air, and washed thoroughly 

with MeOH and DIW and blow-dried with nitrogen.  The substrates were further extracted 

with methanol in a Soxhlet extraction chamber to remove trace amount of copper salts and 
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unreacted monomers.  Two types of substrates containing homogeneous PHEMA polymer 

brush of 10 and
 
50 nm dry thicknesses were prepared in this method. 

 

2.3.2 Fluorination of PHEMA brushes 

Three different chemical routes were employed to prepare P(HEMA-co-fHEMA) 

copolymers, where fHEMA denotes the fluorinated HEMA segment.  Specifically, we used 

commercial fluorine-containing agents based on (1) organosilane, (2) acylchloride, and (3) 

trifluoroacetic anhydride chemistries to couple with the hydroxyl
 
terminus of the pendent 

group in HEMA.  All reactions were carried out on previously polymerized PHEMA brushes 

anchored to solid
 
substrates. 

Numerous research groups reported on the reaction of organosilanes either in solution 

or in vapor, with hydroxyl groups present on the surfaces of metallic (e.g., CuO, AgO) or 

inorganic oxides (e.g., SiO2) with subsequent formation of SAMs.
19, 20

  Generally, the 

reactive silane groups first undergo a hydrolysis step to form silanols, followed by the 

condensation reaction with the surface-anchored hydroxyl groups resulting in the formation 

of covalent bonds with the surface.  The end-functional group of formed SAM dictates the 

chemical composition of the surface.  Typically, chlorosilanes are employed in these 

coupling
 
reactions because of their high reactivity relative to those of

 
alkoxysilanes.  Two 

research groups reported on successful introduction of alkyl
 
side chains to PHEMA in the 
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bulk using organosilane coupling
 
agents.

21, 22
  Our goal is to extend the previous work and 

introduce short fluorocarbon chain to the surface-grafted PHEMA macromolecules.  We used 

two fluorine-containing organosilane coupling agents (both obtained from Alfa-Aesar): 

1H,1H,2H,2H-perfluorodecyl dimethylchlorosilane (mF8H2) and 1H,1H,2H,2H-

perfluorodecyl trichlorosilane (tF8H2).  Because of differences in solubilities of PHEMA and 

the organosilane, we explored a large variety of solvents that would facilitate successful 

coupling of
 
the organosilane precursors to PHEMA.  Details of our experiments are

 
provided 

in Appendix A.2.  Optimal modification was obtained when the PHEMA substrate was 

treated with 10 mM silane solution in
 
anhydrous cyclohexane with n-butyl-dilauryltin as a 

catalyst (concentration of 4 µl
 
per 30 ml of solution).  The coupling reaction was carried out 

for 12 hrs at room temperature.  One concern when working with organosilane modifiers 

involves the stability of the Si–O–C bond, which is known to be susceptible to large 

variations
 
in solution pH.

23
  In Appendix A.2 we provide details of

 
stability experiments, 

which indicate that both mF8H2-PHEMA and tF8H2-PHEMA remained stable for many 

hours when exposed to solutions whose pH
 
ranged from 4 to 9. 

Attachment of fluorocarbon modifiers bearing an acid chloride head group was 

performed according to the procedure described by Jennings and co-workers.
24-28

  Three 

different acylchlorides were employed (all obtained from Sigma-Aldrich): heptafluorobutyryl 

chloride (C3F7COCl, F3), pentadecafluoro-octanoyl chloride (C7F15COCl, F7), and 

pentafluorobenzoyl chloride (C6F5COCl, PFA).  Substrates with PHEMA brushes were 
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exposed to 80 mM solutions of a given acylchloride with 100 mM pyridine in 

dichloromethane for 24 hrs at room temperature to modify PHEMA films with fluorinated 

side chains (see Figure 2.1).  After the coupling reaction, the films were rinsed with 

dichloromethane and dried by dry nitrogen gas. 

Finally, we modified the –OH groups in PHEMA brushes with trifluoroacetic 

anhydride (TFAA), obtained from Sigma-Aldrich, according to the procedure suggested by 

Valdes et al.
29

 PHEMA substrates were incubated in TFAA at
 
50°C for 0.5 h, then washed 

and sonicated with DI
 
water.  Finally the sample was blow-dried with nitrogen gas. 

 

2.3.3  Protein solution preparation and protein deposition on surfaces 

Dry fibrinogen (FIB) from human plasma was obtained from Sigma-Aldrich.  The dry 

powder contained ≈60% protein, 15% sodium citrate, and ≈25% sodium chloride.  A stock 

solution of 0.1 mg/ml solution was prepared at a desired pH level by dissolving it in 1X-PBS 

buffer solution obtained from Fisher Scientific (composition: 0.137 M NaCl, 0.0027 M KCl, 

and 0.0119 M phosphates).  The solution pH was adjusted to the pH levels of 4.4, 5.4, 6.4, 

and 7.4 by adding an appropriate amount of 0.1N of HCl/NaOH before addition of any 

protein.  NaN3 was added to the buffer to reach a final concentration of 0.2%, which was 

sufficient to inhibit any bacterial
 
growth during the experiment.  Finally, the solution was 

filtered through a 0.2 µm filter and further diluted to make a 0.01 mg/ml solution.  Previous 
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experiments performed by Guicai et al. indicated that a full FIB monolayer was deposited on 

the surface when
 
protein adsorption was administered at this concentration level.

30
 

Adsorption of FIB was accomplished by incubating silica substrates coating with the 

P(HEMA-co-fHEMA) brushes in protein solution for 16 hrs at room temperature.  After 

incubation the wafers were sonicated in DI water for 5 min and washed thoroughly with DI 

water and blow-dried with nitrogen gas.  The samples were subsequently stored in a plastic 

Petri dish for further characterization. 

 

2.3.4 Characterization methods 

The Nicolet 6700 infrared spectrometer in an attenuated total reflection (ATR) mode [Fourier 

transform infrared (FTIR)] equipped with Ge crystal and purged with dry air was utilized to 

verify bonding of the fluorinated groups
 
to PHEMA and assess relative concentration (and in 

the case
 
of tF8H2 structure) in the P(HEMA-co-fHEMA) layers.  All measurements were

 

carried out for at least 2048 scans with the resolution
 
of 4 cm

−1
 with the simultaneous 

background and ATR corrections in
 
order to enhance the signal-to-noise ratio due to a small

 

thickness of the organic coating.
 
 

We used ellipsometry to measure the thickness of PHEMA before and after 

fluorination in order to establish the degree of modification.  Additionally, ellipsometry was 

employed to measure the extent to protein adsorption on top of P(HEMA-co-fHEMA) films.  
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Ellipsometry measurements were performed using a J.A. Woollam Co. VASE with 

WVASE32 software for modeling.  Measurements were taken with the light incident at a 70° 

angle with respect to the surface normal using wavelengths ranging from 400 to 1100 nm 

with a step of 10 nm.  A three-layer Cauchy model comprising Si/SiOx/P(HEMA-co-

fHEMA) was employed to evaluate the index of refraction of the P(HEMA-co-fHEMA) 

films, whose refractive index varied between that of pure PHEMA and pure fluorinated 

component.  The
 
thickness of FIB on top of P(HEMA-co-fHEMA) layer was evaluated

 
using 

a four-layer Cauchy model for Si/SiOx/P(HEMA-co-fHEMA)/FIB.  We used the index of 

refraction of P(HEMA-co-fHEMA) obtained by fitting the ellipsometry data from sample 

after fluorination (see above) and assumed the
 
refractive index of the protein layer to be 

1.54.
31 

 

The contact angle (sessile drop technique) experiments were performed with 

deionized (DI) water (R>15 MΩ.cm) using a Ramé-Hart contact angle goniometer (model 

100-00) equipped with a CCD camera, and analyzed with the Ramé-Hart Imaging 2001 

software.  The advancing contact angles were recorded by injecting 8 µl of
 
probing liquid; 

the receding contact angles were determined by removing 4 µl of probing liquid from the 

droplet.  At least three measurements were performed on each substrate.  The contact angle 

hysteresis (CAH), defined here as the difference between the advancing and receding contact 

angles, provides information about topographical and/or chemical heterogeneity of the 

substrates.  CAH 10° is typically considered a signature of
 
a molecularly uniform surface.

32 
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The surface chemical composition of P(HEMA-co-fHEMA) specimens was 

determined with a Kratos Axis Ultra DLD x-ray photoelectron
 

spectroscopy (XPS) 

instrument using monochromated Al K  radiation with charge neutralization.  Survey and 

high-resolution spectra were collected with pass energies of
 
80 and 20 eV, respectively, by 

using both electrostatic and magnetic lenses for single angle spectra collection.  Angle-

resolved XPS was used to gain information about depth-dependent distribution of the 

fHEMA units in the sample.  The angle-resolved XPS measurements were conducted at 

different take-off angles, defined here as the angle between the sample surface and the 

detector; only electrostatic lens was utilized in order to achieve better angular resolution.  

Small take-off angles probe deeper areas in the sample, while larger take-off
 
angles probe 

layers close to the surface; the estimated probing depths are ≈9 and ≈4.5 nm for take-off 

angles of
 

90° and 30°, respectively.
33

  Elemental chemical compositions from XPS 

measurements were quantified from spectral regression using VISION and CASAXPS 

software packages. 

Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy was performed on 

each sample at NIST/Dow Soft X-ray Materials Characterization Facility at the National 

Synchrotron Light Source at Brookhaven National Laboratory.  NEXAFS
 
spectroscopy 

involves the resonant soft x-ray excitation of a K- or L-shell electron to an unoccupied low-

lying antibonding molecular orbital of  symmetry, 
*
, or  symmetry, 

*
.
34

  The initial state 

K-shell excitation gives NEXAFS its element specificity, while the final-state unoccupied 
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molecular orbital provides NEXAFS with its bonding or
 

chemical selectivity.  A 

measurement of the partial electron yield (PEY) intensity of NEXAFS spectral features thus 

allows for the identification of chemical bonds and determination of their relative population 

density and orientation within the sample.
35

  The NEXAFS data were collected
 
at various 

angles,  = 20°, 50°, and 90°, where  denotes the angle between the sample normal and the 

direction of the electric vector of the x-ray beam.  The pre-edge and post-edge in the 

NEXAFS spectra were normalized to 0 and 1, respectively.  Several characteristic peaks can 

be identified in each
 
set of the PEY NEXAFS spectra.  These correspond to the 1s

*
 

transitions associated with the C–H (E=287.5 eV), C-F (E=292.0 eV), and
 
C–C (E=295.5 eV) 

bonds.  The orientation of the fluorinated moieties on the surfaces of the samples was 

determined by comparing the
 
spectra collected in the glancing ( =20°) and normal ( =90°) 

geometries.
 
 

The changes in the surface morphology of PHEMA after fluorination and subsequent 

deposition of fibrinogen were recorded using scanning probe microscopy (SPM) (Quesant, 

Ambios Technology Inc.) on dry samples.  The 5×5 µm
2
 lateral scans were performed in the 

SPM “BB wavemode” for at least three different areas in each sample.  All observed
 
features 

were consistent within each sample.  Final images were corrected mathematically using 

second order polynomial function to remove artificial tilt recorded during the scanning. 
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2.4 Results and discussion 

As discussed in Sec. 2.2 amphiphilic fluorine-containing polymer brushes were prepared by 

first synthesizing PHEMA via “grafting from”
 
polymerization of HEMA from surface-bound 

initiators followed by post-polymerization reaction using various fluorination agents directly 

on the PHEMA brushes.  Such post-polymerization reaction routes lead commonly to the 

formation of random copolymers (RCPs), as reported earlier by several groups.
28, 36, 37

  The 

amount of modifying agent that produces fHEMA units as well as the distribution of the two 

co-monomers, HEMA and fHEMA, will depend on several system parameters, including (1) 

grafting density ( PHEMA) and (2) molecular weight (MPHEMA) of the parent PHEMA 

homopolymer
 
brush, (3) the size of the fluorinating agent, and (4) the reactivity between the 

function group on the parent homopolymer
 
brush (–OH in the case of PHEMA) and the head 

group present in the modifying agent.  Previous theoretical and experimental
 
studies on 

polymer/nanoparticle hybrids prepared by diffusing nanoparticles inside swollen 

homopolymer brushes have provided clear evidence that the penetration depth of the particles 

depends on the interplay between the size of the particle and the grafting density and 

molecular weight
 
of the brush.

38-44
  Similar effects are expected to control the distribution of 

the fluorinating moieties in the P(HEMA-co-fHEMA) RCP brushes.  In order to address the 

interplay between the size and
 
reactivity of the modifying agent, we employed a variety of

 

commercially available fluorinated compounds.  Figure 2.1 summarizes pictorially the 

chemical
 
modification routes employed in this work; the procedures leading to P(HEMA-co-
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fHEMA) RCP brushes are detailed in Sec. 2.3.  In order to explore how the properties of the 

parent PHEMA affect the concentration and distribution of fHEMA inside the brush, we kept 

the PHEMA constant
45

 at 0.45 nm
−2

 and prepared PHEMA brushes having two different dry 

thicknesses: 10 and
 
50 nm, which corresponded to the molecular weights of PHEMA of ≈12 

and ≈60 kDa, respectively.
16

  Details pertaining to the formation of PHEMA brushes have 

been given in Sec. 2.3.  We employed a suite of surface analytical tools in order to assess the 

concentration and distribution of the fluorinated species inside P(HEMA-co-fHEMA) RCP 

brushes and to monitor the response of such surface to FIB solutions.
 
 

The chemical coupling of the fluorinated agents and their relative population inside 

the sample were accessed via FTIR-ATR.  In Figure 2.2 we present IR absorbance curves for 

P(HEMA-co-fHEMA) specimens for the various fluorinating agents.  The following 

conclusions can be deduced from the spectra.  Fluorination of
 
PHEMA brushes with mF8H2 

does not lead to large increases
 
in the fluorine signal inside the sample; the mF8H2-PHEMA 

spectrum is very similar to that of pure PHEMA.  Later in
 
this Chapter we provide evidence 

that mF8H2 attaches to PHEMA, albeit only in small amounts.  In contrast, addition of 

tF8H2 to PHEMA causes substantial increases in the fluorine signal.  The
 
strong increase in 

the ATR-FTIR signals around 1150, 1214, and 1240 cm
−1

 can be attributed to the presence of 

semifluorinated alkyl.  Moreover, the existence of the C–O–Si bond is evident from the 

vibrational stretch at 1200 cm
−1

 (see inset to Figure 2.2) demonstrating coupling between 

tF8H2 and PHEMA.  Moreover, we also detect a
 
signal corresponding to Si–O–Si bonds 



33 

 

(stretches at 700 and 1187 cm
−1

, see inset of Figure 2.2) that suggests the formation of
 
silane 

network between neighboring trifunctionalized tF8H2.  The attachment of TFAA and all 

acylchlorides to PHEMA is demonstrated clearly by the
 
presence of the stretch at 1786 cm

−1
 

corresponding to formation of
 
the carbonyl group CH–COO–CF.  By exploring the intensity 

of this
 
stretch in combination with–CF2–vibrational stretches at 1150, 1214, and 1240 cm

−1 

one can conclude that the loading of the fluorinated agent
 
inside PHEMA decreases in the 

following fashion: F7>F3>TFAA.  While useful in providing proof of coupling and 

information about relative loading of the PHEMA brush with the fluorinating agent, FTIR 

alone cannot be used to quantify the amount of fluorination and the spatial distribution of the 

fluorinated moieties inside the sample.  We therefore used additional complementary 

analytical tools, i.e., ellipsometry, contact angle, and angle-resolved XPS, to supplement the 

FTIR data. 

 In Figure 2.3 we plot the thickness (left ordinate) of PHEMA (red/darker
 
columns) 

and P(HEMA-co-fHEMA) (green/lighter column) brushes and the corresponding contact 

angles (right ordinate) using DIW as a function of the thickness of the original PHEMA 

brush.  From the data, the loading of fHEMA inside P(HEMA-co-fHEMA) increases with 

increasing length of
 
the PHEMA brush; one exception to this trend represents PHEMA

 

modified with mF8H2, which exhibits a small decrease in the amount of fHEMA with 

increasing PHEMA thickness.  The analysis of
 
our data revealed that ellipsometry was not 

sensitive enough to determine the variation of the fHEMA concentration inside the brush; in 
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all cases data modeling indicated that fHEMA is a
 
“graded” layer, whose composition resides 

between that of pure HEMA and pure fHEMA.  The only exception was the sample prepared 

by modifying PHEMA with tF8H2, whose analysis detected that a pure layer of tF8H2 may 

be present on top of
 

P(HEMA-co-fHEMA).  Combined with the IR data, the latter 

observation strongly suggests that the surfaces of tF8H2-modified PHEMA brushes are 

decorated with dense tF8H2 SAM networks stabilized by in-plane linkages among 

neighboring molecules.  We will return to the discussion of this
 
sample in detail later in this 

section. 

The ellipsometric thickness data can be quantified by invoking a simple model, which 

relates the variations in thickness to changes in the overall chemical composition of 

P(HEMA-co-fHEMA).  To this end, the grafting density of a PHEMA brush can be 

expressed as: 

PHEMA PHEMA A
PHEMA

PHEMA

h N

M
  (2.1) 

where hPHEMA is dry PHEMA thickness, PHEMA is PHEMA density, MPHEMA is PHEMA 

molecular weight, and NA is an Avogadro’s number.  One can write a similar equation for the 

grafting density of the P(HEMA-co-fHEMA) RCP: 

( ) ( )

( )

( )

P HEMA co fHEMA P HEMA co fHEMA A

P HEMA co fHEMA

P HEMA co fHEMA

h N

M
 (2.2) 

.  
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Assuming that no chain cleavage occurs during the fluorination reaction, the grafting density 

of the polymer remains the same after fluorination, i.e., PHEMA = P(HEMA-co-fHEMA).  By 

combining Eqs. (2.1) and (2.2) and after some algebra, one arrives at: 

( ) ( )

( )

P HEMA co fHEMA P HEMA co fHEMAPHEMA

PHEMA P HEMA co fHEMA PHEMA

h M

h M
 (2.3) 

Equation (2.3) can be further simplified by considering that the degree of polymerization of 

the polymer brush does not change after fluorination.  Hence: 

( ) ,

( ) ,

P HEMA co fHEMA o HEMA co fHEMAPHEMA

PHEMA P HEMA co fHEMA o HEMA

h M

h M
 (2.4) 

where Mo,HEMA-co-fHEMA is an “effective” molecular weight of the copolymer unit and Mo,HEMA 

is the molecular weight of HEMA.  The density and molecular weight of HEMA-co-fHEMA 

are given by Eqs. (2.5) and (2.6), respectively.  They read: 

11 fHEMA fHEMA

HEMA co fHEMA fHEMA HEMA

w w

 

 (2.5) 

, , ,

11 fHEMA fHEMA

o HEMA co fHEMA o fHEMA o HEMA

w w

M M M
 (2.6) 

In Eqs. (2.5) and (2.6), fHEMA
 
and MfHEMA stand for the density and molecular weight of

 

fHEMA, respectively, HEMA is the density of HEMA (assumed for simplicity to be equal to 

http://scitation.aip.org/journals/doc/BJIOBN-ft/vol_4/iss_2/FA33_1-div3.html#E5
http://scitation.aip.org/journals/doc/BJIOBN-ft/vol_4/iss_2/FA33_1-div3.html#E6
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that of PHEMA), and wfHEMA represents the weight fraction of fHEMA in P(HEMA-co-

fHEMA).  The method
 
for determining fHEMA and MfHEMA-F is outlined in Appendix A.2.

 
 

In
 
Figure 2.4 we plot hP(HEMA-co-fHEMA)/hPHEMA as a function of wfHEMA.  The curves 

were generated by combining Eqs. (2.4)-(2.6) and using the corresponding values of unit 

molecular weight and density given
 
in Table 2.1.  In the same figure we also plot (using solid 

symbols) the experimentally measured values of hP(HEMA-co-fHEMA)/hPHEMA for each fHEMA 

system prepared on PHEMA with the initial dry thickness of ≈50 nm.  The weight fractions 

of fHEMA can be converted into mole fractions, xfHEMA; the latter values are given in the last 

column in Table 2.1.  The data in Figure 2.4 indicate that the loading of the fluorinated 

modifier inside ≈50 nm thick PHEMA brushes depends significantly on the type of the 

chemical modifier.  As will be discussed later in the Chapter, this is likely due to both the 

size of the modifier as well as the reactivity of the modifier's head group with the hydroxyl 

terminus in
 
PHEMA's pendent group.  The data can be split roughly into four groups.  

mF8H2 displays the smallest uptake (≈4%, see Table 2.1) inside the PHEMA brushes.  In 

contrast, the amount of
 
tF8H2 is the highest (≈100%).  However, because some tF8H2 is 

likely present on top of the sample in the form
 
of tF8H2 networks, as mentioned previously, 

the actual uptake of tF8H2 inside PHEMA brushes is difficult to estimate.  The concentration
 

of fHEMA after reaction with TFAA is halfway between that of tF8H2 and tF8H2, ≈57%. 

Finally, the concentration of the acylchloride-based species is ≈80±2%.  We next 

complement the IR and
 
ellipsometry measurements with contact angle, angle-resolved XPS, 

http://scitation.aip.org/journals/doc/BJIOBN-ft/vol_4/iss_2/FA33_1-div3.html#E4
http://scitation.aip.org/journals/doc/BJIOBN-ft/vol_4/iss_2/FA33_1-div3.html#E6
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and NEXAFS data and use those to provide a complete picture of the distribution of the 

fHEMA units inside the sample. 

 In spite of
 

their simplicity, contact angle measurements often reveal valuable 

information about the chemical composition of the uppermost regions of substrates.  As a 

reference, the DIW contact angle ( DIW) of pure PHEMA
 
brush is ≈45°,

46
 and a SAM made 

of densely packed fluorinated material (tF8H2) on a flat silica-coated substrate exhibits 

DIW≈115°.
2
  For simplicity we split the data into three categories depending on the value of 

DIW.  The first category involves TFAA- and PFA-modified samples, which remain partially 

hydrophilic after fluorination ( DIW<90°); presumably both fHEMA and HEMA components 

are present close to the sample surface.  The second category involves specimens prepared by 

fluorination of HEMA using mF8H2 and F3.  Their DIW are still below but close to the 

values expected for a uniform fluorinated SAM surface.  Interestingly, the CAH in these 

samples is relatively high indicating possible structural and chemical heterogeneity of
 
the 

surface.  One may hypothesize that the surfaces are made of heterogeneous regions rich in 

the fluorinated component.  The last category includes samples formed by fluorinating 

PHEMA brushes with tF8H2
 
and F7.  They both exhibit the highest measured DIW values.  

In fact DIW is much higher than that corresponding to a uniform fluorinated SAM surface.  

This can only be explained by the presence of a rough hydrophobic surface.
2, 47, 48 

 



38 

 

We employed angle-resolved
 
XPS to gain information about the spatial distribution of 

fHEMA in the samples.  In Figure 2.5 we plot the elemental concentration of carbon, oxygen, 

fluorine, and silicon as a function
 
of the take-off angle for samples prepared by fluorinating 

parent PHEMA brushes having initial dry thickness of ≈50 nm.  The
 
horizontal lines in the 

figure correspond to the expected elemental
 
concentration in fully fluorinated HEMA.  For 

instance, after quantitatively coupling F7-acylchloride to PHEMA, the overall chemical 

composition of F7-HEMA should
 
be C10H9O4F7.  The solid symbols represent the elemental 

compositions measured experimentally with XPS.  The data from HEMA modified with 

TFAA and acylchlorides reveal that the surfaces of the samples are made of completely 

fluorinated HEMA units.  Given the maximum penetration depth of ≈9 nm, one can conclude 

that the chemical composition in the topmost part of the samples corresponds to completely 

modified HEMA samples.  It is imperative to stress that XPS measurements are performed 

under high vacuum, a medium that promotes the segregation of the hydrophobic fHEMA 

moieties.  The distribution
 
of fHEMA deduced from XPS may thus not correspond to the 

“true” concentration that would be encountered in aqueous solutions.  The data collected 

from organosilanes exhibit large deviations between the expected and measured elemental 

compositions.  For instance, the concentration of
 
fluorine in tF8H2-modified sample is much 

higher than the value expected for tF8H2-HEMA.  Concurrently, the concentrations of 

carbon and oxygen are much lower.  No dependence on the XPS take-off angle is detected.  

These results thus lead unquestionably to the conclusion that tF8H2 forms dense multilayers 
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on top of PHEMA brushes.  While some tF8H2 may still penetrate into the PHEMA brush, it 

is hard to resolve.  This result confirms our earlier observation with IR, ellipsometry, and 

contact angle measurement.  In contrast to tF8H2, attaching mF8H2 to PHEMA does not lead 

to complete fluorination of PHEMA.  Earlier in the article we discussed the results from 

ellipsometry, which revealed that the concentration of
 
mF8H2 in the sample is very low.  

This finding is supported by the XPS data, which show a much smaller than expected 

concentration of fluorine, accompanied with an excess of carbon and oxygen in mF8H2-

HEMA.  Interestingly, at low take-off angles, where the measurement becomes very sensitive 

to the concentration at the sample surface, the predicted and measured elemental 

concentrations in mF8H2-HEMA agree very well.  This result thus points to a nearly 

quantitative attachment of mF8H2 to HEMA at the surface of the sample, which was 

suggested earlier by the contact angle data.  The combination of the results obtained from all
 

analytical methods thus points to a depth-dependent distribution of mF8H2
 
inside PHEMA.  

While the bottom parts of the sample remain nearly free of mF8H2, there is a strong 

segregation of
 
mF8H2 close to the tip of the brush. 

 As a final installment of our structural characterization we present and discuss the 

NEXAFS data collected from P(HEMA-co-fHEMA) specimens.  NEXAFS signal was 

collected in the partial electron yield mode that is sensitive to
 
the topmost ≈2 nm of the 

sample.
49, 50

  All PEY NEXAFS spectra collected at various sample geometries (see Sec. 2.3) 

were identical indicating no orientation of the fluorinated moieties on
 
the surface of the 
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P(HEMA-co-fHEMA) samples.  The only exception was the specimen prepared by 

modifying PHEMA brushes with tF8H2.  Here orientation of tF8H2 roughly perpendicular to 

the sample surface can be seen from the NEXAFS spectra (cf. Figure 2.6).  Recall that we 

have previously suggested that tF8H2 forms multilayers on top of PHEMA brushes.  The 

observation from NEXAFS only reinforces the fact the tF8H2 forms organized SAM layers 

that reside
 
on top of PHEMA brushes. 

Before we discuss the response of P(HEMA-co-fHEMA) substrates to FIB solutions, 

let us recall the major structural differences among the samples as revealed by the different 

analytical probes.  Those would be important when discussing the FIB adsorption results.  

The concentration of mF8H2 in the RCPs is rather small and the fluorinated moieties are 

present predominantly close to the sample surface.  It is likely that the two bulky methyl 

groups attached to the silicon head group cause steric hindrance not allowing mF8H2 to 

penetrate deeper into the brush.  In contrast to mF8H2, the amount tF8H2 grafted to PHEMA 

is much higher but the molecule resides primarily on the sample surface, forming a thick 

overlayer of F8H2.  Having three reactive groups attached to the silicon atom makes tF8H2 

much more reactive than mF8H2 but the tendency of the silanols to condense and form 

networks in solution leads to large molecular aggregates that cannot penetrate deep into the 

brush.  As a consequence, the substrate surface is made of nearly homogeneous fluorinated 

layer, which exhibits a large degree of molecular orientation of F8H2, as revealed by 

NEXAFS.  The uptake of
 
all acylchlorides into PHEMA brush is quite high, ≈80±2%.  This

 
is 
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because the head group in this class of modifiers is not as bulky as those present in the 

organosilane moieties and also because of rather high reactivity between –COCl and –OH.  

While the two shorter molecules (F3 and PFA) distribute more or less evenly within the 

brush, there is likely some segregation of F7 at the surface, as suggested by the contact angle 

experiments.  By combining the IR, ellipsometry, contact angle, XPS, and NEXAFS 

measurements one can conclude that the modification of PHEMA with TFAA leads to 

amphiphilic copolymers that have an approximate structure of diblocks; the bottom part of 

the copolymer consists of unmodified PHEMA and the top comprises P(HEMA-co-fHEMA) 

with enhanced segregation of fHEMA close to the sample surface.  Among all materials 

studied the structures prepared by “chemically coloring” PHEMA brushes with TFAA 

exhibit the best promise in designing functional substrate resisting biomaterial adhesion, as 

will be demonstrated below.  

All P(HEMA-co-fHEMA) specimens were tested as substrate for adsorption
 
of FIB.  

Prior to the FIB adsorption experiments, we exposed
 
P(HEMA-co-fHEMA) samples to 

aqueous solutions of various pH (ranging from 4.4 to 7.4) and after drying remeasured the 

brush thicknesses.  In all cases we recovered the original dry thickness value (error <3%), 

which indicated that P(HEMA-co-fHEMA) did not undergo degradation due to chain 

scission or detachment of the fluorinated modifier from the brush.  Protein adsorption was 

conducted in solutions having four different values of pH ranging from 4.4 to 7.4.  The 

highest protein adsorption was expected to occur close to the isoelectric point of FIB 
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(pI≈5.5),
51

 where FIB appears nearly neutral and thus experiences minimal repulsion from 

neighboring proteins arriving
 
from solution to the substrate.  While very hydrophobic 

samples were expected to lead to substantial amount of adsorbed FIB, increasing the degree 

of hydrophilicity should lead to decreased amount of
 
FIB on the surface.  As a reference 

point, we also measured FIB adsorption of a parent PHEMA.  No FIB could
 
be detected on 

those samples with ellipsometry.  In Figure 2.7 we plot the thickness of FIB on substrates 

prepared by fluorination of parent PHEMA using the studied modifying agents (the dry 

thickness of the parent PHEMA brush was in all cases ≈50 nm).  With the exception of 

tF8H2-modified PHEMA brushes, which exhibit no pH dependence in FIB, we detect the 

highest amount of FIB at pH close to the pI of FIB.  The highest amounts of FIB were 

detected on the samples prepared by reacting PHEMA brushes with tF8H2 and
 
F7.  Those 

amounts indicated that nearly a full monolayer of
 
FIB covered the surface of the sample 

given the cross section of dried FIB of ≈5–7 nm.
52

  This behavior is fully consistent with the 

previously discussed results that indicated that those two specimens exhibited the highest 

concentration of the fluorinated groups at the surface and thus the highest degree of
 

hydrophobicity.  Interestingly, also PFA-modified sample showed substantial amounts of FIB 

on the surface.  Likely the concentration of the PFA groups in the subsurface region was high 

enough that it led to enhanced fouling on the substrate by the protein.  While protein 

coverage on the aforementioned sample was also close to a full FIB monolayer, FIB 

deposited onto mF8H2- and F3-modified PHEMA brushes in submonolayer amounts.  Based 
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on the contact angle data the surfaces of these two specimens were not made of completely 

fluorinated groups.  The hydrophilic groups and presumably the surface heterogeneity 

(islands of fluorine-rich and HEMA-rich regions, as deduced from the contact angle 

hysteresis) lead to smaller amount of FIB adsorbed.  TFAA-modified samples performed the 

best in the FIB adsorption tests.  No FIB was detected with ellipsometry in any of the 

specimens studied. 

The surface topography of samples before and after FIB adsorption was visualized by 

means of atomic force
 
microscopy (AFM).  In Figure 2.8 we present AFM micrographs of 

selected samples before (top row) and after (bottom row) exposure to FIB solutions at their 

isoelectric point.  Based on the previous discussion these specimens exhibited the lowest 

(PHEMA- and TFAA-modified PHEMA) and highest (tF8H2-modified and F7-modified 

PHEMA) FIB adsorption.  The
 
surface of PHEMA is relatively smooth.  After exposure to 

the FIB solution, a small amount of FIB traces can be detected, however.  Note that those 

were not “visible” in ellipsometry
 
measurements.  TFAA-modified PHEMA surfaces are 

considerably rougher than those of
 
PHEMA.  Presumably some TFAA molecules formed 

clusters close to the
 
surface.  Although ellipsometry did not detect any FIB on top

 
of TFAA-

modified PHEMA surfaces, similar to the case of the PHEMA brushes small amounts of FIB 

aggregates can be detected on top of TFAA-modified PHEMA.  Previously in this Chapter 

we discussed that tF8H2 formed thick surface layers comprising well-organized tF8H2 

SAMs resting on top of the polymeric supports.  Those aggregates, seen in the AFM scan, are 
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≈1 µm
2
 in size.  After exposure to FIB solution, the surface gets filled uniformly with FIB 

molecules that fill in any gaps on the surface in between tF8H2 clusters.  As we discussed 

previously, the FIB adsorption was the highest on this very hydrophobic substrate.  The 

surfaces of F7-HEMA samples also exhibit in-plane structural features; F7 molecules are 

long enough to induce strong intermolecular ordering among F7 mesogens on the surface.  

Those give rise to the aforementioned hydrophobicities and serve as attachment points for 

FIB molecules adsorbing from solution.  Overall, the AFM micrographs are consistent with 

the findings reported earlier, although they also point out to minute contamination of the 

PHEMA- and TFAA-modified PHEMA surfaces with FIB. 

 As suggested earlier from the structural analysis, TFAA modification of PHEMA 

brushes likely leads to the formation of amphiphilic copolymers comprising an unmodified 

PHEMA bottom block and heavily fluorinated P(HEMA-co-fHEMA) top block, PHEMA-b-

P(HEMA-co-fHEMA).  The existence of substrate-anchored amphiphiles is likely 

responsible for the ability of such macromolecules to resist heavy FIB adsorption.  Recall 

that while FIB adsorbs strongly to hydrophobic substrates, only minute adsorption of FIB 

was detected on top of TFAA-modified PHEMA brushes with AFM.  One plausible 

explanation for this behavior can be offered by considering the co-monomer distribution in 

the PHEMA-b-P(HEMA-co-fHEMA) specimen.  When in contact with air, the P(HEMA-co-

fHEMA) block segregates to the free surface.  In contrast, in hydrophilic environments, such 

as water, the PHEMA block tends to partition close to the free surface.  We have designed a 



45 

 

simple experiment to test this hypothesis.  Specifically, we let the PHEMA-b-P(HEMA-co-

fHEMA) sample undergo temperature annealing/water swelling cycles by drying the sample 

in a vacuum oven at 80 °C for 12 hrs (annealing) and exposing them to water at room 

temperature for 12 hrs and measured the DIW contact angles immediately after removing the 

sample for the respective environment (followed by briefly drying the sample with nitrogen 

gas).  The contact angles for each cycle are plotted in Figure 2.9.  After first anneal, the 

hydrophobicity of the sample increases indicating segregation of the fluorinated component 

to the surface.  After exposing the specimen to water, the contact angle decreases 

dramatically, even below the original contact angle measured in the as-prepared sample.  

Additional annealing and water solvation cycles result in contact angle oscillation between 

54° and 47°, respectively.  We attribute the dramatic changes in the contact angle in the first 

annealing/water solvation cycle to either relaxation of the chain or to the fact that some 

unreacted HEMA monomer could be trapped inside the HEMA brush after polymerization 

and some of it may have even gotten modified with TFAA.  Cycling between annealing and 

water swelling removed these HEMA/TFAA-HEMA complexes.  Regardless of the actual 

cause for these initial changes in the DIW contact angle, the TFAA-modified PHEMA 

brushes sustained their amphiphilic behavior. 
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2.5 Summary and Outlook 

We formed amphiphilic copolymers comprising EG and fluorinated groups by fluorinating 

PHEMA brushes chemically anchored to flat solid substrates.  A total of six fluorinating 

agents were employed in PHEMA modification that included three different types of 

chemical attachment of the fluorinated moieties to the hydroxyl terminus in the pendent 

group of HEMA, involving the condensation of organosilanes, acylchlorides, and TFAA.  

For two classes of fluorinated modifiers (organosilanes and acylchlorides) we explored 

compounds with various degree of bulkiness of the fluorinated mesogen.  In all cases studied 

we observed attachment of the fluorinated groups to the HEMA monomer.  A general 

conclusion that can be drawn from this study is that the spatial distribution of the fluorinated 

moieties inside the brush depends on a delicate interplay between the size of the group, its 

reactivity, and the spatial confinement imposed by the brush.  A set of experimental probes 

was utilized that provided complementary information about the distribution of the 

fluorinating agents in the sample; none of the techniques alone would have allowed an 

unambiguous determination of the co-monomer distribution inside the sample.  Because of 

their bulky head groups (mF8H2) and tendency to form large molecular aggregates in 

solution (tF8H2) semifluorinated organosilanes remained attached close to the outer 

periphery of the brush.  Acylchlorides were capable of penetrating deeper into the brush and 

forming P(HEMA-co-fHEMA) copolymers with a relatively high loading of the fluorinated 

groups (≈80%).  
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Chemical modification of PHEMA brushes with TFAA resulted in amphiphilic grafts 

that had a character of a diblock copolymer with the bottom block being made of unmodified 

HEMA units and the top block comprising P(HEMA-co-fHEMA) with a high concentration 

of fHEMA.  All specimens were tested as substrates for the adsorption of FIB, a protein, 

whose adsorption properties resemble closely those of Ulva.  The strongest adsorption of FIB 

was detected in solutions whose pH was close to the pI of FIB (≈5.5).  Among all 

amphiphilic samples the one prepared by the reaction between TFAA and PHEMA 

performed the best.  The very same sample exhibited an interesting reversible behavior in 

response to cycling the outside environment between hydrophobic and hydrophilic 

characters.  

Protein adsorption experiments described in this work involved solutions with 

relatively low FIB concentrations (0.01 mg/ml).  While at these conditions FIB forms a full 

monolayer on the substrate,
30

 in real situations, the protein concentration may be much 

higher.  For instance, FIB concentration in blood plasma is ≈3 mg/ml;
53

 at those 

concentrations FIB is expected to form multilayers.  Future studies should thus concentrate 

on performing FIB adsorption tests on the present substrates with solutions having higher 

FIB concentrations.  

In this Chapter we only restricted ourselves to studying the fluorination on brushes 

having a fixed grafting density of the PHEMA brushes.  More work clearly has to be done on 

carrying out similar post-polymerization reactions on systems with various grafting densities 
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of PHEMA.  Tailoring the density of PHEMA brushes will provide additional control 

parameter that will both govern the spatial distribution of the “coloring” species along the 

copolymer as well as lead to tailored responsive behavior of such amphiphilic grafts.  Testing 

the performance against a variety of other biological moieties is also needed in order to 

understand fully the role of amphiphilic groups along the copolymer in governing 

bioadhesion.  To this end, adsorption of biological moieties that prefer to settle on 

hydrophilic surfaces, such as Avicula, is required.  We have not performed experiments along 

those lines as of the time of writing of this Chapter, however.  We expect that the TFAA-

based copolymer would perform well, given their responsive nature detected and reported in 

this article. 
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Table  2.1  Molecular properties of individual components and fHEMA-based species 

 

 Individual 

components 

fHEMA P(HEMA-co-

fHEMA) 

component Mo 

(Da) (g/cm
3
) 

wf Mo,fHEMA 

(Da) 

fHEMA 

(g/cm
3
) 

wfHEMA xfHEMA 

PHEMA 129.0 1.07 0.00 129.0 1.07 0.00 0.00 

mF8H2 540.5 1.51 0.80 634.3 1.39 0.16 0.04 

tF8H2 581.5 1.54 0.80 636.2 1.41 1.00 1.00 

TFAA 97.0 1.51 0.43 226.0 1.22 0.70 0.57 

F3 232.5 1.56 0.60 326.1 1.32 0.90 0.78 

F7 432.5 1.56 0.75 526.1 1.40 0.94 0.78 

PFA 230.5 1.60 0.60 324.1 1.34 0.92 0.82 

 

Mo = component molecular weight  

 = component density  

wf = weight fraction of the fluorinated modifier in fHEMA; wf=Mo,f/(Mo,f +Mo,HEMA) 

Mo,fHEMA = molecular weight of fHEMA  

,fHEMA = density of fHEMA  

wfHEMA = weight fraction of fHEMA in P(HEMA-co-fHEMA) 

xfHEMA = mole fraction of fHEMA in P(HEMA-co-fHEMA) 
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Figure  2.1  Schematic representing the structure of building blocks leading to the formation 

of P(HEMA-co-fHEMA) random copolymers.  Three families of fluorinated modifiers have 

been employed that include: 1) organosilanes (mF8H2 and tF8H2), 2) trifluoroacetic 

anhydride (TFAA), and 3) acrylchlorides (F3, F7, and TFA). 
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Figure 2.2  Infrared spectra collected in the ATR mode from P(HEMA-co-fHEMA) random 

copolymer brushes made by modifying PHEMA brushes (dry thickness ≈50 nm) with 

mF8H2, tF8H2, TFAA, F3, and F7 fluorinating modifiers.  The inset depicts details of the IR 

spectrum of PHEMA modified with tF8H2.  Characteristic IR stretches are marked with 

arrows. 
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Figure 2.3 (left ordinate) Dry thickness of PHEMA (red column) and P(HEMA-co-

fHEMA) (green column) and (right ordinate) DIW contact angle (advancing: solid symbols; 

receding: open symbols) as a function of PHEMA dry thickness for fHEMA prepared by 

modifying PHEMA brushes with a) mF8H2, b) tF8H2, c) TFAA, d) F3, e) F7, and f) PFA.  

The error in thickness and DIW contact angle is less than ±0.5 nm and ±1.5 , respectively. 
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Figure 2.4 Ratio of a dry thickness of P(HEMA-co-fHEMA) and PHEMA as a function 

of the weight fraction of fHEMA in P(HEMA-co-fHEMA) for various fluorinated modifiers.  

The thickness of the parent PHEMA brush was ≈50 nm.  The solid lines represent predictions 

using the model described in the text.  The symbols depict the experimental data. 
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Figure 2.5 Atomic concentration of elements present in P(HEMA-co-fHEMA) samples 

as a function of the XPS take-off angle for P(HEMA-co-fHEMA) prepared modifying 

PHEMA brushes with a) mF8H2, b) tF8H2, c) TFAA, d) F3, e) F7, and f) PFA.  The 

thickness of the parent PHEMA brush was ≈50 nm.  The lines denote atomic concentration of 

completely fluorinated PHEMA samples. 
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Figure 2.6 PEY NEXAFS spectra from a P(HEMA-co-tF8H2-HEMA) sample collected 

at the carbon K-edge at three different sample orientations, , where  denotes the angle 

between the sample normal and the electric vector of the x-ray beam.  The thickness of the 

parent PHEMA brush was ≈50 nm. 
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Figure 2.7 Dry thickness of FIB as a function of solution pH for P(HEMA-co-fHEMA) 

samples prepared by modifying PHEMA brushes with a) mF8H2, b) tF8H2, c) TFAA, d) F3, 

e) F7, and f) PFA.  The error in thickness is less than ±0.5 nm. 
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Figure 2.8 Atomic force micrographs collected from dry P(HEMA-co-fHEMA) samples 

after fluorination (top row) and after subsequent fibrinogen (FIB) adsorption at pH=6.4 

(bottom row).  The height variation indicated in each image corresponds to the color change 

from black to white.  The size of each image is 5 x 5 m
2
. 

. 
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Figure 2.9 DIW contact angles for TFAA-modified PHEMA brushes after several cycles of 

anneal and water incubation. 
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CHAPTER 3 

Functional polymer brush for nanoparticle adsorption and desorption 

 

 

3.1 Abstract 

Polymer brushes provide a convenient route to surface functionalization due to their chemical 

and mechanical robustness, lack of large-area defects, and high density of functional groups.  

In spite of these benefits, the synthetic difficulty and complex surface structure associated 

with polymer brushes have hindered their utilization for constructing multifunctional, 

patterned surfaces.  This Chapter describes the use of a rapid and highly efficient polymer 

brush post-functionalization technique as a facile method for controlling surface functionality 

of polymer brushes.  Poly(2-hydroxyethyl methacrylate) (PHEMA) brushes are post-

functionalized via activation with N,N′-disuccinimidyl carbonate (DSC) and subsequent 

coupling to molecules containing α-amine moieties.  This post-functionalization tailors 

effectively surface energy resulting in water contact angles ranging from 40° to 100° using 

different conjugate molecules.  Furthermore, the solvent tolerance, insensitivity to reactant 

concentration, and rapid reaction time of the aminolysis reaction enable surface energy 

patterning of the polymer brushes through the use of ―reactive‖ soft lithography.  These 

surface energy patterns could be ―developed‖ by exposure to gold nanoparticle solutions to 

yield surfaces with patterned nanoparticle density.  Tailoring the interaction between surfaces 

and nanoparticles (NPs) affords great opportunities for a range of applications, including 
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sensors, information storage, medical diagnostics, and filtration membranes.  In addition to 

controlling local ordering and microscale patterning of the NPs, manipulating the temporal 

factors determining the strength of the interaction between NP and surface enables dynamic 

modulation of these structural characteristics.  A demonstration of robust polymer brush-NP 

hybrids that exhibit both reversible swelling and reversible NP adsorption/desorption is 

presented in this Chapter.  In the case of PHEMA grafted with poly(ethylene glycol) (PEG), 

the molecular weight (MW) of the PEG dictates adsorption and desorption phenomena.  

Higher MW PEG chains possess increased binding affinity toward NPs, which leads to 

higher relative Au-NP densities on the PHEMA-g-PEG brushes and concurrent sluggish 

desorption of NPs by thermal stimulus.  Adsorption and desorption phenomena are further 

modulated by NP size yielding a system where adsorption and desorption are controlled by a 

delicate balance between the competitive energetics of polymer brush chelation versus 

solvation. 

 

3.2 Introduction 

Tailoring the surface chemistry of solid substrates by synthetic tools is of fundamental 

importance in materials science, for example, in the creation of biologically relevant 

interfaces for sensing and separation applications.
1
  Popular methods of tuning surface 

functionality are based on decorating surfaces with self-assembled monolayers (SAMs), 

polymer thin films, and polymer brushes.
2
  SAMs have been studied extensively due to their 
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molecular order and synthetic simplicity.
3, 4

  Polymer brushes share many of the same 

characteristics as SAMs but offer distinct advantages including the ability to tailor surface 

coverage, thickness, and composition, and increased functional group density and 

robustness.
5
  The main drawback of polymer brushes has been the technical difficulty 

associated with their synthesis.  In particular, tuning the surface functionality of polymer 

brushes requires the use of different monomers, which necessitates tailoring of the 

polymerization methodology for each monomer choice in order to achieve the desired 

grafting density and chain length.  The structural complexity of polymer brushes and the 

complexity associated with tailoring their surface properties have led to the preferential use 

of SAMs for patterning applications. 

An alternate method of tuning polymer brush surface properties is through post-

functionalization from a common polymer brush platform.  This route for the generation of 

functional brushes allows the fabrication of a wide variety of surface functionalities without 

changing polymerization kinetics and enables incorporation of chemical moieties or creation 

of polymer architectures that are not tolerated by the polymerization process.
6
  Although 

there have been extensive reports of derivatization of free polymer chains, there have been 

only a handful of reports on the side chain and chain end functionalization of tethered 

polymer brushes.
7-19

  Although end-group functionalization may be preferable in cases where 

1:1 ligand/receptor stoichiometry is required, the higher density of side chains provides a 

greater ability to impact surface properties, enable multidentate interactions, and achieve full 
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surface passivation.  The majority of previous attempts at polymer brush post-

functionalization have focused on the coupling of specific molecules, rather than broad-range 

reactivity.  A notable exception is the recent work by Murata et al., which involved the 

synthesis of polymers with succinimide side chains and subsequent coupling of a broad range 

of functional amines.
20

  Unfortunately, this approach relied on a succinimide substituted-

monomer, which had to be specially synthesized.  The authors did not attempt to use this 

post-functionalization approach for surface patterning; however, the timescale of the 

aminolysis reaction (≈16 hrs) is not amenable to patterning where it is essential to have a 

relatively rapid, technically simple, and highly efficient coupling chemistry. 

Another approach to post-polymerization functionalization is to utilize a two-step 

process, in which an existing moiety on the polymer side chain is selectively ―activated‖ then 

subsequently coupled to by a rapid orthogonal reaction.  The activation-coupling approach is 

conceptually amenable to the creation of complex brush architectures and surface patterns.  

For example, after spatially uniform activation, the subsequent coupling reaction could be 

spatially confined.  Steric bulk and diffusivity could potentially be harnessed to enable 

control of coupling efficiency and the tailored distribution of large and small molecules 

perpendicular to the brush axis.  Herein, we present the activation-coupling approach based 

on the activation of the hydroxyl group of poly(2-hydroxyethyl methacrylate) (PHEMA) side 

chains with N,N′-disuccinimidyl carbonate (DSC) followed by subsequent coupling to a 

primary amine (cf. Figure 3.1).  This coupling chemistry has been used extensively in the 



68 

 

PEG-ylation of proteins and drugs, affinity column preparation, and solid-phase synthesis of 

peptide carbamates; it has thereby been demonstrated to be highly specific in its reactivity to 

α-amino groups, as well as its tolerance to a wide variety of solvents and biological 

buffers.
21-38

  Furthermore, this DSC-mediated amination technique has been shown by 

several studies to give higher coupling yields with less side reactions than the p-nitrophenyl 

chloroformate (NPC) and 1,1′-carbonyldiimidazole (CDI) mediated coupling reactions used 

by previous polymer brush post-functionalization approaches.
39-42

  The carbamate linkage 

yielded by the two-step activation-coupling approach is known to have higher stability 

toward hydrolysis and proteolysis than moieties commonly obtained by one-step processes, 

such as, amide or ester linkages.
43-45

  This highly versatile methodology has allowed us to 

study the effect of post-functionalization of a variety of conjugate molecules on the surface 

properties of PHEMA brushes and to pattern the surface energy of a polymer brush substrate 

via post-functionalization. 

Nanoparticle (NP) assemblies are at the fore of diverse applications ranging from 

sensors to information storage, medical diagnostics, and membranes.
46-50

  Early reports 

demonstrated that innate NP attributes were conserved within and on-top-of polymer brushes, 

and that NP adsorption could be directed via the spatially arranged chemical affinity arising 

from ordered phases of a block copolymer.
51-53

  In this work we describe spatial patterning of 

substrate-anchored polymer assemblies via chemical affinity to post-functionalization of 

brushes via soft lithography.  Other studies have shown the ability to create two- and three-
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dimensional NP assemblies with various NP densities, in some cases using polymer brushes 

and by controlling brush molecular weight (MW) and grafting density ( ).
54-62

  In a series of 

studies, Genzer et al. utilized single and orthogonal polymer brush gradients to probe the 

effect of MW and  on NP density.
54, 55

  The effect of polymer-NP interactions has been 

summarized nicely in a review by Stuart,
63

 while the field of responsive brush surfaces was 

recently reviewed by Luzinov et al.
64

  When combined with metallic NPs (e.g., Au), such 

NP-brush hybrid surfaces have great promise for sensor applications based on localized 

surface plasmon resonance.
65-68

 

The majority of prior studies have focused on controlling NP distribution by 

elucidating how NP binding is dictated by the polymer brush architecture.  The reversibility 

of the binding and relationship to NP size and surface chemistry has been relatively 

unexplored, however, especially considering synthetic (i.e., nonbiological) surfaces.  

Conceptually, reversible control of NP-NP distance and overall density of NPs within the 

brush may arise from three phenomena: (1) reversible swelling-deswelling of the brush-NP 

hybrid via a solvent vapor, (2) a first-order coil-to-globule (collapse-stretching) transition of 

the brush within a solvent, or (3) a thermally activated absorption-desorption of NPs from or 

near the surface of the brush.  To retain the number of NPs and only modulate NP-NP 

distance, the brush-NP interactions must be more robust than the solvent-brush interactions 

that drive the swelling- deswelling or determine the coil-to-globule transition.  In this case, 

solvent influx will nominally increase brush volume thus increasing the mean NP-NP 
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distance.  Depending on NP size, the strong binding of the NPs is anticipated to cross-link 

chains and alter the underlying first-order transition with respect to a NP-free brush.  

Alternatively, the NP-brush interactions must be relatively weak to enable a reversible 

change in the surface number density of NPs through an external stimulus.  Specifically, the 

NP number density will depend upon the number and type of interaction sites between a 

polymer chain and a NP.  This, in turn, depends on the polymer brush density, the individual 

polymer chain architecture (i.e., linear, branched) and NP size and surface chemistry.  In the 

case of a coil-to-globule transition, decreased brush solubility can drive NP release.  NP 

release may also occur by thermal activation and Brownian dynamics without the need of an 

underlying phase transition.  The challenge in a priori designing reversible control of NP−NP 

distance or density via a specific phenomenon is that solvent type, brush composition and 

architecture, and NP size and surface chemistry may equally contribute in opposing manner 

to all phenomena.  This implies that either process, or all, may be observable for a given 

system and environment. 

Following this framework, this Chapter discusses the use of post-polymerization 

functionalization and patterning of poly(2-hydroxyethyl methacrylate) PHEMA using 

reactive microcontact printing (R-μCP) and reactive microcapillary patterning (R-μCaP),  

and tuning of the brush interactions with stable aqueous dispersion of gold nanoparticles 

(Au-NPs).  A multidentate interaction motif enables the creation of surfaces that, depending 

on solvent and temperature, exhibit reversible swelling-deswelling of a stable NP-brush 
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hybrid, as well as reversible capture and release of NPs from the brush driven by thermal 

activation.  The reversible capture and release is affected by the MW of the grafted PEG 

groups.  Ethylene oxide grafts with higher MW possess, on average, more chelation sites 

available which may interact with the Au-NPs resulting in higher average Au-NP densities 

and concurrently more sluggish Au-NP desorption. 

 

3.3 Experimental 

3.3.1 Materials 

Unless specified otherwise, all chemicals were analytical grade and were used as-received.  

2-Hydroxyethyl methacrylate (HEMA) was obtained from Acros, methanol (HLPC grade) 

was purchased from Fisher Scientific. CuCl and CuCl2 were obtained from Sigma–Aldrich.  

MeO-PEG50-NH2 and MeO-PEG20-NH2 were obtained from Polymer Source. 1H,1H-

Perfluorooctylamine was received from SynQuest Labs.  N,N′-Disuccinimidyl carbonate was 

purchased from Fluka (purum grade).  Citrate-capped Au-NP solutions were supplied by Ted 

Pella. MPS-capped Au-NP solutions were synthesized via ligand exchange using commercial 

citrate-capped Au-NP solutions using a protocol described previously.
69

  To ensure similar 

particle number concentrations in each batch, the MPS-capped Au-NP solution was allowed 

to evaporate at room temperature until it possessed the same optical density as the citrate-

capped Au-NP solution.  
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3.3.2 Instrumentation 

Samples were sonicated using a 2 Amp Sonicor (SC-101TH), with an operating frequency of 

≈50 kHz.  Polymer brush thicknesses were measured by ellipsometry.  Reported average 

thickness and error were determined from six different measurements on the same sample.  

Thickness was determined using the accompanying software by fitting Ψ and Δ curves from 

data taken at multiple angles.  The bulk refractive index for PHEMA was assumed 1.512. 

Note that for film thicknesses below 20 nm, refractive index differences in the range 

anticipated for the post-functionalization (Δn ≈ 0.1) resulted in an insignificant change in the 

calculated thickness (±10%).  Elemental compositions and coupling efficiencies were 

determined using X-ray photoelectron spectroscopy (Surface Instruments) M-probe 

instrument operated at a base pressure of 3 × 10
-7

 Pa using an operating voltage of 10 kV by 

averaging results from four spots (800 μm
2
) on each wafer.  ESCA 2000 software was used 

to interpret the XPS data.  Contact angles were determined by using deionized water on a 

FTA200 instrument (First Ten Angstroms) at ≈22 °C.  In a given experiment with a single 

water drop, 30 contact angle measurements were taken over the period of 2 min and 

averaged.  Four separate experiments were conducted per sample and the results were 

averaged.  All samples were analyzed on the same day at 15% relative humidity.  Optical 

microscopy was performed on a Zeiss-Axio optical microscope.  Gold nanoparticle patterns 

were imaged by an FEI XL30 scanning electron microscope at 20 kV at a working distance 
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of 5.0 mm.  Particle counting from SEM micrographs was performed via ImageJ image 

processing software.  

 

3.3.3 Polymer Brush Functionalization 

To ensure that the measured results were not impacted by variations of chain density or chain 

length on different wafers, experiments were performed on a single brush wafer that was 

fractured into multiple pieces.  The substrates coated with PHEMA brushes were immersed 

in a deoxygenated solution of 0.1 M N,N′-disuccinimidyl carbonate (DSC) and 

4-dimethylaminopyridine (DMAP) in anhydrous dimethylformamide (DMF) for 24 hrs.  The 

specimens were then rinsed thoroughly with DMF and methylene chloride and subsequently 

immersed in a 25 mM solution of the primary amine-containing coupling agent and kept for 

24 h.  After coupling, the samples were removed from the solution and sonicated for 15 min 

each in Milli-Q water, acetone, and methylene chloride in order to remove excess adsorbed 

reactants.  Post-functionalized brushes were analyzed by ellipsometry, contact angle, and 

XPS. An example of the determination of elemental composition follows: For the coupling of 

hexadecylamine, the high resolution carbon 1s peak, oxygen 1s peak, and nitrogen 1s peak 

were all integrated.  The ESCA 2000 software determined automatically the elemental 

composition by multiplying each peak area by its respective sensitivity factor and dividing it 

by the total for all elements present.  The fitting of the carbons 1s peak was performed in an 

automated fashion using the peak-fitting program on the software.  
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Successful coupling of PEG conjugates was demonstrated by an increase in polymer 

brush thickness and a concurrent decrease in the static contact angle (cf. Table 3.1).  

Moreover, XPS was employed to elucidate elemental composition and chemical bonding 

information about the polymer brush conjugates.  This was done either carbon 1s peak fitting 

(in the case of PEG) or elemental composition (carbon, oxygen or fluorine), respectively.  

Note that due to the difficulty in integrating the relatively small nitrogen peak, nitrogen 

composition was not used to calculate grafting efficiency.  When possible, (as in the case of 

hexadecylamine) estimates were performed by both carbon 1s peak fitting and elemental 

composition to ensure that both methods gave similar results.  Assuming the post-

functionalized brush is composed of unreacted (unactivated) PHEMA monomers (u) and 

reacted (coupled) PHEMA monomers (r), the total elemental composition, CT, can be 

expressed as CT = Cuχu + Crχr where Ci is the elemental content, χi is the fraction of reacted 

and unreacted monomers, and χu + χr = 1.  The grafting efficiency, defined as the fraction of 

reacted monomers (χr), is then χr = (CT−Cu)/(Cr−Cu).  The elemental carbon composition of 

the pristine PHEMA brush and theoretical 100% grafted brush are summarized in Table 3.1.  

For the XPS conditions used, the escape depth of 95% of 1s electrons (defined as 3λ where λ 

is the inelastic mean-free path length of the surface ejected electrons) from these polymers is 

approximately 7.2, 6.4, and 5.7 nm for carbon, oxygen, and fluorine, respectively; this 

implies that the estimated efficiencies are specific for the outermost 25–33% of the brush.  

Finally, there was insufficient resolution to estimate the relative content of the activated 
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PHEMA–succinimide monomer (C:O–1.6:1) and pristine PHEMA monomer (C:O–2:1), thus 

the reported estimates based on the α-amino coupled brushes reflect the efficiency of both 

steps and imply that DSC-activation process is of greater efficiency.  This is consistent with 

literature reports that the amino coupling to the PHEMA–succinimide is highly efficient.
21-38

 

 

3.3.4  Incubation of PHEMA-g-PEG Substrates in Monodispersed Nanoparticle 

Solutions  

The post-functionalized polymer brushes were floated on top of 200 μL solutions of either 

citrate-capped Au-NPs or MPS-functionalized Au-NPs (particle concentration 2.0 × 10
11

 

particles/mL) for 24 hrs.  This deposition arrangement (floating of brushes on solutions) was 

chosen so that only diffusive encounters between the NPs and the surface occurred; any 

possibility of NP settling or gravity-assisted concentration gradients could be avoided.  An 

incubation time of 24 hrs was chosen based on initial experiments which followed the 

concentration of gold nanoparticles on the surface related to the incubation time. PHEMA-g-

PEG brushes were incubated for 1 h, 24 h, and 1 week in Au-NP solutions.  While the 

samples incubated for 1 h had the lowest concentration of NPs, the concentration of NPs on 

the 24 h and 1 week incubated samples were the same within experimental error.  This 

suggests that the adsorption/desorption/diffusion phenomena of NP interactions with the 

polymer brush have reached equilibrium after ≈24 hrs.  After incubation, the wafers were 

taken out of the Au-NP solution, and rinsed thoroughly with copious amounts of Milli-Q 
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water by dousing the wafers with a gentle stream of Milli-Q water for 2 min.  The wafer was 

then placed in a jar of 10 mL Milli-Q water and sonicated for 5 min.  The wafer was then 

rinsed thoroughly with copious amounts of methanol by dousing with a gentle stream of 

methanol for 15 ses.  The wafer was then placed in a jar with 10 mL methanol and sonicated 

for 5 min.  At the conclusion of this sonication step, the wafer was rinsed again with 

methanol and gently blown dry with a stream of dry nitrogen.  With the smaller sized 

nanoparticles (≤30 nm), the density of nanoparticles, in only rinsed and rinsed/sonicated 

samples was nearly identical.  However, heterogeneous dense patches of nanoparticles were 

rarely, but sometimes, seen in the rinsed-only samples, while the rinsed/sonicated samples 

gave more reproducible surfaces with a more homogeneous distribution of nanoparticles. 

SEM micrographs were taken from five different representative areas (5 μm
2
) on each 

sample and analyzed via ImageJ image processing software to count the number of deposited 

Au-NPs and to compare the relative numbers of strongly adsorbed Au-NPs for different 

substrates.  The averaged results and error among different sample areas are reported in the 

text. XPS was used to compare the total amount of gold between substrates incubated with 

different ligand-capped NP solutions by comparing the relative intensities of the Au 4f peaks. 
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3.3.5 Incubation of PEG-g-PHEMA Substrates in Ternary Mixtures of Different Size 

Nanoparticle Solutions  

The brushes were floated on top of 200 μL solutions of ternary mixtures of three sizes of 

monodispersed citrate-capped Au-NP solutions for 24 hrs.  Ternary mixtures of comprising 

particles with diameters (set 1) 30, 50, and 80 nm and (set 2) 30, 50, and 100 nm citrate-

capped Au-NPs were obtained by mixing the proper proportion of the different 

monodispersed Au-NP solutions.  Two series of Au-NP solutions were prepared: (a) each 

particle size set had the same surface area in the mixture, (b) the particle number 

concentration of each particle size was the same in the mixture.  To establish the proper 

amount of Au-NPs, we used nominal particle size and solution particle concentrations 

provided by Ted Pella.  For example, to obtain 200 μL of a ternary particle solution with 

equivalent particle concentrations for 30, 50, and 80 nm particles, with solution 

concentrations of 2.0 × 10
11

, 4.5 × 10
10

, and 1.1 × 10
10

 particles/mL, respectively, one mixes 

8.5 μL of 30 nm NP solution, 37 μL of 50 nm NP solution, and 154 μL of 80 nm NP solution 

to give an 200 μL solution with an overall concentration of 2.2 × 10
9
 particles/mL of each 

particle.  To generate solutions with equal surface area per particle the appropriate amounts 

of NP solutions are normalized using surface area of each particle size (assuming that all 

particles are monodisperse in size and have a shape of a perfect sphere).  After incubation, 

the substrates containing Au-NPs attached to the functionalized brushes were taken out of the 

Au-NP solution and rinsed only (no sonication) with Milli-Q water and methanol in order to 
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desorb any weakly bound Au-NPs.  This rinsing process is described in detail in the section 

3.3.4. SEM micrographs were taken from five different representative areas (area 5 μm
2
) on 

each sample and analyzed via ImageJ image processing software to count the number of 

deposited Au-NPs and to compare the relative numbers of strongly adsorbed Au-NPs for 

different size NPs.  Particles were binned into their respective size categories from the 

dispersed mix of different size particles by allowing only particles with size ±10% from the 

reported value to be counted in that grouping, all other particles were excluded.  For 

example, for the 30 nm particle bin all particles reported by ImageJ of having sizes 27.0−33.0 

nm were included, particles of 45.0−55.0 nm were included in the 50 nm bin, and particles of 

72−88 nm were included in the 80 nm bin. 

 

3.3.6  Thermoreversible Capture and Release of Citrate-Capped Gold Nanoparticles  

The post-functionalized polymer brushes were floated on top of 200 μL solutions of 30 nm 

citrate-capped Au-NPs from Ted Pella (particle concentration 2.0 × 10
11

 particles/mL) for 24 

hrs. After incubation, the wafers were taken out of the Au-NP solution and rinsed and 

sonicated for 5 min each in Milli-Q water and methanol in order to desorb weakly bound Au-

NPs.  The substrates were then characterized by SEM and XPS as follows. SEM micrographs 

were taken from five different representative areas (5 μm
2
) on each sample and analyzed via 

ImageJ image processing software to count the number of deposited Au-NPs and to compare 

the relative numbers of strongly adsorbed Au-NPs for different substrates.  XPS was 
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employed to compare the total amount of gold between adsorption and desorption cycles by 

comparing the relative intensities of the Au 4f peaks for the different cycles.  After analysis 

the substrates were placed in a bath of Milli-Q water, thermostatted at 85°C for 60 min.  

After this time the wafers were removed and washed and sonicated as before and analyzed by 

XPS and SEM as previously described.  After analysis the wafers were floated on top of a 

fresh solution of 30 nm citrate-capped Au-NP solutions from Ted Pella for 24 hrs as 

previously described.  Surface characterization using SEM and XPS, as described above, 

followed.  Finally, the desorption process was repeated.  As a control, a MeO-PEG20-NH2-

functionalized wafer piece was exposed to 30 nm citrate-capped Au-NP solutions from Ted 

Pella for 24 hrs as described above.  However, instead of placing the specimen in a hot water 

bath, it was left in Milli-Q water at room temperature for 24 hrs.  No significant desorption 

was noted by XPS or SEM analysis. 

To examine the size selectivity of desorption, ternary mixtures of 30−50−80 nm and 

30−50−100 nm Au-NPs were prepared as described above.  The size-selective release 

properties of these equal surface area density particle mixtures were then examined by using 

increasingly stringent desorption conditions.  The wafers were sonicated for 5 min each in 

methanol and Milli-Q water and analyzed as previously described.  After initial analysis the 

substrates were placed in a bath of Milli-Q water, thermostatted at 85°C for increasing 

amounts of time.  After each exposure to the hot water bath the wafers were characterized by 

SEM as previously described.  This procedure was repeated until most of the particles were 
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desorbed from the brush substrate.  The substrates were then reincubated with fresh mixtures 

of NPs as previously described and reanalyzed by SEM. 

 

3.3.7  Reactive microcontact printing 

The poly(dimethylsiloxane) (PDMS) stamp pattern was fabricated according to the procedure 

described by Kumar et al.
70

  Briefly, the silicon master was placed in a glass Petri dish and a 

10:1 (w:w) mixture of Sylgard 184 elastomer and curing agent was mixed and poured over 

the master.  This was then degassed under vacuum to prevent air bubbles from forming in the 

pattern.  After degassing, the stamp was then allowed to cure overnight at room temperature.  

After curing, the PDMS stamp was cut out by a razor blade and washed and sonicated in a 

mixed ethanol/water solution (30:70 v:v) prior to use and then dried in a nitrogen stream to 

remove unreacted monomer and contaminants.  The particular PDMS pattern used for R-μCP 

consisted of a repetitive line pattern with raised features of 25 μm width and recessed 

features of 45 μm width (Appendix A.3).  To activate the polymer brush, the substrate was 

immersed in a deoxygenated solution of 0.1 M N,N′-disuccinimidyl carbonate (DSC) and 

4-dimethylaminopyridine (DMAP) in anhydrous dimethylformamide (DMF) for 24 hrs.  The 

brushes were then rinsed thoroughly with DMF and methylene chloride.  The PDMS stamp 

pattern was wetted with a 25 mM solution of MeO–PEG50–NH2 in acetone by application 

with a Q-Tip. [Note: While the PDMS stamp can also be inked via spin coating of the 

reactant solution or other various application methods, it was found that the Q-tip application 
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method yielded the best results.]  The PDMS stamp was then brought into conformal contact 

with the wafer under an applied force of 1 kg/cm
2
 and was kept in contact until the interface 

was fully dry (≈10 min).  The stamp was then peeled off and the substrate was rinsed in 

acetone and methylene chloride and then immersed in a 25 mM solution of hexadecylamine 

in acetone in order to backfill the unreacted but activated regions of the substrate.  The wafer 

was then sonicated thoroughly for 15 min each in Milli-Q water, acetone, and methylene 

chloride in order to remove excess adsorbed reactants.  The wafer was then floated on a 

solution of citrate-capped gold nanoparticles (Ted Pella) for 24 hrs.  The substrate was then 

taken out of solution and rinsed and sonicated for 5 min each in Milli-Q water and methanol 

to remove loosely physisorbed particles.  The substrates were imaged by SEM and the 

density of AuNPs on the brush surface was quantified via image processing of the SEM 

images using image-J software. 

 

3.3.8  Reactive microcapillary patterning 

The PDMS stamp pattern was fabricated as has been previously described
71, 72

 and 

summarized above.  The particular PDMS pattern used for R-μCaP consisted of a series of 

parallel channels, where each channel sequentially increased in size from the exterior 

(30 μm) to the center of the pattern (850 μm).  Polymer brushes were activated as described 

above.  The pristine (non-plasma treated) PDMS channel pattern was then brought into 

contact with the wafer.  A needle connected to a vacuum line was punctured into a cavity at 
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the end of the pattern and the vacuum was then activated, enabling conformal contact of the 

stamp with the substrate without applied weight.  A reservoir of 100 μL of a 25 mM solution 

of MeO–PEG50–NH2 in water was then applied at the end of the stamp.  The apparatus was 

left for 4 hrs, during which time the vacuum assisted pulling of the reaction liquid into the 

channels and slow evaporation of water.  The stamp was then removed from the polymer 

brush substrate; the substrate was rinsed thoroughly with acetone and methylene chloride, 

and then immersed in a 25 mM solution of hexadecylamine in acetone in order to backfill the 

unreacted but activated regions of the substrate.  The wafer was then sonicated thoroughly 

for 15 min each in Milli-Q water, acetone, and methylene chloride in order to remove excess 

adsorbed reactants.  Finally, the wafer was floated on a solution of citrate-capped gold 

nanoparticles (Ted Pella) for 24 hrs.  The substrate was then taken out of solution and rinsed 

and sonicated for 5 min each in Milli-Q water and methanol to remove loosely physisorbed 

particles.  The substrates were imaged by SEM as described in Section 3.2, and the density of 

AuNPs on the brush surface was quantified via image processing of the SEM images using 

image-J software. 

 

3.4 Results and discussion 

3.4.1 Post-functionalization 

PHEMA brushes were synthesized on silicon wafers via the grafting from method utilizing 

atom transfer radical polymerization (ATRP).
73-75

  This synthesis of PHEMA followed the 
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route suggested by Robinson and coworkers.
76

  Details of the synthesis and associated 

characterization are provided in Section 2.3.
71-75, 77

  Specifically, the post-functionalization 

discussed herein was performed on PHEMA chains (MW ≈ 12–15 kDa) end-tethered at 

≈0.45 chains/nm
2
.  These characteristics result in a dry brush within the semidilute region.  

Polymer brush thus created is swellable by a low molecular weight medium.
78

  As shown 

previously, this synthetic scheme enabled the generation of linear (uncross-linked) PHEMA 

chains.
73-75

  This is important as the hydroxyl terminus in the pendant group of each 

monomer is available for subsequent chemical functionalization, described in detail below. 

To activate the brush, the substrate is immersed in a 100 mM solution of N,N′-

disuccinimidyl carbonate (DSC) and 4-(dimethylamino) pyridine (DMAP) in anhydrous 

dimethylformamide (DMF) for up to 24 hrs.  DMAP acts as a catalytic base, deprotonates the 

hydroxyl group, and makes it more reactive towards DSC.  The activated hydroxyl group 

then acts as a nucleophile and attacks the electrophilic carbonyl of DSC causing the 

formation of the activated succinimidyl group (cf. Figure 3.1).  The brush is then taken out of 

solution and rinsed thoroughly with anhydrous DMF and methylene chloride in order to 

remove unreacted DSC/DMAP.  This process allows the fabrication of a wide variety of 

surface functionalities without changing polymerization kinetics and enables incorporation of 

functionalities that are not tolerated by the polymerization process.
6
  Also, the two-step 

nature of the activation-coupling procedure is amenable to microcontact patterning 

techniques, such as reactive microcontact printing.  Due to the small size of the succinimidyl 
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carbonate group, only a modest increase in brush thickness is seen upon brush activation 

(Table 3.1, Entry 2).  This thickness increase is due to the increased steric constraints caused 

by the increased volume of side chain functional groups which cause an upward expansion of 

the individual chains to minimize steric repulsion.
1, 7

  The activation step was found to be 

relatively slow, requiring at least 7 hrs for completion (Appendix A.3).  XPS of the activated 

brush exhibits a nitrogen peak in the survey scan, providing qualitative confirmation of the 

conversion of a portion of the PHEMA hydroxyl side chain to the succinimidyl carbonyl 

activated side chain (cf. Figure 3.2).  Unfortunately, direct quantification of activation 

efficiency is difficult due to the inherent inaccuracy of integrating the relatively small 

nitrogen peak or deconvoluting the contribution of the carbonyl peak to the carbon 1s peak.  

Subsequent coupling of α-amino molecules (Table 3.1) implies that the maximum activation 

efficiency in the near surface region of the brush must be ≥90%. 

Coupling of α-amino molecules was achieved by immediately immersing the 

activated brush in a 0.010–100 mM solution of the reactant of choice for up to 24 hrs.  The 

various alpha amines grafted to PHEMEA is listed in Table 3.1.  After sonication and 

washing to desorb non-specifically bound reactants, the coupling of conjugate molecules 

resulted in an increase in brush thickness as measured by ellipsometry (Table 3.1, Entries 3-

6).  Furthermore, successful coupling was also demonstrated by a change in static water 

contact angle for conjugate molecules that were either more hydrophilic or hydrophobic than 

PHEMA (Table 3.1).  In particular, the coupling of hydrophilic conjugates, such as PEG50 
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caused a substantial decrease in water contact angle (Table 3.1, Entry 5), while the coupling 

of a hydrophobic conjugate, such as hexadecylamine, caused a substantial increase in water 

contact angle (Table 3.1, Entry 3).  In concert, the affinity of the surface to nanoparticle 

adsorption can be tuned.  Figure 3.3 shows the change in surface coverage of 30 nm citrate 

coated Au NPs on surfaces comprising various α-amino molecules coupled to PHEMA 

brushes.  Perflouro-functionalization created a surface that was completely repulsive to Au 

NP absorption.  PEG functionalized surfaces demonstrated a marked increase in Au NP 

absorption relative to unfunctionalized PHEMA or alkane functionalized PHEMA.  Higher 

molecular weight PEG showed greater affinity than lower molecular weight PEG.  For 

PEG50, reversible colorimetric detection of solvent vapor that swells the brush was observed 

due to the increase (decrease) in the mean Au NP spacing upon absorption (desorption) of the 

solvent, and associated hypsochromic (bathochromic) shifting of the collective plasmon 

resonance. 

The extent of post-functionalization in approximately the upper third of the brush (cf. 

Table 3.1) can be estimated using XPS either from the elemental composition, or in cases 

where elemental composition of the conjugate and PHEMA are very similar (as in PHEMA-

g-PEG), by deconvolution of the carbon 1s peak which reveals the relative amounts of C–C, 

C–O, and C=O bonds (cf. Figure 3.4).  For example, a fluorinated conjugate shows distinct 

nitrogen and fluorine peaks in the XPS survey scan (cf. Figure 3.2), reflecting the covalent 

attachment of this molecule to the brush.  Furthermore, Figure 3.4 compares the C1s peak for 
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the pristine PHEMA brush with the PHEMA grafted hexadecylamine (PHEMA-g-C16) and 

PHEMA grafted PEG50 (PHEMA-g-PEG50).  The expected proportions of C–C, C–O, and 

C=O (3:2:1) bonds are observed for PHEMA (Figure 3.4A). When a primary alkane 

molecule (hexadecylamine) is coupled, a large increase in the relative amount of the low 

binding energy peak (C–C) is seen (Figure 3.4B).  In contrast, when PEG50, containing a high 

density of ether linkages is coupled, a substantial increase in the proportion of peaks 

stemming from C–O bonds is noted (Figure 3.4C).  Note that a control experiment, in which 

pristine PHEMA brush is reacted directly with hexadecylamine without DSC activation, does 

not reveal substantial changes in thickness, contact angle, or elemental composition (Table 

3.1, Entry 7).  Similar results were seen in control experiments using the other reactants. 

Overall, these results demonstrate that DSC activation causes a specific reaction with 

primary amines and that the physical and elemental changes noted are not simply due to non-

specific adsorption of reactant molecules.  Finally, a variety of small peptides and other 

synthetic molecules have been coupled using the aforementioned procedure (Appendix A.3). 

Ellipsometry, XPS, and changes in physical properties, i.e., water contact angle, 

confirm the applicability of DSC activation for coupling α-amino molecules to PHEMA.  

Unfortunately, only limited understanding with regard to the final distribution of pendants 

along the chain axis is currently available.  Attenuated total reflectance-FTIR confirmed the 

formation of succinimide and amide groups during the post-functionalization.  However, due 

to the thin brush (<20 nm) and resultant poor signal-to-noise, the compositional analysis of 
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the brush was less reliable than the analysis obtained by XPS.  Attempts at depth profiling 

with XPS led to inconclusive results; this was attributed to the different etching rates of the 

elements artificially enriching compositions of the slower etching species.  Variable take-off 

angle XPS was also found challenging due to the different mean-free path lengths of the 1s 

electrons.  Previous studies have also cautioned independent use of these approaches, 

especially since conformation of brushes in dry state (ala vacuum) differs from that in 

solution (reaction)
54

.  Future studies using X-ray and neutron reflectivity, as well as near 

edge X-ray absorption fine structure (NEXAFS) is necessary to elucidate the compositional 

variation along the brush axis.  However, an estimate of the brush composition profile can 

then be derived by assuming that the extent of functionalization is high close to the tip of the 

brush and will decrease toward the base of the brush (close to the substrate), and that the dry 

thickness of the brush provides an overall measure of the total volume addition of functional 

units.  Figure 3.5 depicts the relative size of the brush, chain−chain spacing, and the post-

functional oligomers based on analysis of the dry brush thickness and surface composition 

(see Appendix A.3).  From our data, we estimate that approximately 15% of PHEMA 

monomers are activated by the DSC with the vast majority residing near the tip of the brush.  

As discussed in Section 3.2, brush density is ≈0.4 chains/nm
2
 with M ≈ 18,000 g/mol (N ≈ 

130−140 monomers).  Thus, approximately 20−25 of the monomers near the chain terminus 

are activated by the DSC.  The increase of the dry brush volume indicates that on average 

12−13 PEG20 and 2−3 PEG50 moieties are coupled covalently in the subsequent step, 
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resulting in a tethered brush that exhibits an effective composition profile reminiscent of a 

block-copolymer.  Therefore, swellability is expected to reflect this composition profile; for 

example the difference in aqueous solubility of PEG and PHEMA implies that the terminal 

PEG-rich portion of the brush will swell to a greater extent than the internal PHEMA 

dominated portion of the brush.  However, the statistical nature of the post-polymerization 

functionalization approach implies the distribution of the chain architecture and composition 

is greater than derived from living polymerization approaches.  Nevertheless, the branched 

architecture of the terminal end of the PEG-PHEMA conjugates residing on top of a linear 

brush backbone contrasts prior experimental
6
 and theoretical

79
 studies of linear and block-

copolymer brushes, potentially affording opportunities for novel  functionality (i.e., faster 

and enhanced reversibility due to variation of the solvent quality). 

Minimizing reactant concentration and reaction time, as well as, expanding potential 

reaction media are critical to optimizing the amination reaction for patterning applications.  A 

substantial advantage of the DSC activation reaction is the purported stability of the activated 

group to water, making it amenable to coupling α-amines in water, thus enabling conjugation 

of biological molecules.
39-42

  Nevertheless, many potential reactants have greater solubility in 

other media. In order to ascertain the effect of solvent on coupling efficiency, MeO–PEG20–

NH2 was reacted with an activated brush in three different solvents (chloroform, acetone, and 

50 mM phosphate buffered saline (PBS).  Coupling in acetone yields the largest increase in 

brush thickness, while chloroform and PBS buffer show similar brush thicknesses by 
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ellipsometry (Table 3.2).  The greater coupling efficiency measured by XPS (Table 3.2) from 

coupling in acetone (≈89%) versus chloroform and PBS (≈80%) could be due to the greater 

solubility of PEG in acetone, which yields a looser polymer coil with greater accessibility of 

the amine terminus for the coupling reaction.  However, we do not find deleterious effects on 

the reaction from using any particular solvent, rather finding the optimal solvent for each set 

of reactions entails optimizing the solubility of the reactant. 

Paralleling the toleration of a range of reaction media, the surface amination reaction 

is also seen to be insensitive to reactant concentration and time (Appendix A.3).  For 

example, coupling of hexadecylamine in acetone for 24 h was effectively invariant in the 

concentration range of 10–50 mM, potentially decreasing slightly for low μM concentrations, 

as revealed by a minute decrease in brush thickness (ellipsometry).  For 25 mM solutions of 

hexadecylamine in acetone, increase in brush thickness demonstrated substantial reaction 

progress in only 2 min with a plateau reached at 15 min.  The water contact angle indicated a 

complete change to the equilibrium value in 2 min.  This rapid change of surface properties 

suggests a reaction mechanism, by which surface groups react quickly and internal brush 

functionalities react more slowly due to the need for reactants to diffuse into the dense brush 

layer.  Such diffusional limitation of polymer brush side-chain reactivity has been noted in 

other studies
20

.  Multivariable optimization of concentration and contact time provides a wide 

range of processing conditions amenable for reactive contact printing (locally high reactive 

ink concentration and short contact time). 
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3.4.2 PHEMA-g-PEG Interactions with Au-NPs  

In this study, Au-NP adsorption from water onto PEG−PHEMA conjugated brushes were 

functionalized with amine-terminated PEG of 20 (PEG20) and 50 (PEG50) repeat units were 

evaluated using either citrate-capped Au-NPs (30−100 nm) or mercaptopropanesulfonate 

(MPS) functionalized Au-NPs made via a ligand exchange with aforementioned citrate-

capped Au-NPs.
69

  Figure 3.5 summarizes the relative size difference between these Au NPs 

and the structural characteristics of the dry brush. Note that after substrate incubation in the 

Au-NP solution, thorough rinsing is necessary to remove weakly physisorbed NPs so as to 

leave only those NPs bound by specific brush−NP interactions (cf. Section 3.3).  For all 

results presented, the final density of absorbed NPs did not increase with further incubation 

time or increase of the concentration of NPs within the incubation solution, indicating that 

the values measured and discussed reflect quasi-static equilibrium (Experimental Details).  

Using the PHEMA-g-PEG surfaces, the impact of NP surface chemistry, NP size, and MW 

of the PEG graft on the surface density of bound NPs is considered.  With these insights into 

the characteristics determining the strength of NP−brush interactions, surfaces that retain NP 

coverage but exhibit reversible swelling, as well as those that reversibly capture and release 

NPs, are demonstrated. 

Prior studies demonstrated that adsorption of citrate-capped Au-NPs depended on the 

type of functionalization of PHEMA brush: 1H,1H-perfluorooctylamine-modified brushes 
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repelled the citrate-capped Au-NPs, whereas PEG-ylated surfaces adsorbed particles (30 nm 

in diameter) up to densities of 130 NPs/μm
2
.  Relative to PEG20, PEG50 showed the highest 

Au-NP uptake, consistent with prior observations that higher MW PEG chains stabilize gold 

colloids more effectively in solution. In contrast, adsorption from water of MPS-capped Au-

NP is substantially weaker.  Figure 3.6 compares the surface microstructure and XPS spectra 

(centering on the Au 4f region) from PHEMA-g-PEG50 surfaces incubated with citrate-

capped and MPS-capped Au-NPs.  Observations using scanning electron microscopy (SEM) 

reveal that even the PEG-modified PHEMA brushes were completely ineffective at 

adsorbing MPS-capped Au-NPs.  The absence of the Au 4f feature in XPS confirms the SEM 

observations.  Similar behavior is seen for PHEMA-g-PEG20. 

This observation demonstrates succinctly that Au-NP absorption from water is not 

simply reflective of the relative hydrophilicity and hydrophobicity of the surface.  The 

specific interactions between solvent, brush, and particle are all critical.  Both citrate and 

MPS-capped NPs are stabilized electrostatically and are surrounded by hydrated cations.  To 

the first order, the difference between these NP surfaces is that the citrate molecules are only 

adsorbed, whereas the MPS ligand is bound covalently to the Au-NP surface.  One 

interpretation is that the PEG grafts displace the citrate molecules thus creating a 

multidentate interaction with the Au surface.  Furthermore, the gain in translational freedom 

of the displaced citrate molecules increases the entropic contribution to the change of the 

chemical potential of adsorption.  This is consistent with prior studies that attribute the ability 
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of PEG to stabilize gold colloids due to the strong bonding between gold surface atoms and 

the pseudocrown ether structures formed by PEG
52, 80-84

.  In contrast, the MPS cannot be 

displaced and thus interactions take place via chelation of equivalent cations in the 

surrounding hydration sphere. Initial studies to be reported later are consistent with the 

MPS−PEG interactions being sensitive to pH and electrolyte content. 

Since surface adsorption involves a competition between solution stability and 

surface binding strength per particle, the NP particle size as well as characteristics of the 

brush that determine possible penetrability of the NP into the brush (e.g., MW and ) will 

influence the number of NPs on a surface.
85

  To this end, Figure 3.7 summarizes the relative 

amount of Au (XPS Au 4f) on a PHEMA-g-PEG50 surface after incubation with solutions of 

citrate-capped Au-NPs with diameters ranging from 5 to 200 nm.  SEM observations of total 

number density and fraction of surface areas covered provide similar trends to the XPS. 

In general, smaller NPs are adsorbed preferentially relative to larger particles from 

solutions containing the same volume fraction of Au.  For instance, on the PEG50 surfaces, a 

surface coverage of ≈33% was measured with 10 nm particles, while surface coverage of 200 

nm particles was <2%.  Similar behavior was observed for PEG20 substrates, but with overall 

lower affinity as previously mentioned (10 nm: PEG20 surface ≈22% coverage; PEG50 

surface ≈33% coverage).  On the basis of the empirical relation between molecular weight 

and radius of gyration, Rg, developed by Kawaguchi,
86

 Rg is approximately 0.97 and 1.64 nm 

for PEG20 and PEG50, respectively. In both cases, cooperativity between adjacent PEG grafts 
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is necessary to cover even a fraction of the surface area of a small NP (surface area, Σ10nm = 

523 nm
2
).  Given a finite penetrability of the NP into the brush, the relative contact area per 

NP with the surface decreases with increasing the NP diameter.  This behavior is consistent 

with observations previously seen regarding NP size and brush penetration by Bhat et al.,
54, 55

 

where it was shown that smaller particles could penetrate into the brush underlayer while 

large particles remained on the outer surface of the brush.  This leads to an effective higher 

density of small particles on the polymer brush as they can access both the brush interior and 

surface, while large particles can only interact with chelating groups on the outer surface of 

the brush. 

As for the impact of PEG MW, the reduced Au-NP surface coverage for the lower 

MW PEG20-grafted brushes is a reflection of the brush structure.  Owing to steric limitations 

of the post-functionalization process, the PEG content is greater for PEG20- than PEG50-

modified brushes, as indicated by the change in brush thickness (Δt) after grafting (PEG20: Δt 

≈ 9 nm; PEG50: Δt ≈ 6 nm, Table 3.1).  Thus if PEG content was the only factor, PHEMA-g-

PEG20 brushes should exhibit higher Au-NP density.  Alternatively, the lower grafting 

density of PEG50 is consistent with greater surface flexibility and potential for extended 

chelation afforded by a less dense arrangement of longer grafts.  This would then increase the 

binding between an Au-NP and the brush. 

To extend the single NP absorption observations, competitive absorption from 

aqueous solutions containing ternary NP mixtures of citrate-capped Au-NPs of varying size 
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(30−50−80 nm and 30−50−100 nm) are summarized in Figure 3.8 for PHEMA-g-PEG50 and 

PHEMA-g-PEG20 surfaces.  Here the Au-NP mixtures were created in proportions that gave 

equal surface area (ESA) or equal particle number density (EPN) among the NPs of different 

sizes. For ESA, the relative number density, n, between NPs i and j with radii ri and rj, 

respectively, is nj/ni = (ri/rj)
2
.  ESA implies that each constituent has a similar total interfacial 

area capable of interacting with the brush, but a different number density in solution.  In 

contrast, equating the total EPN implies there is a greater total surface area, Σ, for the smaller 

particles, where Σi/Σj = (ri/rj)
2
. 

Consistent with the aforementioned observations, smaller NPs exhibited strong 

preferential absorption for a given surface functionality (PHEMA-g-PEG20 or PHEMA-g-

PEG50), irrespective of the ternary mixture composition (ESA vs EPN).  Also, the absolute 

number of larger particles was greater for the ternary mixture based on EPN density.  This 

indicates that the absorption process for NPs of this size range (30−100 nm) is determined by 

diffusively driven encounters between the NPs and the surface.  The probability of NP 

absorption depends on the accessibility of the brush binding sites (greater for smaller 

particles), which, in turn, governs the number of collisions between NPs and the surface.  

This trend indicates that the binding energy per particle between PHEMA-g-PEG and citrate-

capped Au-NPs is substantially greater than kT at room temperature.  When comparing the 

length of the PEG graft, the role of surface area per NP on relative extent of absorption 

becomes apparent as noted above.  For example, the PHEMA-g-PEG50 substrate had almost 
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twice the percentage of the 80 nm particles relative to the PHEMA-g-PEG20 substrate (Figure 

3.8a).  A similar trend can be noted in the 30−50−100 nm ternary particle mixture (Figure 

3.8b). 

In brief, the above studies revealed that both size and surface chemistry of the Au-

NPs play a crucial role in determining their uptake characteristics to PEG-functionalized 

PHEMA brushes.  Smaller particles are adsorbed preferentially when presented at equal 

volume fractions.  Furthermore, the MW of the graft impacts the specific size affinity in that 

longer brushes are capable of capturing a larger number of NPs.  These guidelines enable the 

design of brushes with sufficiently strong binding to exhibit reversible swelling in solvent 

vapor or with relatively weak interactions to exhibit size-dependent, thermal reversible 

capture and release of NPs. 

 

3.4.3 Strong NP-Brush Interactions: Reversible Swelling  

When polymer brushes are exposed to a good solvent they extend from an ideal 

Gaussian coil into a stretched confirmation.  If Au-NPs are strongly attached at high density 

to those brushes, the increase of the interparticle distances will disrupt the collective surface 

plasmon (localized surface plasmon resonance, LSPR) of the Au-NPs and substantially alter 

absorbance properties of the film.  However, if the particles do not respond with the brush, 

and only the refractive index of the surrounding media is altered, the absorbance properties 
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arising from the surface plasmon will merely shift a few nanometers.
68

  Figure 3.9a shows 

the color of a PHEMA-g-PEG50 brush (on glass) with a high surface coverage (130 μm
−2

)
87

 

of 30 nm citrate-capped Au-NPs (i.e., Figure 3.7d).  In the dry state, the particles are 

aggregated and interacting with each other thus creating a low energy, collective surface 

plasmon.  The transmitted light gives a purplish color to the film due to the red-shifted 

absorbance.  When the brush is swollen, such as by a water drop, the interparticle distance is 

increased, and the plasmon coupling between Au-NPs is weakened, which leads to a blue-

shift in the adsorption.
88

  For example a 1 μL drop of methanol will change the transmitted 

color from purple to pink (Figure 3.9b).  As the methanol evaporates (15 s), the transmitted 

color shifts back to purple.  This process is repeatable over at least tens of cycles without 

degradation of the color intensity or rate of color change.  Tentative exploratory studies show 

that the extent of the color change and the process reversibility depend on the stability of the 

Au-NP−brush hybrid, and the solvent quality with respect to PHEMA and PHEMA-g-PEG.  

Polar solvents, such as methanol, give excellent response whereas alkanes do not alter the 

film color.  This behavior is easy to reconcile because methanol is a good solvent for both the 

NPs and PHEMA-g-PEG while the swelling of PHEMA-g-PEG brushes with alkanes is 

problematic. 
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3.4.4 Weak NP-Brush Interactions: Thermo-reversible Capture and Release  

As mentioned above, smaller NPs absorb preferentially to the PEG-grafted PHEMA brushes.  

Furthermore, brushes with lower MW grafted PEG chains exhibit lower densities of Au-NPs 

on the surfaces.  Beyond affecting adsorption characteristics, these factors will also play a 

role in the strength of the particle-brush interaction as evidenced in desorption phenomena.  

Figure 3.10 summarizes the change in density of 30 nm citrate-capped Au-NPs on PHEMA-

g-PEG20 substrates after a thermal anneal at 85°C in water.  Substantial desorption was seen 

to occur after 10 min of heating, and complete desorption was seen in all cases after 60 min.  

When the surfaces were reincubated with a fresh solution of Au-NPs, readsorption was 

nearly 100% effective.  This process was highly reversible over many cycles with little or no 

degradation of the brushes.  In contrast, complete desorption of the 30 nm Au-NPs from 

PHEMA-PEG50 surfaces was not achieved even after several hours of heating at 85°C.  

Recall these surfaces showed a higher density of absorbed Au-NPs. 

These results further suggest that the interaction strength of the Au-NPs with the 

PHEMA-g-PEG50 substrates is much stronger than that of comparable size Au-NPs with the 

PHEMA-g-PEG20 substrates.  Either reduced penetrability associated with a higher graft 

density or shorter multidentate chelation per graft reduces the effective binding strength per 

particle such that thermal energy is sufficient to favor desorption at 85°C.  The PHEMA-g-

PEG50 surfaces required heating to the point of decomposition in order to release their 

strongly bound Au-NPs.  The lower critical solution temperature (LCST) behavior of the 
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PHEMA-g-PEG brush may also be argued to contribute to this behavior.  PHEMA is a 

thermoresponsive polymer showing a cloud point at ≈20−40°C.
89

  Coupling of PEG to the 

side chains of PHEMA increases the hydrophilicity of the brush and is likely to raise the 

local LCST.  However as seen for poly(N-isopropyl acrylamide) (PNIPAM), surface 

confinement, chain length, and grafting alter the LCST in complex ways.
90-93

  Since the 

observed NP release from PHEMA-g-PEG surfaces was not rapid, we do not believe an 

underlying first-order transition of the brush, such as a LCST, is dominating the 

aforementioned behavior. 

Given that desorption qualitatively reflects absorption affinity, size-selectivity seen in 

Au-NP adsorption would be mirrored in desorption behavior.  Following the mixed size 

absorption studies discussed above, Figure 3.11 summarizes the decrease in Au-NP density 

after successively more stringent desorption treatments for a ternary mixture of 30−50−100 

nm particles on PHEMA-g-PEG20 and PHEMA-g-PEG50 surfaces.  Similar trends are 

observed for 30−50−80 nm ternary mixtures.  Note that in this experiment, the temperature 

was held constant at 85°C while the heating time was varied.  These contrasts with other 

desorption studies where surfaces are exposed to a steadily increasing temperature profile.  

Constant temperature desorption implies that rather than the particular temperature at any one 

time the total energy input into the system point is being varied.  This process is widely 

utilized by the drug delivery community, as changes of in vivo temperature are limited, and 
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release kinetics at physiological temperature is of utmost importance for pharmacokinetic 

properties.
94, 95

 

In general, the largest NPs desorbed with the least total added energy, followed by 

medium sized particles, and finally the small particles, which were extremely difficult to 

desorb completely, particularly from the PHEMA-g-PEG50 substrates.  To desorb a 

substantial percentage of the 30 nm particles, the PHEMA-g-PEG50 substrates had to be 

heated for long time periods (up to 6−8 hrs) incurring substrate damage, after which 

reincubation with a fresh NP mixture was unsuccessful.  Similar behavior was also noted on 

the adsorption and desorption of pure solutions of 30 nm particles. In contrast, the PHEMA-

g-PEG20 substrates showed a high degree of particle desorption after 60 min of heating.  

When these substrates were reincubated with fresh particle mixtures, nearly full recovery of 

small particle adsorption was detected, but adsorption of larger particles was suppressed to 

lower levels relative to the original incubation.  This may involve surface rearrangements of 

the polymer chains after heating that disrupts binding of larger particles which are thought to 

be very sensitive to the surface configuration. 

Overall, these ternary mixtures emphasize that each NP-brush interaction is 

independent, and thus a common substrate can capitalize on the difference in binding 

strength with regard to NP size to provide size-selective absorption and desorption.  The 

larger the particle, the smaller the percentage of the particle’s surface, in which a given 
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number of PEG side-chains attached to PHEMA brushes can interact, thus limiting the total 

binding strength of such particles. 

 

3.4.5 Reactive microcontact printing 

The rapid reaction of the activated PHEMA brushes and insensitivity to reactant 

concentration imply that this process is amenable to ―reactive‖ microcontact printing (R-

μCP).  Typically, μCP is performed on bare, inorganic surfaces for the formation of patterned 

SAMs.  Patterns on a surface are formed via the deposition of material from an inked stamp, 

followed by the formation of covalent linkages with the surface via extremely efficient 

reactions, such as, gold–thiol or siloxane bond formation.
96, 97

  There have been far fewer 

examples of R-μCP on organically-derivatized SAMs in the literature, compared to 

conventional μCP.
98-103

  An early example by Whitesides involved the printing of polymer 

chains onto a carboxylic anhydride activated substrate.
96, 97

  Recently, Huck et al. reported 

catalyst-free R-μCP of N-protected amino acids onto amino-functionalized SAMs and 

Reinhoudt et al. reported catalyst-free click reactions via R-μCP.
98, 101

  Very recently there 

has been interest in the extension of R-μCP from SAMs to polymer thin films.
104-110

  In 

general, these approaches have focused on cell-growth applications. 

The aforementioned ―activate and couple‖ process was utilized to enable R-μCP of 

organic molecules onto activated polymer brushes as detailed below and described 
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schematically in Figure 3.12.  As a specific example, the PHEMA brush was activated as 

described above (cf. Figure 3.12, step 1).  A PDMS stamp pattern was then wetted with a 25 

mM solution of MeO–PEG50–NH2 and then brought into conformal contact with the wafer 

(cf. Figure 3.12, step 2).  The stamp was then peeled off, the substrate rinsed, and then 

immersed in a solution of hexadecylamine to backfill the unreacted but activated regions of 

the substrate (cf. Figure 3.12, step 3).  The C16–PEG50 compositional pattern results in a 

surface energy pattern; PEG regions are hydrophilic, while hexadecylamine regions are 

hydrophobic.  Due to the refractive index differential between the alkylated and PEG-ylated 

portions of the polymer brush, the surface pattern could be visualized under an optical 

microscope (Appendix A.3). 

As noted previously the PEG functionalized brushes have a high affinity for citrate-

capped gold nanoparticles (Au NP) while alkane-functionalized brushes have a low affinity 

for such nanoparticles.  Thus the surface energy pattern can be ―developed‖ by immersing 

the substrate in an AuNP solution.  Figure 3.13 shows selective absorption of 30 nm citrate-

capped AuNPs in the PHEMA-g-PEG50 regions after exposure for 24 hrs.  Loosely 

physisorbed particles were removed by sonication for 5 min in Milli-Q water and methanol. 

In general the average particle density in the PHEMA-g-PEG50 regions (AuNP rich regions) 

was ≈160 particles/μm
2
 (aerial coverage ≈ 10–15%).  This is slightly higher than the 130 

particles/μm
2
 seen on homogeneous PHEMA-g-PEG50.  In the PHEMA-g-C16 regions (AuNP 

poor regions), ≈25 particles/μm
2
 were observed; significantly higher than the values seen on 
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homogeneous PHEMA-g-C16 surfaces (≈1 particle/μm
2
).  It is currently unclear why the 

R-μCP process may lead to higher nanoparticle densities than those seen on homogeneously 

reacted surfaces.  However, there is literature precedent that reactions performed via R-μCP 

show enhanced yields due to the close proximity of reactants provided by the μCP 

geometry.
54

  This could result in higher levels of coupled PEG50 and corresponding affinity 

for AuNPs.  The presence of the AuNPs on the PHEMA-g-C16 regions may reflect 

unintentional deposition of PEG50 moieties prior to C16 grafting, such as via the recessed 

regions of the stamp, or more likely via transfer during the bulk rinse step intermediate 

between the PEG50 and C16 grafting reactions.  As noted above, the coupling between α-

amines and succinimide is highly efficient, occurring at very low concentrations of the α-

amine reactant.  Despite these unresolved issues, due to the tolerance of the post-

functionalization chemistry to a wide variety of reactants, it is conceptually possible to create 

a large diversity of patterned surfaces. In practice, however, we find that the inking of stamps 

with different molecules must be individually optimized with regard to solvent and reactant 

concentrations in order to ensure complete and uniform coverage of the stamp. 

 

3.4.6 Reactive microcapillary patterning 

The ―activate and couple‖ post-functionalization approach also enables patterning via local 

confinement of reactants in channels.  This ―reactive‖ microcapillary patterning (R-μCaP) is 

conceptually similar to micromolding in capillaries (MIMIC)
111-113

, but instead of the 
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capillary solution cross-linking on top of the substrate, it reacts with the substrate.  In our 

case, R-μCaP is anticipated to enable deeper penetration of reactants into the interior of the 

brush relative to R-μCP, due to the presence of reactants in the solvated versus dry state.  

That is the architecture of the post-functionalized brush will be different, brushes patterned 

throughout their chain length (R-μCaP) versus at the air–brush interface (R-μCP). 

The R-μCaP process, shown schematically in Figure 3.14, was performed as follows.  

The PHEMA brush was activated as described previously (cf. Figure 3.14, step 1).  The 

channel patterned PDMS stamp was then brought into contact with the wafer, and vacuum 

was applied via a cavity at the end of the pattern (cf. Figure 3.14, step 2).  This vacuum-

assisted technique
114

 avoids the complexity of a dynamically changing stamp surface that 

results from surface-plasma treatment of PDMS to increase hydrophilicity to enable capillary 

uptake of water
77

.  A reservoir of an MeO–PEG50–NH2 solution in water was applied at the 

end of the stamp pattern (cf. Figure 3.14, step 3).  After the PEG50 solution had fully 

percolated the channels and the solvent had evaporated (cf. Figure 3.14, step 4), the stamp 

was then removed from the substrate and the substrate rinsed and then immersed in a solution 

of hexadecylamine to backfill the unreacted but activated regions of the substrate (cf. Figure 

3.14, step 5).  As before the surface energy pattern was ―developed‖ by exposure of the 

substrate to an Au NP solution and the substrate imaged by scanning electron microscopy (cf. 

Figure 3.15).  Good pattern fidelity on the micron scale was achieved in the smaller channels, 

but larger channels exhibited surfaces reflective of dewetting along the width of the channel.  
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The average particle density in the PHEMA-g-PEG50 regions (AuNP rich regions) was ≈120 

particles/μm
2
, in very close agreement with the aforementioned homogeneous PHEMA-g-

PEG50 surfaces (≈130 particles/μm
2
).  The average particle density in the PHEMA-g-C16 

regions (AuNP poor regions) was ≈6 particles/μm
2
, substantially closer to the values 

observed on homogeneous PHEMA-g-C16 surfaces (≈1 particle/μm
2
) than observed for 

R-μCP.  Dewetting of large channels and the imprecise edge definition are due to several 

factors including surface energy mismatch between the stamp and the underlying brush and 

non-uniform swelling of the brush which can be addressed by process optimization. 

 

3.5 Conclusions 

A highly versatile and efficient method of polymer brush functionalization has been 

developed by exploiting the specificity and water tolerance of DSC-mediated coupling for 

side chain derivatization of PHEMA hydroxyl groups.  This ―activate and couple‖ technique 

has allowed attaching a variety of synthetic molecules in order to effectively tailor the 

surface properties of the polymer brush.  Furthermore, it has been demonstrated that this 

coupling reaction can be performed at short reaction times (<10 min), low solution 

concentrations (μM) and in various solvents, including buffer.  The speed and precision of 

this functionalization chemistry allow the fabrication of patterned brush surfaces via 

―reactive‖ soft lithography such as R-μCaP or R-μCP.  The exposure of these patterned brush 

surfaces to nanoparticle solutions results in replication of the surface energy pattern (based 
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on differential binding affinity) with high fidelity at the micron scale.  This represents a facile 

method to create hierarchically patterned hybrid polymer-nanoparticle surfaces, useful for a 

range of sensing applications that capitalize on the distance dependent plasmonic 

characteristics of gold nanoparticle arrays. 

Although both patterning techniques discussed require further optimization to reach 

the pattern-edge fidelities seen in soft lithography on SAMs, the ―activate and couple‖ 

methodology to post-functionalized polymer brushes is clearly a viable technique to create 

surface energy and nanoparticle density patterns on robust polymeric surfaces.  Additionally, 

the biocompatibility of succinimide coupling enables the extension of both R-μCP and 

R-μCaP approaches to a wide variety of biomolecules, including peptides, proteins and 

enzymes.  Establishing a detailed picture of correlation between reaction conditions, reactant 

size and the distribution of side-chain functionalities along the depth of the brush is a 

necessary follow-on to enable fabrication of surfaces that fully capitalize on the specificity 

afforded by biomacromolecules.  In general, optimization of ―activate and couple‖ 

methodology with reactive micro-printing processes will enable the fabrication of 

sophisticated multifunctional surfaces. 

In addition, polymer brush post-functionalization enables the creation of a wide 

variety of polymer brush/Au-NP hybrids from a common brush precursor.  Activation of 

PHEMA hydroxyl side chains by N,N′-disuccinimidyl carbonate (DSC), and subsequent 

coupling of primary amines, allows for the fabrication of a wide variety of surface 
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functionalities without altering polymerization kinetics.  This variation of the surface 

properties of the polymer brush enables the tailoring of analyte adsorption, i.e., citrate-

capped Au-NPs.  By changing the MW of the PEG graft attached to PHEMA backbone, the 

interaction strength per NP could be tuned to yield substrates in which the brush−NP hybrid 

exhibits reversible swelling in good solvents, as well as substrates in which size-dependent, 

reversible absorption−desorption cycles of NPs could be thermally activated.  Tailoring the 

brush, however, one must specifically consider the nature of the NP surface, not simply the 

solubility of the NP.  Although forming electrostatically stabilized aqueous colloids, MPS-

coated Au-NPs do not exhibit the rich diversity of absorption phenomena with PHEMA-g-

PEG as do citrate-stabilized Au-NPs. 

For the citrate-stabilized Au-NPs/PHEMA-g-PEG system, the diversity of absorption 

phenomena arises from five factors: (1) the noncovalent interactions between citrate and Au-

NPs, (2) the high affinity of PEG to Au surface, (3) the multidentate interaction motif of 

PEG, (4) the density of PEG grafts, and (5) the size of the NP which governs the number of 

adsorption sites between the brush and the NP.  The first two factors account for the general 

absorption of Au-NPs to the PHEMA-g-PEG brush.  The next two factors modulate the 

interaction strength per NP.  Higher MW PEG grafts have, on average, more chelation sites 

available capable of interacting with the Au-NPs.  This leads to higher average Au-NP 

densities and more sluggish Au-NP desorption.  Finally, the size, and to a lesser extent the 

density of PEG grafts, determine the interaction strength per particle and thus the probability 
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that the NP will desorb due to thermal excitation.  As the surface area of interaction is 

diminished, the energetics of surface binding will become less favorable relative to solvation. 

In summary, a single conceptual platform that enables the tuning of NP−surface 

interactions affords a wide range of technological opportunities.  Colorimetric sensors based 

on modulation of the localized surface plasmon resonance can be realized by creating strong 

NP−brush interactions.  Harnessing weak NP−surface interactions that depend on NP size 

provides size-selective capture and release.  Such dynamic control of adsorption affinity and 

size-selectivity will find use in microfluidic devices, laboratory-on-the-chip, and 

chromatographic applications, such as efficient separation media for size-sorting, separation, 

and purification of monodispersed particles from a polydisperse starting solution.  The 

extension of this approach to dynamic control of biomolecule adsorption affinity possesses 

larger ranging implications on the biosensing field and is currently under investigation. 
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Table  3.1  Post-functionalization of PHEMA Brushes with Various Conjugates
a
 

 Thickness
b
 

(nm) 

c
 

(deg) 

Composition
d
 100% 

Coupling 

Composition
e
 

Coupling 

Efficiency
f
 

(%) 

PHEMA 14.8 ± 0.1 58 ± 2 68% C, 32% O 67%C, 33%O N/A 

DSC-PHEMA 17.2 ± 0.3 65 ± 2 62% C, 35% 

O, 3% N 

58%C, 37%O, 

5%N 

≈90
g
 

PHEMA-g-C16 22.4±0.2 99 ± 1  81% C, 16% 

O, 3% N  

82% C, 14% 

O, 4% N 

87 ± 11 

PHEMA-g-PEG20 23.8 ± 0.3 43 ± 1 67% C, 31% 

O, 2% N 

66%C, 32%O, 

2%N 

79 ± 5 

PHEMA-g-PEG50 20.8 ± 0.3 38 ± 1 65% C, 34% 

O, 1% N 

66%C, 33%O, 

1%N 

43 ± 6 

PHEMA-g-C8F15 20.7 ± 0.2 110 ± 1 47% C, 18% 

O, 3% N, 32% 

F 

43% C, 11% 

O, 3% N, 

43% F 

59 ± 6 

PEG control
h
 no 

activation 

14.6 ± 0.3 60 ± 1 66% C, 34% O 67% C, 33% 

O 

     - 

 

a 
All reactions in table performed on the same PHEMA brush substrate. 

b 
Thickness measured by ellipsometry. 

c
 Water contact angle. 

d
 Elemental composition measured by XPS. 

e
 Expected elemental composition at 100% coupling efficiency. 

f
 As estimated from XPS data by carbon 1s peak deconvolution. 

g
 Estimated maximum activation efficiency based on coupling data. 

h
 Unactivated brush was exposed to reactant solution for 24 h. 

http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn8
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn1
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn2
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn3
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn4
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn5
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn6
http://pubs.acs.org.www.lib.ncsu.edu:2048/doi/full/10.1021/nn800822c?prevSearch=%255Bauthor%253A%2BArifuzzaman%255D&searchHistoryKey=#tbl1-fn7
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Table 3.2  Effect of Solvent on Extent of Amination Reaction 

 

 Solvent 
Thickness

a
  

(nm) 
Coupling Efficiency

b
 

PHEMA - 15.0  0.2 - 

PHEMA-g-PEG20 Acetone 26.2  0.3 89  6 

PHEMA-g-PEG20 Chloroform 24.0  0.2 80  5 

PHEMA-g-PEG20 PBS Buffer 22.9  0.2 79  8 

 

a 
Thickness measured by ellipsometry. 

b
 As estimated from XPS data by carbon 1s peak deconvolution, see experimental 

section for full details. 
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Figure  3.1 Post-functionalization of poly(2-hydroxyethyl methacrylate) (PHEMA) side 

chain using N,N=-disuccinimidyl carbonate (0.1 M DSC in DMF with 0.1 M 

dimethylaminopyridine (DMAP)) activation and subsequent amination of the PHEMA-

succinimide (DSC-PHEMA) with an amine-terminal conjugate (25 mM H2N-R), where R 

is chosen from PEG20, PEG50, C16, or C8F15. 
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Figure 3.2  XPS survey scans of pristine PHEMA brush, activated brush, and fluorinated 

conjugate. 
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Figure 3.3  Relative affinity of post-functionalized PHEMA brushes to adsorption of 30 

nm citrate-capped Au nanoparticles. (a) PHEMA-g-PEG50 (130 ± 15 NP/µm
2
); (b) 

PHEMA-g-PEG20 (41 ± 6.8 NP/µm
2
); (c) PHEMA-g-C16 (0.8 ± 0.2 NP/µm

2
); (d) 

PHEMA-g-C8F15      (0 NP/µm
2
); (e) pristine PHEMA (3.2 ± 1.8 NP/µm

2
). 
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Figure 3.4  Deconvoluted carbon 1s peak of pristine PHEMA brush (A), hexadecane 

conjugate (B) and PEG50 conjugate (C). 
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Figure 3.5  (a) Depiction of the relative size of the brush and spacing between chains 

based on analysis of the dry brush thickness and surface composition. Chain density is 

~0.4 chains/nm
2
 (mean chain spacing, a =1.58 nm) with M ≈ 18000 g/mol (N ≈ 130-140 

monomers).  On average there are six and four monomers per chain at the surface of the 

dry PHEMA (blue dots) and PHEMA-DSC brush (green dots), respectively. 

Approximately   20-25 of the monomers near the chain terminus is activated by the DSC. 

The increase of the dry brush volume indicates that on average 12-13 PEG20 and 2-3 

PEG50 are covalently coupled to the brush. (b) Depiction of the relative size of the 

PHEMA-PEG20 dry brush and Au NPs considered (30-100 nm). All distances are scaled 

by the average chain spacing, a. 



115 

 

 

Figure 3.6  Scanning electron micrographs (a and b) and (c) high-resolution XPS scan 

(Au 4f peak) of PHEMA-g-PEG50 surfaces incubated with 30 nm citrate-capped (a, c, 

red) and MPS-capped (b, c, blue) Au-NPs. Both surfaces were incubated with the 

respective particle solutions for 24 h and subjected to the same washing and sonication 

procedures. As can be clearly seen, no Au-NPs can be detected in image b, for the brush 

surface exposed to the MPS-capped Au-NPs. 
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Figure 3.7  (a) The ratio of the Au-to-C total peak counts from XPS demonstrating a 

decrease in citrate-capped Au-NP absorption with increasing NP size for PEG20 (black 

line, squares) and PEG50 (red line, circles) grafted PHEMA brushes. All surfaces were 

incubated with the respective particle solutions for 24 h and subjected to the same 

washing and sonication procedures (described in detailed in the Experimental Details). (b 

and c) Representative scanning electron micrographs confirming the decreased Au-NP 

absorption with increasing NP size for PHEMA-g-PEG50 (b, 100 nm 2% coverage; c, 30 

nm, 14% coverage). 
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Figure 3.8  Percentage of adsorbed particles of different sizes from a ternary mixture of 

citrate-capped Au-NPs with diameters of (a) 30 (red), 50 (green), and 80 (blue) nm; and 

(b) 30 (red), 50 (green), and 100 (blue) nm, on PHEMA-g-PEG50  and PHEMA-g-PEG20 

substrates. Note: EPN = equal particle number, ESA = equal surface area. (c) 

Representative micrograph of a ternary mixture (30-50-100 ESA) on a PHEMA-g- PEG50 

substrate. 
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Figure 3.9  Optical response of Au NP-PHEMA-g-PEG50 hybrid in response to methanol 

swelling and evaporation. Change in transmitted color arises from disruption of the local 

surface plasmon resonance of aggregated Au NPs in the dry hybrid (left) as solvent 

increases the hybrid volume (right).  

  

a b 
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Figure 3.10  Scanning electron micrographs and corresponding high resolution XPS of 

30 nm citrate Au-NP absorption on PHEMA-g-PEG20 surfaces through two 

absorption−desorption cycles (adsorption at room temperature, desorption at 85 °C): (a) 

1st adsorption 35 ± 12 NP/μm
2
; (b) 1st desorption 3 ± 1 NP/μm

2
; (c) XPS (Au 4f) of 1st 

adsorption and desorption; (d) 2nd adsorption 34 ± 15 NP/μm
2
; (e) 2nd desorption 1 ± 1 

NP/μm
2
; (f) XPS (Au 4f) of 2nd adsorption and desorption. 
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Figure 3.11  Desorption of 30−50−100 nm particles from PHEMA-g-PEG20 and 

PHEMA-g-PEG50 functionalized substrates. 
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Figure 3.12  Schematic of reactive microcontact printing process. 
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Figure 3.13  Scanning electron microscopy images of reactively patterned substrate after 

exposure to gold nanoparticle solution. (Top) uniformity of pattern over mm
2
 area. 

(Bottom) resolution of the edge of pattern showing abrupt transition from high areal 

density Au NP absorption on PHEMA-g-PEG50 to low areal density Au NP absorption on 

PHEMA-g-C16. 
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Figure 3.14  Schematic of reactive microcapillary patterning process. 
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Figure 3.15  Scanning electron micrographs showing areas of high and low Au NP areal 

densities on PHEMA-g-PEG50–PHEMA-g-C16 surface pattern formed through reactive 

microcapillary patterning. (Top) fidelity of pattern across mm
2
 areas, where excellent 

reproducibility was achieved in the smaller channels, but larger channels exhibited 

surfaces reflective of dewetting along the width of the channel. (Bottom) resolution of the 

edge of pattern (circle, top) showing abrupt transition from high areal density Au NP 

absorption on PHEMA-g-PEG50 to low areal density Au NP absorption on PHEMA-g-

C16. The scale bar in (Top) and (Bottom) micrograph corresponds to 500 μm and 2 μm, 

respectively. 
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CHAPTER 4 

Protein adsorption on polymer brushes is a long-lived interfacial process 

 

 

4.1 Abstract 

A combined experimental and theoretical approach establishes the long-lived nature 

of protein adsorption on surfaces coated with chemically-grafted, protein-repellent 

macromolecules.  Specifically, we follow the time dependence of adsorption of lysozyme on 

surfaces comprising orthogonal and gradual variation of the chain length (N) and grafting 

density ( ) of poly(2-hydroxyethyl methacrylate) brushes grafted onto flat silica surfaces.  

We show that in the kinetically-controlled regime the amount of adsorbed protein scales 

universally with the product N while at equilibrium the amount of adsorbed protein is 

governed solely by .  Surprisingly, for moderate concentrations of protein in solution it 

takes more than 72 hours to reach an equilibrium of adsorbed protein amount.  Our 

experimental findings are corroborated with predictions using molecular theory that provides 

further insight into the protein adsorption phenomenon.  The theory also predicts that this 

behavior should be universally applicable to polymers in poor and theta solvents.  Our 

combined experimental and theoretical findings reveal that protein adsorption is a long-lived 

phenomenon, much longer than generally assumed. 
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4.2 Introduction 

The adsorption of proteins from solution onto solid surfaces has attracted much 

attention in the last two decades due to its scientific importance and applications in many 

areas.
1-4

 For instance, buildup of hazardous bacterial films on the surfaces of heat exchangers 

results in reduced heat transfer efficiency of the exchanger.  Similar problem afflicts marine 

industry as well, where biomass fouling on the surfaces of naval vessels, i.e., the deposition 

of unwanted biofilm on the surfaces of objects in contact with aqueous solution, is triggered 

by protein adsorption.  The economical loss associated with biofouling is estimated to run 

into millions of dollars annually.  In food industry, adsorption of proteins on food processing 

equipments causes adverse biological consequences.
5
 Performance of many surgically 

inserted materials, i.e., implants, catheters, or pacemakers, inside human body depends 

critically on the adhesion of proteins from bodily fluids onto the surfaces of these materials.
6-

8
  If protein adhesion is not checked in time, uncontrolled adsorption of proteins at the 

implant surface can result in encapsulation and ultimately deterioration of the implant.
9
  

Many blood-contacting medical devices meet similar fate due to surface-induced 

thrombosis.
10

 Thus, prevention of protein adsorption and cell adhesion is the primary focus 

while designing implants and biomedical devices.  In contrast to the example mentioned 

previously, there exist areas, where protein adsorption on man-made surfaces is required.  

For instance, in the development of artificial organs via tissue engineering, it is required that 

surfaces are “pre-treated” with proteins, which subsequently serve as functional bedding for 

cell growth.
11, 12

 Successful biological development of a tissue-engineered product thus calls 
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for the precise tuning of the protein and cell adhesion to the scaffolds around which the organ 

is constructed.  These two opposite examples illustrate that tailoring the adsorption of 

proteins at surfaces and interfaces remains one of the most extensively researched topics.
3, 13-

17
 

Although a great deal of progress has been made in understanding the interfacial 

behavior of proteins, the issue is far from being completely understood and resolved.  This is 

primarily due to the complex nature of proteins adsorption, which renders its systematic 

investigation difficult.  Proteins adsorb to surfaces via a number of non-specific and specific 

interactions.
14, 18, 19

  These include van der Waals interaction, electrostatic forces, 

hydrophobic forces, hydrogen bonding, lock and key specific binding, etc.  The adsorption 

process is dynamic in nature with additional complications arising from the mobility, 

exchange, and denaturation of the adsorbed protein molecules.  In order to control the 

deposition of proteins, the surface of interest needs to be modified in such a way that the 

interaction strength of proteins with the surface is altered.  This is usually done by coating 

the surface with a protein-repellent material that prevents contact between protein and the 

surface.  The typical materials used for this purpose include organic self assembled 

monolayers, synthetic polymers, polysaccharides,
20-22

 phospholipids,
23, 24

 etc. 

Traditionally, surface-grafted oligomers
25-30

 and polymers
31-38

 have been grafted to 

the surface to create protein-resistant “non-fouling” surfaces.  Many of these terminally 

grafted oligo- and polymers contain several ethylene oxide (EO) units as a part of their 

structure.  Although the origin of fouling resistance of EO-covered surfaces is still not 
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entirely understood,
34, 39

  the large hydration volume of ethylene oxide repeat units,
40

 unique 

interaction of PEO with water,
41-43

 osmotic repulsion experienced by polymer chains upon 

protein adsorption
35, 44, 45

  and conformation of EO units
46

 are commonly believed to be 

among the main parameters that endow protein resistance to PEO.
34, 39, 47

 

Previous systematic studies have shown that surface grafting density ( ) and 

molecular weight (M) (or equivalently the number of monomer repeat units, N = M/Mo, 

where Mo is the molecular weight of a repeat unit) of the grafted macromolecules are key 

parameters governing protein adsorption.
35, 36, 44, 48

  Except a few notable cases where effect 

of M or  was not monotonous,
31

 empirical observations indicated that protein adsorption 

decreased upon increasing M and/or  of the anchored chains.
16, 31, 36, 38, 47

 For the 

equilibrium case, once the polymer layer thickness is of the same order of magnitude as the 

protein size, the adsorption isotherm becomes independent of polymer molecular weight;
49-51

 

only the grafting density of the polymer on the surface remains as the relevant parameter.  

The equilibrium theory was used recently to interpret experimental observations pertaining to 

adsorption isotherms measured for lysozyme and fibrinogen on surfaces decorated with short 

and long chain length poly(ethylene glycol)s (PEGs).  The predictions were found to be in 

excellent agreement with the experimental observations.  The kinetic behavior, however, is 

governed by both the chain length and surface grafting density.  The longer the chain length 

and the larger the surface grafting density, the longer the adsorption process takes. 
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The question that arises is how universal is the dependence of the kinetics and 

thermodynamics of protein adsorption on properties of surface-grafted polymer?  The answer 

to this question is that the type of polymer-solvent interaction is the one that determines the 

universality.  Water is a good solvent for PEG, and the experimental and theoretical findings 

described above and elsewhere hold.  Given that the grafted polymer used in this paper 

poly(2-hydroxyethyl methacrylate) (PHEMA) is known to be not highly soluble in water, we 

need to consider theta to poor solvents.  As the protein has to penetrate through the grafted 

polymers, the process of protein adsorption on surfaces with bound polymers depends 

strongly on the structure of the polymer layer.  Chains in contact with a poor (and to a 

somewhat lesser degree theta) solvent form a compact layer and therefore it is not surprising 

that the kinetics of adsorption depends on the total amount of polymer segments, i.e. the 

initial time dependent adsorption is a universal function of N.  The equilibrium amount of 

protein adsorbed will depend on how the finite amount of adsorbed proteins deforms the 

polymer layer.  As such this will depend mostly on surface grafting density of the grafted 

macromolecule and to a much lesser degree on its length.  

In order to probe systematically the effect of M and  on protein adsorption and 

address the role of adsorption kinetics one needs to have the capability to vary M and  

systematically and concurrently in a single experiment.  Here we demonstrate that 

combinatorial orthogonal
52

 polymeric substrates comprising tethered PHEMA brushes with 

concurrent gradual variation of M
53

 and facilitate systematic, reliable and unambiguous 
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exploration of the broad parameter space governing protein adsorption.  By combining the 

experimental studies employing these complex polymeric substrates with molecular theory 

we demonstrate unambiguously for the first time that protein adsorption is a long-lived 

process,
55

 i.e., it takes many days for the protein to reach its equilibrium state.  This time is 

much longer than what has commonly been believed and employed in literature. 

 

4.3 Sample design and experimental methods 

The substrates for the study were prepared by following the procedures outlined 

earlier.
56, 57

  Specifically, silicon wafers (Silicon Valley Microelectronics Ltd.) were cut into 

pieces of desired sizes (3.5 x 3.5 cm
2
), washed with methanol and cleaned in a 

ultraviolet/ozone for 15 mins, which generated a high density of surface-bound hydroxyl 

groups.  A molecular gradient of n-octyltrichlorosilane (OTS) was formed along shorter edge 

(X-direction) of the specimens by using silane vapor diffusion technique proposed by 

Chaudhury and Whitesides (cf. Figure 1A).
58

 The specimens were then immersed in toluene 

solution of 11-(2-bromo-2-methyl) propionyloxy)-undecyl trichlorosilane (BMPUS) and 

maintained at –10
o
C for ≈12 hrs.  Poly(2-hydroxyethyl methacrylate) (PHEMA) brushes 

were prepared by surface-initiated atom transfer radical polymerization (ATRP) of HEMA 

monomer by following the recipes outlined elsewhere.
52-54,

 Specifically, degassed 

polymerization solution (HEMA/solvent/organic ligand/activator/deactivator) was transferred 

to the reaction chamber  
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built in a custom-made polymerization apparatus and the BMPUS-coated wafer was 

immersed slowly (0.33 mm/min) into the polymerization solution along the Y-direction (i.e., 

with the BMPUS gradient oriented horizontally) (cf. Figure 4.1A).  This method resulted in 

an orthogonal variation of the PHEMA  (X-direction) and M (Y-direction).  After the 

polymerization, the specimens were washed and sonicated thoroughly with DI water and 

blow-dried with nitrogen gas.  The dry thickness profile of polymer grown at various points 

on the orthogonal gradient was measured by variable angle spectroscopic ellipsometry 

(VASE, J.A. Woollam, Co.) in a grid of 5 mm x 5 mm.  Estimates of the variation of 

PHEMA molecular weight and grafting density on the sample can be determined by 

deconvoluting the total dry thickness of the sample as follow.  Assuming that the density of 

PHEMA brushes in the region having the most dense population of the polymer brush on the 

same is ≈0.45 nm
-2

, a value based on previous experiments performed for “grafting from” 

polymerization under identical conditions,
59, 60

 one can estimate the molecular weight of 

PHEMA in the region on the substrate having the highest dry thickness as: 

pol A

n

hN
M      (4.1) 

where pol is polymer density, NA is the Avogadro’s constant, h is dry thickness of the 

polymer and  if the polymer density.  Assuming further that the rate of polymerization, and 

thus the thickness of the grown polymer, is independent of the density of the initiator on the 

substrate, the dry PHEMA thickness profile can be deconvoluted into variation of the 

polymer molecular weight and the grafting density.  In Figure 4.2 we plot the calculated 
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variation of the polymer molecular weight and grafting density of PHEMA on the substrate.  

The variation of the PHEMA brush molecular weight on the sample is approximately 

constant for a given value of , further justifying the original assumption. 

Solutions of lysozyme (Lys, Sigma) were prepared by dissolving proteins in 10 mM 

phosphate buffers maintained at pH=10.  This pH was chosen to be close to the isoelectric 

point, where the net charge is close to zero; at these conditions the amount of adsorbed 

protein is maximized due to minimal repulsion of the individual protein molecules in 

solution.  The data presented herein were collected using solutions having Lys concentration 

of 0.1 mg of Lys per ml of solution.  We also collected adsorption isotherms measured using 

solutions having a concentration of 1.0 mg of Lys per ml of solution.  Results from those 

experiments will also be discussed. The protein adsorption experiments were conducted by 

immersing orthogonal PHEMA gradients in protein solution for controlled times 

(temperature was maintained at 25 1 C).  After Lys adsorption, the specimens were removed 

from protein solution, washed with buffer and DI water and finally blow dried with nitrogen 

gas.  The amount of adsorbed Lys was characterized by measuring the dry thickness of Lys at 

various points along the gradient substrate by VASE.  In addition, scanning probe microcopy 

(SPM, Park Scientific) in a non-contact tapping mode was employed to assess the amount of 

adsorbed protein on the substrate in dry state  
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4.4 Results and discussion 

The amount of adsorbed protein on the gradient substrate was expected to decrease 

with increasing M (cf. Figure 4.1B) and increasing  (cf. Figure 4.1C).  In Figures 4.1D-4.1G 

we plot the dry thickness maps of PHEMA on five different orthogonal M-  substrates (top 

panel, red color) and the corresponding amounts of Lys (lower panel, blue color) adsorbed on 

these substrates after 24, 53, 72 and 87 hours.  As expected, the amount of Lys decreases 

with increasing M and increasing  on all substrates.  SPM scans were carried out on the 

substrate in orthogonal direction along increasing M and  of PHEMA.  In the middle panel 

of Figure 4.3 we show dry thickness profiles of PHEMA and that of Lys; the SPM 

micrographs corresponding to the positions on the sample denoted by numbers are presented 

in the top panel of Figure 4.3.  While the surface of bare PHEMA is very flat (see the 

rightmost SPM micrograph in the top panel in Figure 4.3), considerable roughening is 

observed on the protein-coated samples.  The amount of Lys adsorbed decreases as one 

moves along the scanning direction on the specimen towards areas on the sample that possess 

higher M and higher .  The resultant root-mean-squared roughness (RMA) measured by 

SPM is plotted in the bottom panel of Figure 4.3 as a function of the position on the sample 

(expressed in terms of the increasing  coordinate).  The trend in the RMA values matches 

nearly quantitatively that of the dry thickness.  In the same plot we also denote the RMA 

values collected from PHEMA-Lys specimens after 24 hrs of protein adsorption.  While the 

trends in RMA are identical but the absolute values are smaller than those observed on the 
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sample exposed to Lys solution for 96 hrs.  A close inspection of the SPM micrographs leads 

to a tentative description of Lys configuration on the surface; those trends are shown 

pictorially in the right portion of the bottom panel in Figure 4.3.  At low M and low , Lys 

adsorbes on the PHEMA substrate readily.  With increasing M and  the amount of Lys 

decreases dramatically.  At high M and  the amount of Lys is nearly nil.   

While SPM provides information about local arrangement of Lys molecules on the 

surface, it is somehow limited in assessing quantitatively the amount of adsorbed protein 

over larger areas.  In order to gain a qualitative understanding how the adsorbed amount of 

Lys correlates with the density and length of the PHEMA grafts, in Figure 4.4 we plot the dry 

thickness of Lys as a function of the dry thickness of PHEMA for various times ranging from 

24 hrs to 96 hours (see legend to Figure 4.4 for details).  Note that the dry thickness of 

PHEMA (h) corresponds to the product of  and M (i.e., M = polhNA, where pol is polymer 

density and NA is the Avogadro’s constant).  Close inspection of the data plotted in Figure 4.4 

reveals that for all adsorption times the adsorbed amount of Lys on the substrates decreases 

with increasing thickness (or of PHEMA.  Importantly, for adsorption periods of up to 

72 hours, the amount of adsorbed Lys collected at various  of PHEMA follows a master 

curve.  In other words, for a given thickness (or N) of grafted polymer, the amount of 

adsorbed proteins is independent of actual value of .  Thickness or product N is the factor 

determining protein adsorption.  This is in contrast to the behavior observed for adsorption 

times longer than 72 hours when data no longer fall on a master curve and the amount of 
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adsorbed protein decreases with increasing  of PHEMA for a given thickness or N (follow 

symbols corresponding to different  at constant thickness or N).  In order to explain this 

behavior, we invoke a molecular theory of protein adsorption that is described next. 

Systematic theoretical studies predict that the equilibrium adsorption of proteins on 

surfaces with grafted polymer depends on , while M of the polymer plays only a secondary 

role.  The equilibrium theory was used recently to interpret experimental observations 

pertaining to adsorption isotherms measured for lysozyme and fibrinogen on surfaces 

decorated with short and long chain length poly(ethylene glycol)s (PEGs).
36

  The predictions 

were found to be in excellent agreement with the experimental observations.  As can be seen 

from the equilibrium protein adsorption calculations in Figure 4.5, the amount of adsorbed 

protein decreases as  increases for a given N (follow any one of the constant N curve).  

Also, for a fixed , the amount of adsorbed protein goes down as increases (follow the 

vertical downward arrow).
Error! Bookmark not defined.

  This trend, viz. the reduction in amount of 

protein adsorbed as  of grafted polymer chains increases, is clearly observed in the 

experimental data pertaining to long-time Lys adsorption on PHEMA brushes (viz adsorption 

times >72 hrs in this study).  For the equilibrium case, once the polymer layer thickness is of 

the same order of magnitude as the protein size, the adsorption isotherm becomes 

independent of polymer molecular weight; only the grafting density of the polymer on the 

surface remains as the relevant parameter.  The larger the grafting density, the more effective 
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is the grafted polymer in minimizing protein adsorption.  Consequently, we believe that the 

adsorption data shown beyond Figure 4.4C are indicative of equilibrated systems. 

While the long-time adsorption experimental data can be explained satisfactorily by 

the equilibrium arguments, the model cannot explain the behavior at adsorption times 72 

hours.  A question then arises: Can we explain the present experimental observations based 

on kinetic arguments?  Namely, is the observed behavior a signature of kinetic control?  If 

that is the case, then the initial time for adsorption, , should be a universal function of the 

product N.  In order to answer these questions, we employ a molecular model that considers 

time-dependent adsorption of proteins. 

The description of the kinetics of protein adsorption is based on the presumption that 

there is a separation of time scales between the fast local polymer rearrangement and solvent 

mobility and the slow protein motion.  This translates into the assumption that the proteins 

move in an average potential that can be calculated readily using a local equilibrium 

approximation.  Namely, the potential of mean-force is given by the minimal free energy of 

the system for the given frozen configuration of the proteins.  The equations of motion can 

then be written in the form of a generalized diffusion approach.  In the case that the barriers 

are larger than the thermal energy, it has been shown that the kinetics of protein adsorption 

can be described by a transition state theory where the rate coefficients explicitly depend 

upon the molecular organization of the combined protein-polymer layer.  The expression for 

the time dependent adsorption of proteins is given by: 
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where (t)ρ proads is the number density of adsorbed proteins at time t; (t)ρ probulk is the bulk 

concentration of proteins; kads(t) and kdes(t) are the rate coefficients for adsorption and 

desorption at time t, respectively. 

The coefficient of adsorption is given by: 
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ads
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k t e

t H t
     (4.3) 

where D is the bulk diffusion coefficient of the protein, H(t) is the thickness of the polymer 

layer at time t, (t) is the width of the potential of mean-force at an energy kBT below the 

maximum and Uads(t) is the height of the potential of mean-force barrier.  All these 

quantities vary with time due to the changes in the potential of mean-force as protein adsorbs.  

Furthermore, , H(t) and Uads(t) depend strongly on both M and  of the polymer brush, 

since these properties determine the effective potential of interaction between the protein and 

the surface. 

From the kinetic equations we can define a characteristic time of protein adsorption 

as 1/kads(0), which provides a measure of the time needed for the initial adsorption process 

to take place.  Clearly,  is a function of M and , as can be seen from Equation (2).  At times 

t  the amount of protein adsorbed is given by /tpro
bulk

pro
ads ρ)(tρ .  Therefore, if  is a 
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universal function of M  then the initial amount of proteins adsorbed depends only on the 

same M  product, which is what we observe experimentally in Figure 4.4A-C. 

In Figure 4.6A we plot the predicted values of the initial adsorption time  as a 

function of the product N, where N is the number of repeat units present in the polymer 

chain (N = M/molecular weight of repeat unit), for five different values of N.  All the points 

follow a universal curve.  This prediction is in excellent agreement with the experimental 

observation of amount of Lys adsorbed on PHEMA brushes scaling with N for adsorption 

period of 72 hours.  The model also predicts that adsorption time of 72 hours is shorter than 

the time needed to reach equilibrium.  Lys adsorption reaches its thermodynamics 

equilibrium, but only at adsorption times of many tens of hours.  Interestingly, the 

predictions show how relatively small changes in N can lead to variations in the adsorption 

time ranging from days, to a month, to a year. Additionally, the data in Figure 4.6A provide a 

convenient tool to design surface modifiers to control the time scales for initial adsorption of 

proteins on surfaces.   

We have to stress that PHEMA is not highly soluble in water and therefore the 

structure of the protein-polymer layers are rather different than those in the case of the most 

widely used polymer for minimzing fouling, i.e., PEG.  While the calculations presented up 

to this point have been performed under conditions that correspond to the experimental set 

up, it is prudent to establish how the situation changes when polymer brushes with theta 

solubility in water are used.  We have repeated the calculations for those conditions and 
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found out that the scaling predictions for non-equilibrium adsorption (i.e., the adsorbed 

amount of protein being dependent on the product of N) still hold (cf. Figure 4.6B).  As the 

protein has to penetrate through the grafted polymers, the process of protein adsorption on 

surfaces with bound polymers depends strongly on the structure of the polymer layer.  Chains 

in contact with a poor (and to a somewhat lesser degree theta) solvent form a compact layer 

and therefore it is not surprising that the kinetics of adsorption depends on the total amount 

of polymer segments, i.e. the initial time dependent adsorption is a universal function of N.  

The equilibrium amount of protein adsorbed will depend on how the finite amount of 

adsorbed proteins deforms the polymer layer.  As such this will depend mostly on surface 

grafting density of the grafted macromolecule and to a much lesser degree on its length.  It 

must be noted that this dependence of  on N in poor to theta solvents is different from that 

in case of good solvents.  For good solvents the behavior is different because even the initial 

time of adsorption depends on the degree of stretching of the polymer chains, which is a 

function of the grafting density, chain length and the interactions between the polymer 

segments and the surface (data not shown).  

 To complete the discussion, we note that we have also performed a complete set of 

adsorption experiments of protein adsorption onto PHEMA brushes using Lys solutions 

having concentration of 1 mg/mol of Lys.  The resultant adsorption isotherms are plotted in 

Figure 4.7.  As apparent from the data, the amount of adsorbed Lys remains independent of 

the coverage of PHEMA on the substrate ( N).  While for 24 hrs adsorption the isotherms 

display the same shape as those reported earlier for the more dilute solutions, for longer 
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adsorption times, the amount of Lys is seen to increase with increasing PHEMA coverage.  

This rather unexpected result is attributed to the complexity of the system, where protein-

protein interactions are no longer negligible and as a result proteins adsorb onto the polymer-

coated substrates in the form of multilayers.  It is challenging to provide more insight into 

what governs protein adsorption under such high concentration without resorting to in situ 

monitoring of the process using some imaging technique, such as atomic force microscopy in 

solution. 

 

4.5 Conclusion 

To summarize the initial time scale for adsorption, and thus the amount of protein 

adsorbed at short times, is a universal function of the total amount of polymer segments for 

compact layers, poor to theta solvents.  The initial time scale has to be measured in hours and 

the time required for adsorption process to reach equilibrium is measured in days.  However, 

the equilibrium amount of proteins adsorbed depends mostly on polymer grafting density on 

the surface with only a weak dependence on the chain length.  For good solvents the behavior 

is different because even the initial time of adsorption depends on the degree of stretching of 

the polymer chains, which is a function of the grafting density, chain length and the 

interactions between the polymer segments and the surface. 
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Figure 4.1 (A) Schematic illustrating the formation of an orthogonal molecular-weight-grafting 

density (M- ) gradient of poly(2-hydroxyethyl methacrylate) (PHEMA) on a flat substrate and the 

deposited protein on top of the M-  PHEMA gradient.  First, a molecular gradient of n-octyl 

trichlorosilane (OTS) is formed on a silicon wafer (3.5 x 3.5 cm
2
) by vapor deposition method and the 

empty spaces on the substrate are filled by [11-(2-bromo-2-methylpropiony-

loxy)undecyl]trichlorosilane (BMPUS), an initiator for the atom transfer radical polymerization 

(ATRP).  The BMPUS-decorated substrate is then placed vertically in the custom-designed 

polymerization chamber (the BMPUS gradient is positioned horizontally) and PHEMA chains are 

grown via ATRP by dipping the specimen into the solution containing HEMA + solvent 

(methanol/water) and an organic ligand.  Lysozyme (Lys) was adsorbed onto the PHEMA M-  

specimen by immersing the PHEMA-containing substrates into Lys solutions (concentration 0.1 mg 

Lys/ml solution, pH=10, phosphate buffered solution) for different times.  The amount of adsorbed 

protein is expected to decrease with increasing M of PHEMA (B) and  of PHEMA (C).  (D-G) Dry 

thickness profiles (in nanometers, measured by ellipsometry) of PHEMA (top panel) and the 

corresponding dry thicknesses of Lys (bottom panel) in samples exposed to Lys solutions for 24 (B), 

53 (C), 72 (D), and 87 (E) hours. 
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Figure 4.2 Deconvolution of the dry thickness of PHEMA orthogonal sample (left) into the 

contribution arising from gradual variation of PHEMA molecular weight (middle) and PHEMA 

grafting density (right). 
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Figure 4.3 (top panel) AFM scans (10 x 10 m
2
, height range 75 nm) taken along various 

positions on the M-  sample after adsorbing Lys for 96 hrs (see middle panel).  The AFM image on 

the right depicts the topography of a bare PHEMA brush (10 x 10 m
2
, height range 25 nm).  (middle 

panel) Dry thickness (in nm) on PHEMA M-  substrate (left) and dry thickness of Lys on the same 

sample after adsorbing Lys for 96 hrs.  The positions of the AFM scans denoted in the top panel and 

indicated.  (bottom panel) Room mean squared roughness collected at various positions on the Lys-

covered samples after 24 (open symbols) and 96 (closed symbols) hrs of adsorption along the low 

/M to high /M diagonal on the specimen.  The cartoons represent pictorially the proposed 

arrangement of Lys molecules on various positions on the sample corresponding to the first three 

AFM images shown in the upper panel. 
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Figure 4.4 Dry thickness of lysozyme (Lys) as a function of the dry thickness of PHEMA on M-

 orthogonal PHEMA gradients after depositing Lys (concentration 0.1 mg Lys/ml solution, pH=10, 

phosphate buffered solution) for 24 (A), 53 (B), 72 (C), 87 (D), and 96 (E) hours.  The legend in the 

upper right corner indicates the direction of increased PHEMA grafting density ( ) on the substrate. 
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Figure 4.5 The amount of adsorbed protein at equilibrium as a function of the product of 

polymer grafting density ( ) and chain length (N, equivalent of molecular weight).  The trends in the 

data (denoted by arrows for clarity) indicate that the amount of adsorbed protein at equilibrium 

decreases with increasing . 
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Figure 4.6 The characteristic time of protein adsorption as a function of the product of 

polymer grafting density ( ) and chain length (N, equivalent of molecular weight) for (A) poor and 

(B) theta solvent conditions.   
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Figure 4.7 Dry thickness of lysozyme (Lys) as a function of the dry thickness of PHEMA on M-

 orthogonal PHEMA gradients after depositing Lys (concentration 1 mg Lys/ml solution, pH=10, 

phosphate buffered solution) for 24 (A), 54 (B), 72 (C), 72 (D), and 96 (E) hours.  The legend in the 

upper left corner indicates the direction of increased PHEMA grafting density ( ) on the substrate. 
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CHAPTER 5 

ARGET ATRP - A facile method for the assembly of amphiphilic 

copolymer brush 

 

 

5.1 Abstract 

In this Chapter we describe the formation of two important classes of polymer brushes 

comprising amphiphilic and ampholytic block copolymers.  The hydrophobic section of the 

amphiphlic brush is prepared by post polymerization reaction on surface-grafted poly(2-

hydroxyelthyl methacrylate) (PHEMA) polymer brush using “atom transfer radical 

polymerization” (ATRP).  In order to prepare the top hydrophilic block, we first performed 

polymerization of tert-butyl acrylate (tBA) and converted the PtBA block into poly(acrylic 

acid) (PAA) by hydrolysis.  Gradient geometry, involving a gradual variation of the length of 

the two blocks, facilitated a detailed investigation of the brush properties.  We observed that 

the acid hydrolysis not only cleaved the tert-butyl group in PtBA, but also caused chain 

cleavage from the substrate.  To circumvent this limitation, we studied polymerization of 

sodium methacrylate (NaMA) using “activators regenerated by electron transfer-atom 

transfer radical polymerization” (ARGET-ATRP) and its subsequent conversion into 

poly(methyl methacrylic acid) (PMAA).  ARGET-ATRP provides a facile synthetic route to 

prepare the hydrophilic anionic poly(methyl methacrylate acid) (PMAA) polymer brush.  By 

combining post polymerization of PHEMA and ARGET ATRP of NaMA we created 
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amphiphilic polymer brushes. Using ARGET-ATRP we also prepared diblock 

polyelectrolytes comprising PMAA and poly(dimethylaminoethyl methacrylate) 

(PDMAEMA) blocks, i.e., PMAA-b-PDMAEMA and PDMAEMA-b-PMAA.  

 

5.2 Introduction 

Surface-anchored polymer systems are used widely to tailor the properties of materials.  

While most of work in this area has concentrated on homopolymers chemically-grafted to 

substrates, there is an increasing interest of using diblock copolymer brushes for generating 

„smart‟ or responsive materials because of their unprecedented ability to endow surfaces with 

chemical tailoring and responsive nature.
1
  Here we are interested in two classes of materials: 

1) hydrophobic/hydrophilic amphiphiles and 2) polyampholytes.   

Amphiphilic polymer brushes consist of both hydrophilic and hydrophobic 

components.  Individual blocks of an amphiphilic polymer brush will segregate at the surface 

of the substrate depending on whether it is in contact with a hydrophobic or hydrophilic 

medium (cf. Figure 5.1).  These classes of materials are of great interest for designing 

functional coating, i.e., antifouling surfaces.  For instance, Wooley and co-workers have 

found that cross-linked hydrophilic poly(ethylene glycol) (PEG) and hydrophobic 

hyperbranched fluoropolymers of low surface energy exhibits a superior performance to the 

release of green algae compared to most commonly used foul release material poly(dimethyl 
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siloxane) (PDMS).
2
  Ober and co-workers reported that surfaces coated with comb-like block 

copolymers containing ethoxylated perfluoroalkyl side chains show a high removal of both 

green algae and diatoms.
3
  The combination of protein repellency of PEG and hydrophobicity 

of perfluoroalkyl chain endows clearly amphiphilic polymers with unique anti-biofouling 

capability.
4-9

   

Polyampholytes are macromolecules that bear both positive and negative charges 

along their backbone (cf. Figure 5.1); these charges are either permanent (strong or quenched 

polyelectrolytes) or can be induced by varying pH of the solution (weak or annealed 

polyelectrolytes).  As in any other polyelectrolyte system, the behavior of polyampholytes in 

solution is governed by a large set of parameters, including the degree of polymerization of 

both blocks, the degree of dissociation (= number of charges) along each block, 

concentration of external salt (i.e., the solution ionic strength), and the interaction parameters 

between the polymer segments and solvent molecules.  In contrast to polyelectrolytes with 

only one type of charge, the solution conformations of polyampholytes depend markedly on 

the relative amounts of the two charges and their distribution along the backbone.  

Polyampholytes with a net charge, either positive or negative, are dominated by strong 

repulsion between like-charged monomers, which tend to extend the chain dimension and 

help to dissolve the chains even in solvents that are poor for the backbone (so-called 

polyelectrolyte effect).  The charge sequence in “neutral” polyampholytes is important.  For 

example, while polyampholytes with an alternating sequence of the opposite charges are 
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typically swollen, block (or blocky) copolymers may collapse and precipitate from 

solution.
10-12

  While bulk behavior of polyampholytes has been investigated for some time 

now, studies of interfacial performance of polyampholytes are still in their infancy.  This is 

primarily due to the difficulty associated with preparing such systems and the large set of 

parameters to be explored.  Nearly all interfacial studies on polyampholytes reported to date 

involved their adsorption on solid interfaces and only a few studies reported on preparing 

polyampholyte brushes on surfaces and on their properties.
13-18

 

Comprehending and tailoring the behavior of charged molecules (i.e., 

polyelectrolytes) at surfaces and interfaces is important in designing and utilizing novel 

applications (e.g., pH-controlled flow through polymeric micro-membranes), many of which 

cannot be fabricated using any other set up.  Study of polyelectrolytes is also necessitated by 

the ubiquity of charged macromolecules found in biological systems.  The behavior of 

polyelectrolyte brushes is quite complex because it is governed by a whole battery of 

parameters, which include both thermodynamic and electrostatic interactions, as noted above.  

Gradients, by virtue of their combinatorial nature, are best suited to investigate the behavior 

of such complex systems.  They facilitate systematic exploration of the various physico-

chemical parameters of the system thus simplifying the analysis.  In this work we utilize 

gradient set ups, where the length of either one or both blocks of the copolymers is varied 

systematically across the substrate.  In this manner we will be able to eliminate the need for 
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preparing multiple samples and will be able to assess the behavior of the copolymers on the 

substrate in a systematic way. 

The cartoon in Figure 5.2 depicts a schematic representation of conformation of a 

polyampholytic brush comprising a polycationic block made of poly(dimethyleminoethyl 

methacrylate) (PDMAEMA) and a poly(acrylic acid) (PAA) block.  At low pH, the 

PDMAEMA block is fully charged while there are only a few charges present in the PAA 

block.  Due to the repulsions among the positive charges along the PDMAEMA block, the 

block copolymer extends into the solution.  With increasing pH, the number of charges along 

the PDMAEMA block decreases, albeit only slightly because the pK1/2 of PDMAEMA is still 

very much afar.
19, 20

  Simultaneously, there is an increase in the number of negative charges 

generated along the PAA block.  The presence of both charges should cause the brush to 

stretch even further away from the surface.  However, at 4.8 < pH < 7.8 the thickness of the 

brush may decrease because the polymers may form a compact/collapsed structure,
12

 with 

individual chains interacting, self-collapsing or folding down on their neighbors due to 

attractive interactions acting between positive charges on PDMAEMA and negative charges 

on PAA, as schematically depicted in Figure 5.2.  Finally, at pH > 7.8, the number of charges 

along the PDMAEMA block is reduced dramatically, while the upper PAA block becomes 

almost completely charged, which leads to a slight increase in the brush length.  

A common feature of both classes of materials is the presence of at least one 

hydrophilic block.  This block can be prepared with polymer backbone having an acidic or 
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basic pendent group.  In general, these types of polymer brushes are usually formed either via 

physisorption
21

 of block copolymers or via chemisorption of end-functionalized polymers - 

so called “grafted onto” method.
22

  Although the molecular weight, and consequently the 

chain length of grafted polymer, are well-characterized, it is difficult to form thick layers 

(thicker than a few tens of nanometers) with this approach; the coating suffers from a low 

density of grafted chains due to the steric hindrance for the attachment of new polymer 

chains once a few initial chains have been grafted.
23

  To overcome these crowding effects 

and increase the density of grafted chains, monomers are polymerized from surface-bound 

polymerization initiators using so-called “grafting-from” method.  Since the diffusing species 

in the “grafting from” approach are monomer molecules, a large number of chains can be 

polymerized from the surface-attached initiators, thus achieving a high surface density of the 

chains.  Advantages of the “grafting-from” technique over the “grafting onto” method 

include: (1) very thick and dense coatings; and (2) a wide variety of monomers that can be 

polymerized since the monomer or polymer need not have any specific functional groups as 

is required in the “grafting onto” method.  However, the molecular weight and the chain 

length distributions of polymer chains formed by the grafting-from methodology cannot 

always be controlled precisely and measured accurately.  Additional complications arise from 

the fact that the substrate geometry also influences the rate of polymerization and the chain 

length distribution.  For example, while the kinetics of polymerization for the grafting-from 

reactions originating from the surfaces of nanoparticles does not seem to be too different 
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from the typical polymerization in the bulk,
24, 25

 switching to flat or even concave geometries 

has a pronounced effect on the rate of polymerization and chain length distribution 

(Tomlinson et al., 2004, unpublished results).  Finally, when growing multifunctional 

macromolecules, such as copolymers, the activity of the growing chain, which participates in 

further polymerization (so-called macroinitiator), may depend on its length and chemistry.  In 

spite of these limitations, “grafting-from” methodologies have recently attracted considerable 

attention within the polymer community.
26

 

“Atom transfer radical polymerization” (ATRP), pioneered by Sawamoto
27

 and 

Matyjaszewski,
28

 provides a convenient means of synthesizing end-functionalized and body-

functionalized polymers with well-defined composition and relatively low molecular weight 

polydispersities.
29

  Although ATRP is remarkably tolerant to functional groups, in practice 

acrylic and methacrylic acid cannot be polymerized with currently available ATRP catalysts, 

because these monomers react rapidly with the metal complexes to from metal carboxylates 

that are inefficient deactivators and cannot be reduced to activate ATRP catalysts.
29, 30

  One 

possible avenue taken by various groups is to employ the “surface initiated” ATRP of tert-

butyl(meth)acrylate,
31, 32

 followed by hydrolysis or pyrolysis of the tert-butyl ester protective 

groups.
33-38

  Haddleton and co-workers observed very slow polymerization rate for sterically 

hindered monomer such as tert-butyl methacrylate.
34

  Moreover, acid hydrolysis may result 

cleavage of polymer chains from the surface.
20, 33, 37

  The second limitation is more severe 
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than previously anticipated, and will be explained in a later section.  In addition, pyrolysis 

may not be amenable for complex biomolecular conjugation. 

An alternative method to prepare poly acrylic or methacrylic acid polymer brush 

without using methacrylic acid is through polymerization of sodium methacrylate.  

Billingham, Armes and co-workers were the first group to report the direct ATRP of sodium 

methacrylate in aqueous media.
39

   Osborne et al. used a modified version of their procedure 

to grow polyelectrolyte brushes from gold-coated silicon surfaces.
15

  A detailed report on the 

polymerization kinetics and the influence of temperature, pH, monomer concentration, and 

ionic strength on sodium methacrylate ATRP was presented by Tugulu et al.
40

  Ober and co-

workers reported on the room temperature ATRP of the same monomer;
41

 they also provided 

detailed analysis of dissociation behavior of polyelectrolyte brushes created in this method.
42

 

In this Chapter we describe synthesis of poly(acrylic acid) (PAA) polymer brush by 

ATRP of tert-butyl acrylate tBA and the chain fragmentation due to acid hydrolysis of 

poly(tPBA) polymer brush while creating PAA.  We circumvent this limitation associated 

with PAA synthesis using tBA by the formation of poly(methacrylic acid) (PMAA) polymer 

brush by polymerizing sodium methacrylate (NaMA) via newly developed “activators 

regenerated by electron transfer-atom transfer radical polymerization” (ARGET-ATRP)
43, 44

 

of NaMA.  By polymerizing NaMA we have successfully created amphiphilic and 

ampholytic block copolymer brushes.  In spite of all the advantage ATRP offers, there are 

several disadvantages that limit its widespread industrial application.  Successful ATRP and 
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control over desired chain length and polydispersity depends on highly active transition 

metal-ligand catalyst system.  Therefore, special handling procedures are required to remove 

oxygen and oxidants from the polymerization system.  Another major difficulty is associated 

with the use of high catalyst concentration.  The transition metal complexes have to be 

removed from the reaction mixture and recycled, which adds up to the overall production 

expenses.
45

  Although a number of techniques have been developed to reduce the residual 

transition metal in the final product such as adsorption, extraction, or immobilization,
45-52

 the 

most convenient method may simply be to decrease the amount of the catalyst used in the 

reaction.
44

  

 

5.3 Preparation of amphiphilic block-co-polymer by ATRP of PHEMA and tBMA 

followed by fluorination of PHEMA block 

Chemical modification of existing copolymers offers a useful method of creating copolymers 

of blocks that may be difficult to synthesize.  For instance, low surface-energy polymers 

cannot often be copolymerized with more polar/hydrophilic polymers due to their chemical 

incompatibility.  Brantly and Jennings
53

 described a method of preparing hydrophilic 

polymer films via ATRP and subsequently modified them via acylation reaction with 

hydrocarbon or fluorinated hydrocarbon side groups.  Starting from a PHEMA “backbone”, 

this procedure produces highly derivatized films with very low-energy surfaces.  We have 

recently employed such a scheme in preparing amphiphilic materials by reacting the parent 
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PHEMA brush with various fluorinated moieties (see Chapter 2).  Several researchers have 

utilized the hydrolysis reaction of poly(tert-butyl acrylate) (PtBA) to form poly(acrylic acid) 

(PAA).
54, 55

  Similar reaction schemes are used to produce amphiphilic block copolymers by 

copolymerizing a hydrophobic block with PtBA and then cleaving the tert-butyl group.  It is 

of interest to explore if these two techniques could be applied together.  This would be 

advantageous since it would allow for a hydrophilic block to be attached to PHEMA, which 

could be derivatized chemically.  In addition, the question arises: “How does block length, 

composition, and degree of derivatization affect the surface properties of these diblocks?”  If 

a permanent gradient in hydrophilicity can be created on a surface, it could be used in 

microfluidics applications as in “lab-on-a-chip” devices or possibly as a foul release coating. 

 We attempted to study property and synthesis of polymer brush in a gradient fashion 

since gradient surfaces offer powerful avenues enabling systematic variation of one or more 

brush properties.  Employing a gradient surface to study a complex, multivariate 

phenomenon enables unambiguous interpretation of the system‟s response to a given 

stimulus.  Since all other properties of the system remain constant, the system‟s response can 

be attributed unequivocally to the gradually-changing surface property along the gradient 

(i.e., block length or block density).  Additionally, gradient surfaces offer combinatorial 

platforms for quick and inexpensive investigation of the multivariate phenomenon.
56, 57

  

Similar study by traditional methods typically requires preparation of numerous samples, 

ostensibly under similar experimental conditions.  These polymer gradients not only work as 
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combinatorial substrates for investigation of a complex phenomenon but they also serve as 

soft-matter templates, thus allowing fabrication of gradient assemblies of non polymeric 

objects.  From a materials point of view, polymer gradients offer a unique structure wherein 

physico-chemical characteristics such as wetting, or chemical composition change gradually, 

typically over a broad range of properties. 

The first step in the preparation of such a diblock copolymer was to grow a PHEMA 

molecular weight gradient on a silicon wafer.  Silicon wafer were cut into 4 × 4 cm
2
 and 

decorated with a monolayer of (11-(2-bromo-2-methyl)propionyloxy) undecyl-trichlorosilane 

(BMPUS), the initiator for ATRP.
58

  The orthogonal diblock gradient was formed by first 

creating a gradient in molecular weight of PHEMA
59

 by “grafting from” polymerization of 

2-hydroxyethyl methacrylate in a custom-made polymerization chamber as described 

elsewhere,
60

 followed by rotating the sample by 90°, and repeating the previous step by 

polymerizing tert-butyl acrylate (tBA) from the PHEMA macroinitiator.  This procedure 

resulted in a PHEMA-b-PtBA diblock copolymer brush (cf. Figure 5.3) with position-

dependent lengths of the two blocks on the same substrate.  In order to grow well-controlled 

diblocks via ATRP a very important criterion has to be met: The first block must be soluble 

in the media, in which the second block is formed.  Since PHEMA is insoluble in most 

solvents except alcohols, we chose a solvent/monomer system that includes alcohol.  The 

PHEMA gradient wafer was prepared and allowed to polymerize with a second block of 

PtBA using the following conditions: 0.6 M tBA, 1.2 M acetone, 0.54 M methanol, 0.18 M 
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de-ionized water, 4.6 mM CuBr, 0.13 mM CuBr2, and 4.85 mM N,N,N′,N′′,N′′-

Pentamethyldiethylenetriamine (PMDETA) at 75°C for 12 hours.  This procedure produced 

an orthogonal gradient layer of PtBA grown from the PHEMA macroinitiator.  Modification 

of the PHEMA block was attempted via acylation of the alcohol group by following the 

method of Brantley and Jennings.
53

  The wafer was added to an 80 mM pentadecafluoro-

octanoyl chloride (C7F15COCl, hereafter denoted as F7), 100 mM pyridine solution in 

dichloromethane (DCM) and left for 12 hours at room temperature.  The amount of 

fluorination of PHEMA was established from thickness measurements (for details see 

Chapter 2) and presented in Figure 5.4.  The data indicates clearly that thick PtBA layer 

provides a steric barrier for F7 molecules to penetrate to the bottom PHEMA layer to 

complete fluorination.  We observed 85.6% fluorination of homogeneous PHEMA brush in 

our previous studies.
61

  However, a partial fluorination of the bottom PHEMA block was 

successful in this study.  The fluorinated diblock was then subjected to an acid hydrolysis 

technique used by Davis et al.
62

  Specifically, the diblock layer was immersed in a 10% 

concentrated hydrochloric acid solution in 1,4-dioxane and the flask was covered with a 

condenser.  The solution was heated to reflux.  After 4 hrs, the solution was cooled at room 

temperature, the wafer was taken out and washed with methanol and de-ionized water.  

Thickness measurements carried out on the specimen after the hydrolysis revealed a graded 

non-uniformity in thickness change.  Specifically, while the part of the sample containing 

primarily thin fluorinated PHEMA exhibited ≈100% decrease in thickness (cf. Figure 5.5) , 
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the maximum thickness of PAA on the other side of the specimen was ≈32% with respect of 

PtBA thickness (cf. Figure 5.5).  Based on the volume of the tert-butyl group, a decrease of 

≈52% should have occurred.
63

  From the data it is thus evident that acid hydrolysis not only 

cleaves the ester bond in tert-butyl group, it cleaves likely the chain from the substrate.  

While detailed investigation of the nature of chain cleavage from the substrate is not within 

the scope of this Chapter, we presume that the acid might break the ester bond in the initiator 

BMPUS (cf. Figure 5.6 top) causing the loss in total thickness as measure by ellipsometry.  It 

is clear that creation of anionic polyelectrolyte is problematic by this method.  To overcome 

this limitation we studied polymerization of ARGET ATRP of NaMA.  

  

5.4 ARGET ATRP of PNaMA and subsequent conversation to PMAA 

We commenced our studies with the preparation of surface grafted polymer brush using 

ATRP of NaMA monomer at 25°C according to procedure described in the literature.
41

  Bulk 

polymerization commenced as soon as ATRP catalyst was added in the de-oxygenated 

Schlenk flask containing monomer solution without the presence of any bulk initiator.  Later, 

the bulk polymers adsorbed on the substrate during “grafting from” polymerization on silicon 

substrate covered with BMPUS and caused heterogeneity of the growing brush.  ATRP is a 

repetitive atom-transfer process functions by establishing equilibrium between a dormant 

macromolecular alkyl halide nP X  and a redox-active transition-metal complex 
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/ICu X Ligand .  Radical termination is diminished in this technique due to the persistent 

radical effect as the equilibrium is strongly shifted toward dormant species.
64

  The ATRP 

equilibrium (characterized by /
actATRP dactK k k ) involves hemolytic cleavage of the alkyl 

halide bond nP X  by the metal complex activator /ICu Ligand  that generates reversibly an 

alkyl radical nP  and the corresponding higher oxidation state metal halide deactivator 

/IICu X Ligand (cf. Figure 5.7).  The growing radicals can then propagate with a vinyl 

monomer ( M ), be deactivated in this equilibrium by /IICu X Ligand , or terminate by 

either coupling or disproportionation with another radical nP , at which point two 

equivalents of deactivator accumulate.  ATRP rate law (cf. Eq 5.1) indicates that the 

polymerization rate depends only on the ratio of concentrations of Cu(I) to X-Cu(II) and does 

not depend on the absolute concentration of the copper complexes.
28

 

[ / ]
[ ][ ] [ ] [ ]

[ / ]

I

p p p ATRP n II

Cu L
R k M P k M K P X

Cu X L     

 (5.1)  

Thus, in theory, it is possible to reduce the absolute amount of copper complex to ppm or 

even ppb level, without affecting the polymerization rate.  However, in practice a sufficient 

amount of deactivating species is always necessary for a well-controlled ATRP, because 

control over molecular weight distribution in Cu-based ATRP depends on absolute 

deactivator concentration according to the following relationship: 
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where, PDI is the polydispersity index, wM  is the weight-average molecular weight, nM  is 

the number-average molecular weight, 
0
 refers to the concentration at time 0, and Conv. is 

monomer conversion.  Moreover, due to radical termination, IICu deactivator accumulates as 

a persistent radical.  As much as 1-10% of polymeric chains terminate under typical ATRP 

conditions, therefore the catalyst concentration should exceed 0.1 mole percent with respect 

to monomer concentration.
65

  Recently Matyjaszewski and co-workers have devised a new 

method for conducting ATRP and demonstrated that this technique provides a continuous 

controlled polymerization with a significant reduction of the amount of copper based 

complex due to a constant regeneration of the Cu(I) activator species by a reducing agent.  

They called this activators regenerated by electron transfer or ARGET ATRP (cf. Figure 

5.7).
44

  The reducing agent enables ATRP with oxidatively stable Cu(II) species, lowers the 

catalyst concentration significantly (to parts per million levels with respect to the monomer), 

and tolerates a limited amount of oxygen or other radical traps in the system.  Therefore the 

chemical reaction can be carried out without any deoxygenation or the use of vacuum line or 

Schlenk line,
66

 which simplifies polymerization process greatly. 

 Although it has been claimed in the previous reports control of ARGET ATRP is 

unaffected by excess reducing agent,
66

 the appropriate reducing agent and concentration of 

reducing agent is not immediately obvious.  The reagent will be consumed quickly if too 
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little of it is used.  In contrast, a large excess of the reducing agent may lead to fast and 

uncontrolled polymerization or unwanted side reaction with the catalyst.  Since ATRP is a 

catalytic process, the appropriate catalyst is the most important parameter to be established 

for such polymerization reaction.  In order to gain an insight on the reduction of Cu(II) by 

reducing agent ascrobic acid we performed VU-vis measurement of different molar ratios of 

Cu(II) and ascorbic acid solution and presented the data in Figure 5.8.  The spectrum of 

CuCl2/bipyridine/ascorbic acid in water and methanol mixture shows two characteristic 

maxima in the region 350-900 nm.  The absorptions at 430 and 720 nm are attributed to 

ascorbic acid to Cu(II)-halide charge-transfer (CT) transition and d-d bond of the Cu(II)-

halide, respectively.
67-69

  This result confirms the reduction of CuCl2/bipyridine to 

CuCl/bipyridine by ascorbic acid and provides and indirect measurement of relative 

concentration of both of the species in the reaction mixture.  

 Figure 5.9 shows the dry thickness of PMAA, measured by variable-angle 

spectroscopic ellipsometry (VASE) as a function of polymerization time.  The data in the 

inset demonstrate that the chain growth rate increases with increase of ascorbic acid in this 

system.  The polymerization of NaMA was performed at room temperature.  Initially 40 g of 

NaMA, was dissolved 60 g of deionized water of pH=9.  Prior to solution preparation, the 

solution pH was adjusted using an appropriate amount of HCl according to the pH 

optimization procedure described by Tugulu et al. for ATRP of this monomer.
40

  Stock 

solution of 0.1 M CuCl2 and 0.2 M bipyridine (BiPy) in methanol and 0.1 M ascorbic acid in 
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deionized water was prepared separately and was used in all polymerization reactions and 

UV-vis measurements.  The monomer solution, appropriate amount of CuCl2/BiPy, and 

ascorbic acid solution were mixed in a 100 ml jar inside the dipper chamber without any 

degassing or purging, but a constant flow of nitrogen was maintained throughout the 

polymerization reaction.  The initial concentration of CuCl2 in the reaction mixture was 250 

ppm with respect to the monomer and the amount of ascorbic acid was varied to maintain 

appropriate ratio.  After polymerization of NaMA, the substrate was incubated in deionized 

water of pH=1 for 12 hrs to generate PMAA polymer brush.  The polymerization rate and 

UV-vis absorbance at 730 nm is plotted in Figure 5.10.  From Figures 5.9 and 5.10, it is 

obvious that the polymerization rate increases with increasing concentration of ascorbic acid.  

Moreover, UV-vis data demonstrate that the greater the reduction of ATRP deactivator 

Cu(II) is the greater is the increase in the concentration of ATRP activator Cu(I), which 

ultimately accounts for the higher ratio of Cu(I)/Cu(II) and higher growth rate according to 

Eq. 5.1.  Experiments using X-ray photoelectron spectroscopy (XPS) proved that this process 

protonated PNaMA brush to remove all sodium and generated PMAA polymer brush (cf. 

Figure 5.11). 
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5.5 Preparation of amphiphilic polymer brush using ARGET ATRP of NaMA 

Using the ARGET ATRP of NaMA we created amphiphilic polymer brush using two 

different preparation strategies, which are presented graphically in Figure 5.12 and in Figure 

5.15.  In the first synthetic route we started with growing gradient PHEMA polymer brush 

according to the procedure described earlier.  Afterwards we incubated the same wafer in a 

solution of NaMA in water with 250 ppm of CuCl2 and 175 ppm ascorbic acid at room 

temperature (25°C) for 30 minutes to prepare PHEAM-b-PNaMA.  The substrate was then 

subjected to acylation according to the procedure described previously to fluorinate alcohol 

groups of PHEMA.  Finally the samples were incubated in pH=1 solution to generate the top 

PMAA block.  All the thickness measurements were carried out using VASE and the results 

are presented in Figure 5.13.  In our control experiment, when PNaMA samples were 

incubated in PFA, pyridine solution in DCM, we did not observe any thickness change due to 

acylation (cf. Appendix A.5).  Sodium in PNaMA prevented grafting of fluorocarbon chains 

to acidic pendent group in PNaMA.  Therefore we presumed during fluorination of PHEMA-

b-PNaMA, acylchloride would only react with PHEMA and increase the thickness of bottom 

block due to the attachment of fluorocarbon while keeping thickness of the top PNaMA 

block unchanged.  In theory, the total thickness of the brush would be a combination of 

perfluoro-PHEMA and PNaMA upon fluorination.  However, in reality we observed that the 

total thickness was less than as expected after fluorination.  In some instances the total 

thickness after acylation was even less then combined thickness of PHEMA-b-PNaMA 
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prepared in the previous step (cf. Figure 5.14).  Acid chlorides produce equimolar amount of 

hydrochloric acid during the acylation reaction.  Hydrochloric acid molecules thus generated 

diffused into top PNaMA block and lowered local pH, protonated PNaMA, replaced sodium, 

and converted most of the NaMA units into MAA.  Later sodium was washed away from the 

substrate surface during rinsing and washing with de-ionized water.  This accounts for lower 

thickness of the film than as expected.  A suggested mechanism describing the phenomena 

that likely take place is depicted in Figure 5.6.  PNaMA is very hydrophilic because of the 

presence of charged groups.  Water droplet adheres completely when in contact with surface 

coated with PNaMA brush.  Advancing and receding contact angle value of pure PMAA 

surface is 31 and 27 degree respectively.  We observed advancing water contact angle value 

between 70~55 for PHEMA-F-b-PNaMA samples (cf. Figure 5.14). Although there was little 

to no overall thickness change observed upon incubation of the substrate in pH=1 solution 

for 12 hours, but an increase of overall contact angle was observed after the last preparation 

step (cf. Figure 5.14).  Since the surface covered with fPHEMA-b-PMAA has lower energy 

compared to the surface coated with fPHEMA-b-PNaMA, we conclude that the decrease in 

thickness and increase in contact angle value is an indication of the presence of a small 

amount of sodium in fPHEMA-b-PNaMA, which was removed in the final incubation and 

wash step.  While F3 and PFA modification of pure PHEMA renders similar surface energy, 

F7 modification makes surface more hydrophobic.  This effect observed is clearly in Figure 

5.14.  PHEMA-F7-b-PMAA surface coating was more hydrophobic then PHEMA-F3-b-
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PMAA or PHEMA-PFA-b-PMAA surface.  The ratio of hydrophobic and hydrophilic block 

varied gradually in the substrate because of the gradient nature of bottom PHEMA bock.  The 

value of contact angle decreased gradually as the ratio of fluorinate PHEMA bottom bock 

decreased steadily.  It is thus clear that one can prepare surface of different overall surface 

energy by varying thickness of these two blocks.   

In the second protocol involving the formation of amphiphilic polymer brush, we 

started with fluorinating PHEMA block, and then grew PNaMA on PfPHEMA, finally 

washed off Na to prepare PHEMA-F-b-PAA.  The thickness data and contact angle value are 

presented in Figure 5.15. The contact angle value of second group of amphiphilic coatings 

was lower than the coatings prepared by the first protocol.  Specially, for PHEMA-PFA-b-

PMAA and PHEMA-F7-b-PMAA brush the contact angle was almost identical to that of 

pure PMAA.  The only plausible explanation for this phenomenon is during the acylation 

reaction in first protocol, some of the NaMA units were first converted to MAA by HCl 

generated during the reaction with PHEMA and acylchloride, and acylchloride further 

reacted with newly formed „OH‟ groups in acidic MAA to graft fluorocarbon chain.  A 

quantitative analysis of this phenomenon requires more investigation and will not be 

presented here.  The second protocol provides more control over individual block length and 

indicates the living nature of ATRP and ARGET ATRP to withstand intermediate chemical 

modification during brush synthesis and shows how robust ARGET ATRP is to prepare 

diblock polymer brush. 
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5.6 Formation of amphiphilic polymer brush using ARGET ATRP of DMAEMA 

and NaMA 

We used a BMPUS-covered silicon wafer and incubated the wafer in a solution of 20 g 

DMAEMA, 500 ppm CuCl2 and 500 ppm ascorbic acid solution for 4 hours.  This resulted in 

19.5 nm PDMAEMA polymer brush on the substrate.  The substrate was then rinsed with 

methanol.  Thickness and contact angle was measured on the substrate and then the substrate 

was incubated in NaMA solution of 10 g NaMA, 18 g water, 250 ppm CuCl2, and 175 ppm 

ascorbic acid for 10 minutes.  This resulted in 18.6 nm PNaMA brush dry thickness on 

PDMAEMA polymer brush.  Finally the sodium was washed off following 12 hrs incubation 

in pH=1 solution and finally washed with deionized water and methanol.  The contact angle 

and thickness values presented in Figure 5.16 demonstrated that we created a tethered 

diblock polyelectrolyte brush, which consisted of a cationic bottom block (PDMAEMA) and 

an anionic top block (PMAA).  In order to test whether it is possible to create diblock 

polymer brush comprising a bottom PMAA and top PDMAEMA block, we grew PNaMA of 

66.7 nm on an initiator-covered silicon wafer.  We then used the same DMAEMA solution 

that was prepared in the previous step, and added 500 ppm ascorbic acid and incubated the 

wafer for 3 hrs.  This step resulted in a 24.6 nm PDMAEMA polymer brush on top of the 

PNaMA brush.  Finally we incubated the substrate for 12 hrs in solution of pH=1 and washed 

with methanol and deionized water.  The thickness and contact angle value is presented in 
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Figure 5.17.  The surface energy of the ampholyte complex is quite high due to the presence 

of charged groups.   

The data reveal clearly that we successfully employed ARGET ATRP of NaMA to 

create diblock polyelectrolyte polymer brushed; we have the flexibility to create PDMAEMA 

on PMAA and PMAA on PDMAEMA.  This reveals the true living nature of ARGET ATRP 

of NaMA.  Moreover the preparation of PMAA using ARGET ATRP of NaMA over ATRP 

of PtBMA offers several advantages.  Polymerization of NaMA can be done easily at room 

temperature and a thick film can be prepared quickly since the reaction follows a fast 

kinetics.  In contrast, polymerization of PtBMA is usually done at much higher temperatures; 

even here polymer growth rate is very slow because of the presence of the bulky tBA group.  

In addition, water is only solvent used in ATRGET ATRP of NaMA.  This eliminates use of 

any toxic and hazardous organic solvents such as DMF, THF or acetone.  Finally, in the final 

preparation step when PMAA is formed from PtBMA using harsh acid hydrolysis of tBA 

group, breakage of ester bond in initiator cause chain-degrafting (cf. Figure 5.6).  During the 

course of this study we incubated a 10 nm PHEMA substrate in pH=1 solution for 12 hrs.  

The chain length of the substrate remained unaffected after this treatment indicating no chain 

cleavage in this final preparation step from PNaMA to PMAA.    
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5.7 Summary and Outlook 

We prepared amphiphilic and ampholytic block-co-polymer brush by the combination of a 

number of techniques for surface modification: Post fictionalization of PHEMA grown from 

a flat substrate using ATRP, polymerization of tBA using ATRP followed by hydrolysis of 

tBA, and polymerization of NaMA and PDMAEMA by ARGET ATRP.  The most critical 

step in this synthesis was the creation of hydrophilic polyanionic polymer brush, i.e., PMAA 

or PAA.  The most widely-used technique for the synthesis of these anionic polymer brushes 

involves the formation of PtBA or PtBMA followed by acid hydrolysis.  We adopted an 

orthogonal combinatorial technique to study the synthesis and properties of amphiphilic 

polymer brush using this method.  It has been reported previously that acid hydrolysis causes 

chain degradation; our study provides quantitative evidence of the severity of this problem.  

To successfully create our targeted coatings, we followed an alternative synthetic method for 

creation of PMAA via polymerization of NaMA.  We adopted ARGET ATRP instead of 

ATRP to create PNaMA polymer brush because of its simplicity and studied effect of 

reaction parameters to estimate the growth rate of PMAA.  We used the same method for the 

formation of amphiphilic polymer brushed by first growing PNaMA on PHEMA followed by 

fluorination of PHEMA bottom block; alternatively we reported on first fluorinating PHEMA 

then growing PNaMA  from the fluorinated PHEMA macroinitiator.  These two methods 

produced polymer brush with different surface energy.  We used three acylchloride 

fluorinating agents to prepare hydrophobic block via fictionalization of alcohol pendent 
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group in PHEMA.  Finally using ARGET ATRP we prepared PDMAEMA-PMAA and 

PMAA-PDMAEMA polyampholyte brushes.  Taken together, this study demonstrates the 

robust and living nature of ARGET ATRP to create poly electrolyte and shows its potential 

for the synthesis of novel polymeric functional materials. 

  



188 

 

–  

 

Figure 5.1  A schematic depicting the change of conformation of grafted polymers. (top) 

amphiphilic blockcopolymers made of hydrophobic bottom and hydrophilic top block; 

(middle) polycationic homopolymers; (bottom) polyanionic homopolymers. 
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Figure 5.2  Schematics illustrating the suggested conformations of PDMAEMA-b-PAA 

brushes of a constant composition grafted on a solid substrate as a function of the solution 

pH. 
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Figure 5.3  Schematics of a method leading to the formation of amphiphilic block copolymer 

assemblies comprising a gradual variation of hydrophobic bottom block and a hydrophilic 

top block.  Note that both block lengths vary independently.  The specimens were prepared 

by first immersing a silicon wafer covered with a chemisorbed layer of a polymerization 

initiator into a solution of 2-hydrozyethyl methacrylate (HEMA); this formed a molecular 

weight gradient of PHEMA on the substrate.  Subsequently, the PHEMA brushes were used a 

macroinitiators for polymerization of tert-butyl acrylate (tBA).  Immersing the sample into 

tBA solution vertically with the PHEMA gradient oriented horizontally created an orthogonal 

PHEMA-PtBA gradient where both blocks possessed an independent variation of length.  

The bottom block was reacted with pentadecafluorooctanoyl chloride (F7), which attached to 

the –OH group of PHEMA.  Finally, exposing the sample to acidic solution cleaved off the 

tBu group in PtBA thus creating poly(acrylic acid) (PAA). 
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Figure 5.4  Dry thickness of poly(2-hydroxyethyl methacrylate (PHEMA) brush (top left), 

top poly(tert-butyl acrylate) (PtBA) block (top right), bottom PHEMA-F7 block (bottom 

left), and poly(acrylic acid) (PAA) block (bottom right). 
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Figure 5.5  Dry thickness of poly(acrylic acid) (PAA) as a function of dry thickness of 

poly(tert-butyl acrylate) (PtBA).  The line denotes the expected thickness profile of PAA 

(assuming that only tBA groups were cleaved off). 
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Figure 5.6  Suggested mechanism of cleaving polymers of the substrate.  (top) PHEMA-b-

PNaMA diblocks can be cleaved off by HCl generated by coupling of fluorinated acid 

chlorides to PHEMA that are not scavenged by pyridine (Py). The cleavage occurs at the 

ester functionality in the initiator (see yellow box).  Additional cleaving takes place during 

the PNaMA-to-PMA conversion.  (bottom) Some cleavage may occur during fluorination of 

PHEMA with acid chlorides.  No cleavage takes place when converting the top PNaMA 

block to PMA due to the presence of hydrophilic PHEMA-F that prohibits HCl from 

penetrating the bottom PHEMA-F brush. 
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Figure 5.7  Schematics of the ATRP (top) and AGERT-ATRP (bottom) reaction schemes. 
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Figure 5.8  UV/Vis absorbance as a function of wavelength from solutions of ascorbic (AA) 

and CuCl2  in water and methanol mixture as a function of the AA/CuCl2 ratio. 
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Figure 5.9  Dry thickness of poly(methacrylic acid) (PMAA) brush as a function of reaction 

time for various ratios of ascorbic (AA) and CuCl2.  The inset depicts the rate of 

polymerization defined as the initial slope in the dry thickness (h) vs. time (t) plot as a 

function of the AA/CuCl2 ratio. 
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Figure 5.10  (left ordinate, red data) UV/Vis absorption intensity at 730 nm as a function of 

the AA/CuCl2 ratio (AA=ascorbic acid).  (right ordinate, blue data) The rate of 

polymerization of poly(methacrylic Acid) (PMAA) defined as the initial slope in the dry 

thickness (h) vs. time (t) as a function of the AA/CuCl2 ratio. 
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Figure 5.11  Survey and high-resolution (inset) scan of the C1S of a ≈100 nm thick PMAA 

brush on a silicon substrate after 12 h incubation in pH 1 de-ionized water.  
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Figure 5.12  Schematic depicting the formation of amphiphilic brushes.  First, poly(2-

hydroxyethyl methacrylate) (PHEMA) brush is grown from the surface and is used as a 

macroinitiator for polymerization sodium methacrylate (NaMA).  The resultant PHEMA-b-

PNaMA brush is exposed to various acryl chloride based fluorinating agents, which attach to 

the –OH group of PHEMA.  Finally, the top PNaMA block is converted into 

poly(methacrylic acid) (PMAA) by acid wash. 
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Figure 5.13  Dry thickness of amphiphilic diblock copolymer assemblies grafted on flat 

silica surfaces comprising a hydrophibic block with a position-dependent length variation 

and a top hydrophilic block with a constant thickness.  The bottom block was formed by 

creating a poly(2-hydroxyethyl methacrylate) (PHEMA) thickness gradient (cf .Figure 5.3); 

subsequently, the top block was grown from the PHEMA macroinitiators.  The brush was 

then exposed to a solution containing fluorinating agents, i.e., (left) pentafluorobenzoyl 

chloride (PFA), (middle) heptafluorobutyryl chloride (F3), and (right) 

pentadecafluorooctanoyl chloride (F7), which attached to the –OH group of PHEMA.  The 

top block was converted into poly(methacrylic acid) by acid wash. 
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Figure 5.14  Water contact angle of PHEMA-b-PNaMA (top) and PHEMA-F-b-PMAA 

(bottom) brushes prepared by fluorinating the bottom block with (left) pentafluorobenzoyl 

chloride (PFA), (middle) heptafluorobutyryl chloride (F3), and (right) 

pentadecafluorooctanoyl chloride (F7). 
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Figure 5.15  (top) Schematic depicting the formation of amphiphilic brushes.  First, PHEMA 

brush is grown from the surface.  It is then exposed to various acryl chloride based 

fluorinating agents, which attach to the –OH group of poly(2-hydroxyethyl methacrylate) 

(PHEMA).  The PHEMA-F brush is employed as a macroinitiator for polymerization sodium 

methacrylate (NaMA).  Finally, the top PNaMA block is converted into poly(methacrylic 

acid) (PMAA) by acid wash.  (bottom) Dry thickness (top) and water contact angle (bottom) 

of polyampholyte brushes prepared by fluorinating the bottom PHEMA brush with (left) 

pentafluorobenzoyl chloride (PFA), (middle) heptafluorobutyryl chloride (F3), and (right) 

pentadecafluorooctanoyl chloride (F7). 
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Figure 5.16  Dry thickness (top) and water contact angle (bottom) of polyampholyte brushes 

prepared by first growing poly(dimethylaminoethyl methacrylate) (PDMAEMA) block, 

followed by the growth of poly(sodium methacrylate) (PNaMA) top block, and finally 

converting the top PNaMA block into poly(methacrylic acid) (PMAA). 
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Figure 5.17  Dry thickness (top) and water contact angle (bottom) of polyampholyte brushes 

prepared by first growing poly(sodium methacrylate) (PNaMA), followed by the growth of 

poly(dimethylaminoethyl methacrylate) (PDMAEMA) top block, and finally converting the 

bottom PNaMA block into poly(methacrylic acid) (PMAA). 
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CHAPTER 6 

Outlook 

 

 

The overall aim of this Ph.D. Thesis was to develop methodologies facilitating the 

formation of assemblies comprising grafted polymers on surface with added functionality for 

surface-protein and surface-nano particle adsorption studies.  We have presented several methods 

for the creation of such functional macromolecular assemblies and studied their physico-chemical 

properties.  Polymer brushes with tunable properties possess a potential to address complex 

engineering problems and will find use in novel applications in the foreseeable future. 

 

6.1 Repression of protein adsorption 

Fundamental research for repression of protein adsorption is necessary to establish guideline 

for the design of surfaces for the large variety of practical applications.  One has to admit 

fairly that it may not be possible to find a „magic‟ solution to solve the complex biofouling 

problem, which depends on the nature of aqueous environment, e.g., blood, sea water, or 

tears.  Each system is defined by the presence of different fouling agents, their concentration 

and physical properties.  The time scale associated with bioadhesion in each application is 

also very important.  For example, blood storage containers require prevention of protein 

adsorption for years, while it is sufficient to suppress  protein adsorption few days for 

liposomes used in drug delivery.
1
  In Chapter 4 we explored the effect of grafting density and 
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molecular weight of protein-repellent poly(2-hydroxyethyl methacrylate) (PHEMA), with a 

single EG segment at each repeat unit, in preventing protein adsorption.  While PHEMA was 

used exclusively in our studies, we recognize that PHEMA is far from being the perfect 

material for biofouling and protein adsorption studies.  To this end, it may be interesting to 

investigate the effect of the length of the EG group through the grafting of commercially 

available oligo(ethylene glycol) methyl ether methacrylate series (cf. Figure 6.1).  The 

efficacy of the substrate in preventing protein adsorption should increase with increasing the 

length of the EG group.  In Chapter 1 we described the preparation of hydrophobic surfaces 

via acylation of PHEMA brush by acid chlorides.  We tested the efficacy of such substrates 

against a single protein – fibrinogen.  It would be beneficial to explore how those substrates 

perform when in contact with other proteins and even with real marine fouling species.  In 

Chapter 5 we presented a method to prepare hydrophilic surfaces by grafting of 

polyelectrolytes.  From those studies it is apparent that an entire range of surface energies can 

be modulated with the combination of different length of perfloro PHEMA and 

poly(methacrylic acid) (PMAA).  It would be very interesting to prepare copolymers 

comprising a fluorinated bock and PHEMA/oligo(ethylene glycol) methyl ether methacrylate 

block and study the protein repellency of these surfaces.  The responsive nature of the two 

blocks that rearrange in response to the adsorbing species would clearly depend on the 

sequence of the two blocks.  Having established the methodologies leading to such 
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substrates, one should be able to follow the recipes described in this Thesis to prepare such 

systems and study their response to bioadhesion. 

 Natural polymer proteins are very complex macromolecules.  Through the 

combination of amphiphilic and ampolytic polymer segments in bulk polymerization, it may 

be possible to prepare simple protein like synthetic macromolecules, with variable charge, 

size and chemistry.  An adsorption study of these macromolecules on engineered functional 

substrates may provide a possible avenue to understand the fundamental nature of protein 

adsorption on surfaces, because in these experiments an investigator will possess control over 

both the adsorbent and adsorbing surface. 

 

6.2 Stem cell bioengineering 

The development of inducible pluripotent stem cells (iPS) from human somatic tissue is a 

major scientific breakthrough of this decade.
2, 3

  Knowledge of this new cell line, however, is 

at its infancy.  iPS are typically generated from adult tissues by the expression of specific 

genes.  Like Embryonic stem (ES) cells, the iPS cells have the ability to develop into any 

human tissue.  Until the discovery of iPS, the only way to create embryonic stem cells was to 

collect cells from human embryos or to use a cloning technique, which has had tremendous 

ethical (and political) ramifications.  Unlike ES, iPS cells have no ethical concerns 

surrounding their production.  Moreover, iPS cells provide an effective and accessible tool 
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for modeling human diseases in vitro.  iPS cells open up the field of regenerative medicine 

by making it possible to reprogram a patient‟s cells for therapeutic purposes, thereby 

eliminating immune rejection issues.  In essence, an iPS cell is the starting point for 

producing patient-specific therapeutic cells to treat diseases of the heart, liver, skin, blood, 

and joints.  This promising technology has the potential to enable personalized organ and 

tissue transplantation.  For common laboratory studies most iPS is usually cultured outside 

the body, therefore it is very important to understand their interactions with supporting 

substrates.  Our functional polymer brush gradient substrate represents an excellent candidate 

to study the cell culture and proliferation.  It will also provide a great opportunity to study the 

effect of different functional groups and surface charges in genetic programming for 

successful conversion of somatic tissues into iPS.  Moreover, through varying the degree of 

cross-linking between the chains it is possible to alter the mechanical stiffness of the 

substrate to guide cell movement, a phenomenon defined as “mechanotaxis” or “durotaxis”.
4
  

Cell movement plays an important role in many processes, such as immune response and 

wound healing.
5
  This study may provide new insight on cell-surface interactions, which can 

eventually lead to the design of optimal scaffolds and culture plates for both in vivo and in 

vitro studies. 
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6.3 Molecular recognition  

Molecular recognition and resulting supramolecular assembly process have received 

considerable attention in chemistry, biology, and applied research.  Careful design of 

chemical architectures promotes precise molecular recognition, which often leads to an 

assembly process.
6-9

  The precise manipulation of hydrophilic, hydrophobic and charged 

block copolymers using strategies developed in this Thesis may help to design a new 

generation of molecular recognition systems. 

 

6.4 Anti-reflection coatings from multiblock polyelectrolyte 

For a long time now researchers have worked on developing novel methods to prepare anti-

reflection coatings that would increase light transmission and eliminate unwanted reflection 

and glare.  Most commonly used optical materials based on glass or polymeric materials 

account for loss of 4% to more than 6.5% of normal incident light from air-substrate surface 

because of having indices of reflection (n) in the range of 1.45 to 1.7.
10, 11

  Such loss is 

detrimental for application such as solar-cell collectors.  Moreover, in flat-panel display 

designs anti-reflection coatings are necessary to eliminate glare and „ghost images‟.  

Therefore need for anti-reflection coatings prepared in an environmentally benign processing 

method is evident.  When the index of refraction of the coating (nc) is equivalent to the 

square root of the product of the indices of the surrounding medium (no) and the substrate 
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(ns), that is, nc=(nsno)
0.5

, reflections are suppressed at wavelengths near the quarter-

wavelength optical thickness.
10

  Therefore, n must be in-between 1.2 to 1.3 for an efficient 

anti-reflection coating suitable for glass and polymeric materials.  The indices of reflection of 

readily available low n materials are limited to ≈1.35.
10

  Moreover, it is necessary to have 

graded n, such that nc close to the substrate surface matches ns and decreases to lower values 

further away from the surface.
10, 12

  An excellent example for such coating is the cornea of 

moth‟s eye possessing a gradient in n over sufficient depth, shows minimized reflection over 

a broad range of wavelengths and angles of incidence.
13

 

 Traditionally, porous surfaces and materials have been extensively explored for anti-

reflection applications.  Early approaches with glass used phase-separation and etching 

processes to create porous surfaces.
12

  More recent approaches include sol–gel processes,
14, 15 

 

adsorption of colloids onto polyelectrolyte multilayers,
16

 and nanoporous polymer coatings 

created by the selective dissolution of spin-coated films.
17, 18

  In this context, Hiller and co 

workers recently prepared polyelectrolyte multilayer assembly via layer by layer deposition 

of poly(allylamine hydrochloride)(PAH) and poly(acrylic acid) (PAA)
19-21

 and tuned 

successfully effective n of the coating between 1.5 to 1.15.
22

  The ARGET ATRP based 

synthesis of multilayer poly electrolyte might prove as a better substitute to the coatings 

prepared layer by layer deposition of polyelectrolytes.  Since the proposed coating will be 

prepared from grafting from technique, it will certainly have superior mechanical strength 

compared to the coating prepared from layer by layer deposition.     
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6.5 Conclusion 

Our investigation of functional polymer-based surface coatings has shown great promise in 

developing new generation of protein resistant materials and will help to foster research and 

technology development to prepare coatings for many other important engineering 

applications.  
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Figure 6.1 Molecular structures of various oligo(ethylene glycol) methacrylates. 

Hydrophobic and hydrophilic molecular regions are indicated in red and blue, respectively. 
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 APPENDIX A.2 

 

 

A2.1 Determining the density and molecular weight of the fHEMA unit 

The density and molecular weight of the fluorinated HEMA (fHEMA) component are 

obtained from the densities and molecular weights of the fluorinated and HEMA units by 

means of Eqs. (A.2.1) and (A.2.2), respectively: 

HEMA

f

f

f

fHEMA

w1w1
                                                                                         (A.2.1) 

HEMA,o

f

f,o

f

fHEMA,o M

w1

M

w

M

1
                                                                               (A.2.2) 

where wF is the weight fraction of the fluorinated modifier, given by: 

             HEMA,of,o

f,o

f
MM

M
w                                                                                          (A.2.3) 

Note that Mo,F represents the molecular weight of the fluorinated modifier in the bonded-

form rather than its native form.  For instance, for mF8H2 we calculate the molecular weight 

of F(CF2)7(CH2)2Si(CH3)2- rather than F(CF2)7(CH2)2Si(CH3)2Cl, etc.  We also assume that 

the density of the bonded-form of the fluorinated modifier can be closely represented by the 

density of the component in its native form. 
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A.2.2 Formation and properties of surface-grafted amphiphilic coatings comprising 

ethylene glycol and fluorinated groups 

Because of the large differences in solubilities between semifluorinated organosilanes and 

PHEMA, we tested the deposition of mF8H2 and tF8H2 from various solvents.  In Figure 

A.2.1 we plot the thicknesses of the P(HEMA-co-fHEMA) films (left ordinate) and the 

corresponding contact angles (right ordinate) for each solvent tested.  While most polar 

solvents did not perform well in these tests, chloroform, cyclohexane, and toluene produced 

P(HEMA-co-fHEMA) layers.  The large increases in the thickness for cyclohexane- and 

toluene-based samples, however, indicated that the organosilane molecules may have formed 

aggregates in solution that got subsequently deposited onto (and perhaps even into) the 

PHEMA layers.  The samples for our studies were prepared by using anhydrous cyclohexane 

with n-butyl-dilauryltin as a catalyst (concentration 4 µL per 30 mL of solution).  The 

catalyst was added in order to promote the coupling of the organosilane to PHEMA and to 

minimize the tendency of organosilane to form large molecular aggregates in solution.  The 

coupling reaction was carried out for 12 hours at room temperature. 

As we pointed out in the paper, one of the concerns when working with organosilane 

modifiers is the stability of the Si-O-C bond, which is known to be susceptible to large 

variations in solution pH.
1
  In order to test the stability of the organosilane-modified 

PHEMA, we exposed mF8H2- and tF8H2- based PHEMA samples to solutions of various 

                                                 
1
 S. Spange, U. Eismann, S. Hohne, E. Langhammer, Macromol. Symp. 126, 223 (1998). 
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pH ranging from 4 to 9.  We measured the thickness of the layer before and after the 

deposition for extended periods of time.  The data in Figure A.2.2 indicate that there is not 

substantial cleavage of the organosilane material from the specimen. 
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Figure A.2.1 The thickness change (left ordinate, columns) and the corresponding DI water 

contact angles (right ordinate) associated with attaching a) mF8H2 and b) tF8H2 to PHEMA 

brush in different solvents.  The average advancing and receding contact angles of pure 

PHEMA brushes were 60.2 and 50 degrees, respectively. 
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Figure A.2.2 Dry thickness change in mF8H2- (top) and tF8H2- (bottom) modified 

PHEMA brushes after incubation in aqueous solutions of various pH.  The original PHEMA 

thickness was ≈80 nm. 
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APPENDIX A.3 

 

 

A.3.1 Activation-Coupling Reaction of primary amine to PHEMA 

A.3.1.1   Activation Step 

Polymer brushes were immersed in a deoxygenated solution of 0.1 M N,N
' 
disuccinimidyl 

carbonate (DSC) and 4-dimethylaminopyridine (DMAP) in anhydrous dimethylformamide 

(DMF) for up to 24 hrs.  The brushes were then rinsed thoroughly with DMF and methylene 

chloride and air dried prior to measuring thickness by ellipsometry.  Figure A3.1 summarizes 

the thickness (from ellipsometry) versus emersion time of the brush within the DMF solution 

with DSC and DMAP. 

 

A.3.1.2   Coupling Step 

After activation, the brush was immersed in a solution at the proper reactant concentration of 

the primary amine containing coupling reagent for the specified time.  The brushes were then 

removed from the solution and sonicated for 15 minutes each in Milli-Q water, acetone, and 

methylene chloride in order to remove excess adsorbed reactants.  Figure A.3.2 demonstrates 

the insensitivity of the coupling reaction to reactant concentration.  Specifically, coupling of 

hexadecylamine in acetone for 24 hours was effectively invariant in the concentration range 

of 10 µM to 10 mM, potentially decreasing slightly for low µM concentrations.  Paralleling 
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the ellipsometric determined increase of brush thickness; XPS gave coupling efficiencies that 

were within experimental error over the entire concentration range examined.  This 

insensitivity of coupling efficiency to reactant concentration is advantageous for reactive 

patterning applications where reactant concentration rapidly changes due to the evaporation 

of solvent during the stamping procedure. 

Figure A.3.3 summarizes the impact of reaction time on the extent of coupling.  For 

25 mM solutions of hexadecylamine in acetone, increase in brush thickness demonstrated 

substantial reaction progress in only 2 minutes with a plateau reached at 15 minutes (cf. 

Figure A.3.3).  The water contact angle (cf. Figure A.3.4) indicated a complete change to the 

equilibrium value in two minutes.  This rapid change of surface properties suggests a reaction 

mechanism, by which surface groups react quickly and internal brush functionalities react 

more slowly due to the need for reactants to diffuse into the dense brush layer. 

 

A.3.1.3   Alpha amines 

In addition to the molecules discussed in manuscript, the Figure A.3.5 summarizes additional 

amino terminus molecules including peptides, proteins and other small molecules that have 

been successfully coupled to PHEMA using DSC activation. 
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A.3.2 Analysis of changes in dry brush Thickness upon DSC Activation and 

Conjugation 

A3.2.1 PHEMA Brush 

Based on previous studies
1-3

, the graft density of the PHEMA brush is: 

σ  =  0.4 chains/nm
2 

 

The mean area per chain is: 

α = 1/σ = 2.5 nm
2
 / chain 

 

The mean distance between chains is then: 

a  = √α = 1.5811 nm 

 

The average height of the dry PHEMA brush (Table 1) is: 

hPHEMA =14.8 nm=9.361a  
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Note that this gives a stretch ratio of the collapsed chain, h/a, of 9.4.  In other words, the 

chains are distorted from a random coil configuration in the dry state by the ratio of the 

largest to smallest principle axis of the volume occupied by the chain.  

 

The average volume per chain is 

VPHEMA = α*h = 37 nm
3
 

 

The molecular formula and mass of the HEMA monomer is: 

C6O3H10 (130g/mole) 

 

The average number of monomers per chain derived from relationships established              

(M = 1200h)
1-3

 is:  

NPHEMA = 17750/130 ~ 130-140 (136.6) 

 

The effective volume per monomer is: 

vPHEMA = VPHEMA / NPHEMA = 0.2709 nm
3 
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And the effective length, l, and cross-section area, l
2
, of a PHEMA monomer is: 

lPHEMA = 
3
√vPHEMA = 0.647 nm = 0.41092a 

l
2

PHEMA = 0.4186 nm
2
 

 

 

The effective average number of monomers per chain at the dry surface is:  

NPHEMA,surface = α/l
2
 = 5.97 (≈6) 

 

A3.2.2 PHEMA-DSC Brush 

XPS indicates that activation of the near-surface hydroxyl side group of PHEMA by 

N,N
'
-disuccinimidyl carbonate (DSC) is almost stoichometric (≈90%, Table 3.1).  If we 

assume that the extent of functionalization will decrease toward the base of the brush and that 

the change in the dry thickness of the brush provides an overall measure of the total volume 

addition of functional units, the number of reacted monomers and approximate distribution 

can be estimated.  To a first order, we approximate the actual unknown profile (C2(z)) by a 

step-function profile (C1(z)), where the increase in brush volume is directly associated with 

the additional mass of the succinimide units; that is ; and XPS 

provides C(z=h). 
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The height of the PHEMA-DSC dry brush is: 

hPHEMA-DSC = 17.2 nm = 10.879a  

 

 

Chain volume increase upon activation is: 

ΔVPHEMA-DSC = (hPHEMA-DSC- hPHEMA)*α = 6 nm
3 

 

Further assuming that the succinimide addition increases the monomer volume in accord with 

the increase in molecular weight of the monomer unit (HEMA: C6O3H10 (130 g/mole), 

succinimide addition: C5O4NH3 (141 g/mole)) gives: 

 

The effective volume per monomer as: 

vPHEMA = 0.2709 nm
3  

DSC
DSC PEHEMA

PHEMA

M
v v

M
 

vDSC = 0.2938 nm
3 
 

vPHEMA-DSC = 0.5647 nm
3 
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And the effective length, l, and cross-section area, l
2
, of the PHEMA-DSC monomer: 

lPHEMA-DSC = 
3
√vPHEMA-DSC = 0.8265 nm 

l
2

PHEMA-DSC = 0.6831 nm
2
 

 

 

Then, the average number of PHEMA-DSC monomers per chain is: 

NPHEMA-DSC = ΔVPHEMA-DSC / vDSC = 20.42 (20-21) 

 

This implies approximately the top 15% of the chain is activated.   

 

Finally, the average number of activated monomers per chain at the surface and approximate 

depth of activation in the dry state is: 

NPHEMA-DSC,surface = α/ l
2

PHEMA-DSC = 3.66 (4) 

hDSC = ΔVPHEMA-DSC / α = 2.4 nm  
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A3.2.3 PHEMA-PEG20 Brush 

The height of the PHEMA-PEG20 dry brush is 

hPHEMA-PEG20 = 23.8 nm=15.053a  

 

Chain volume increase upon activation is: 

ΔVPHEMA-PEG20 = (hPHEMA-PEG20 -hPHEMA-DSC)*α = 16.5  nm
3
  

 

Assume the volume per –(CH2CH2O)- monomer is approximately that known for the bulk 

molar volume of the monomer:
4, 5

 

vPEG =  0.065 nm
3
  

 

The total –(CH2CH2O)- monomer addition per PHEMA chain is then: 

NPEG ~ ΔV PHEMA-PEG20 /vPEG = 254 mers  

The chains are on average 20 mers, yielding a total of: 

12 – 13 PEG20 chains per PHEMA chain 

 

Thus, approximately 62% of the DSC-activated sites were reacted  
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The decrease in contact angle with water upon PEG functionalization implies the surface is –

(CH2CH2O)- monomer rich.  Following the pervious analysis, this yields:  

lPEG = 
3
√vPEG = 0.402 nm = 0.2543a 

lPEG
2
 = 0.1616 nm

2
 

 

 

Thus, the average number of –(CH2CH2O)- monomers per chain at the surface and 

approximate depth of activation in the dry state is: 

NPEG,surface = α/ l
2

PEG = 15.47 

hPEG20 = ΔVPHEMA-PEG20 / α = 6.6 nm 

 

A3.2.4 PHEMA-PEG50 Brush 

The height of the PHEMA-PEG50 dry brush is 

hPHEMA-PEG50 = 20.8 nm= 13.155a  

Chain volume increase upon activation is: 

ΔVPHEMA-PEG50 = (hPHEMA-PEG50 -hPHEMA-DSC)*α = 9 nm
3
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The total –(CH2CH2O)- monomer addition per PHEMA chain is then: 

NPEG ~ ΔV PHEMA-PEG50 /vPEG = 138 mers  

 

The chains are on average 50 mers, yielding a total of: 

2-3 PEG50 chains per PHEMA chain 

 

Thus, only 13~14 % of the DSC-activated sites were reacted  

 

The decrease in contact angle with water upon PEG functionalization implies the surface is    

–(CH2CH2O)- monomer rich.  Following the pervious analysis, this yields:  

lPEG = 
3
√vPEG = 0.402 nm = 0.2543a 

lPEG
2
 = 0.1616 nm

2
 

 

Thus, the average number of –(CH2CH2O)- monomers per chain at the surface and 

approximate depth of activation in the dry state is: 

NPEG,surface = α/ l
2
 = 15.47 
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hPEG50 = ΔVPHEMA-PEG50 / α = 3.6 nm 

 

 

Figure A.3.1  Plot of thickness versus reaction time for the brush activation step.  Zero-time 

point is unactivated brush. 
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Figure A.3.2   Effect of hexadecylamine concentration on polymer brush thickness.  Zero 

concentration point is un-reacted brush and the line is to guide the eye. 
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Figure A.3.3   Effect of reaction time on brush thickness in DSC-mediated coupling of 

hexadecylamine.  Zero reaction time point represents unfunctionalized brush. 
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Figure A.3.4  Effect of reaction time on water contact angle of activated PHEMA brushes 

reacted with hexadecylamine.  Zero reaction time point is unfunctionalized brush and the line 

is a guide to the eye. 
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Figure A.3.5   Different primary amine, which were successfully grafted to PHEMA brush in 

this study. 
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Figure A.3.6 Optical microscopy images of PDMS Stamp used for “reactive” µCP. 
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Figure A.3.7  Optical microscopy image of substrate reactively patterned with MeO-PEG50-

NH2 and hexadecylamine. 
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Figure A.3.8   Atomic force microscopy image (height and amplitude) at edge of Au 

nanoparticle pattern.  Atomic force microscopy was performed using a Veeco, Dimension 

3100 with a Nanoscope 3a controller in tapping mode with a Silicon tip (≈10 nm radius of 

curvature) at the fundamental resonant frequency of ≈300 kHz. 
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Figure A.3.9   Lithographic master of PDMS stamp used for vacuum-assisted channel 

patterning.  Channels appear black in master. 
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APPENDIX A.5 
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APPENDIX A.5 

 

A5.1 Control experiment for acylation of PNaMA 

Two PNaMA samples were incubated in PFA and pyridine solution in DCM for 12 hrs.  The 

thickness of the samples remained unchanged upon this treatment, indicating Na provides 

protection to alcoholic groups in PNaMA.  

 

 

 

 

 

 

 

 

 

 

Figure A.5.1 Observation of dry thickness change of PNaMA samples due to incubation in 

F7 and Pyridine solution in DCM for 12 hours. 
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