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Abstract

Surfaces with reversible stimulus-responsive properties have great potential for a
wide variety of applications, such as transport, separation, and detection of biomolecules,
controlled adhesion, friction, and lubrication in microfluidic systems, and force or
displacement generation in micro- and nanoscale devices. Surface bound stimulus-
responsive polymers are ideal candidates for above applications due to their
conformational sensitivity to many stimuli with controlled molecular weight, composition,
architecture and topology. In this thesis, one particular class of stimulus-responsive
polymers, pH-sensitive comb-type graft copolymers with ionizable main chain segments
was investigated. Mono(end)-functional thiol-terminated poly(methacrylic acid-g-
ethylene glycol) (HS-poly(MAA-g-EG)) with three different macromolecular
architectures (number average molecular weight, Mn = 27K, PEG graft density, PEG(%)
= 7.7%, backbone contour length, Lcontour = 41.1 nm; Mn= 15K, PEG(%) = 8.8%, Lcontour
= 22.1 nm; Mn = 17K, PEG(%)= 1.9%, Lcontour = 39.8 nm) have been synthesized via
atomic transfer radical polymerization and characterized by 'H NMR, GPC and FT-IR.

Stimulus responsive surfaces were prepared via chemically end-attached "brush-
brushes" formed by chemisorption of the copolymers on Au substrates. Chemically
specific high resolution force spectroscopy (HRFS) was carried out with probe tips (end
radius-50 nm) functionalized with HS(CH2)10COOH (a carboxy-terminated self-
assembling monolayer or COOH-SAM) to measure the normal nanoscale interaction
forces, F, as a function of probe-tip sample separation distance, D, in a series of aqueous
buffer solutions of varied pH (=4-9) and constant ionic strength (IS=0.005M NaC1). The
higher PEG grafting density surfaces (27K, 15K) exhibited the unique property of
"nanomechanical switching" with pH, i.e. the normal intersurface force inverted from net
repulsive (high pH, ionized uncomplexed side chains) to net attractive (low pH, side-
chain/main-chain hydrogen bonding complexation). The 17K polymer brushes did not
exhibit nanomechanical switching and maintained a slightly repulsive intersurface force
at low pH.

Surface plasmon resonance (SPR) was employed to assess the adsorption of human
serum albumin (HSA) to these poly(MAA-g-EG) brushes in aqueous buffer solutions of
varying pH. Polymers with a higher grafting density of hydrophilic PEG side chains and



longer polymer backbones showed much less HSA adsorption at high pH and more
protein adsorption at low pH. Surprisingly, HSA adsorption was found to be greatly
amplified at intermediate pH6 (-1.4-1.8 x greater than that of the hydrophobic state of
polymer layers at pH4). Higher PEG grafting density and a longer polymer backbone
demonstrated larger protein adsorption amplification at pH6, which may be due to
increased molecular mobility/disorder at a metastable state of the conformational
transition.

For the lateral force interaction between the end-grafted polymer layers and a probe
tip (nominal radius - 50 nm) functionalized with OH-SAM (HS(CH2)11OH), as pH
decreased, both the 27K and 17K polymer layers exhibit an abrupt change in lateral
proportionality coefficient (ratio of lateral force to normal force) between pH7.1 and pH6
with larger lateral proportionality coefficients, g - 0.63-0.89 at pH 4-6 and decreased g -
0.12-0.34 at pH 7.1-9. The 27K polymer had relatively higher p values at pH < 6
(0.89+0.19) but smaller g at pH > 7.1 (0.21+0.04) than the 17K polymer, indicating that a
more dramatic change in lateral force coefficient is expected for stimulus-responsive
graft copolymers with higher side chain grafting densities.

Thesis Supervisor: Christine Ortiz
Title: Associate Professor of Materials Science and Engineering



Acknowledgements

First of all, I would like to express my deep gratitude to my parents, particularly my
father, who had passed away before I was about to graduate. Like all parents who have
high expectations on their children, they always encourage and support me in the
progress of my life. It was regret for him not seeing my finishing PhD program. He
would be happy and proud to see where I stand today. To my mother, who has done so
much for me, there are no words can carry my thankfulness.

I would like to like to thank many other people for their encouragements, help and
support during my days at MIT. Without them, my life, studying and research experience
in the pursuit of the doctorate degree wouldn't have been as colorful and enjoyable as it
was. To Professor Christine Ortiz, my advisor and mentor: Her support and guidance on
my study and research at MIT is of great help and value. I was influenced tremendously
by her endless enthusiasm and endeavor in both research and teaching. Her advisory on
my thesis research always pushes me to see new angles in the research direction. Her
careful revisions and comments on my manuscripts of papers and reports helped me
greatly hone my scientific writing skills. I am grateful for all the things she has done for
me and the whole research group.

Among all my friends at MIT, the officers and members of the MIT Chinese
Students and Scholars Association provided a great amount of help and services to many
Chinese students like me to make our life and study at MIT easier and more rewarding. In
particular, I am greatly indebted to the friendship I have made with Andy Yu Wang,
Yuhua Hu, Xuemin Chi, Song Gao. Without their company, I wouldn't have
accomplished my first half-marathon, first down-hill skiing on dark-diamond trails and
many more first-time experiences. It was a lot of fun hanging out with them and they will
be treasured in my memory forever.

To my friends at the Department of Materials Science and Engineering and Ortiz
Research Group members and alumni, I would like to thank to Ming Tang, Dong Zhang,
Delphine Dean, Lin Han, Laurel Ng, Jennifer Vandiver, Celia Macias, Jonathan Tejada
(UROP), Jane Yoon (UROP), Emily Chen (UROP) and Fredrick Porter (UROP).
Discussions with Ming Tang have always been informative on my understanding of
thermodynamics, quantum mechanics, solid state physics and ceramics materials. Ortiz
group members and alumni offered me kindly and generous help on AFM and MFP
training, data modeling, experiments troubleshooting or contributed to some work
presented in this thesis.

Finally, I would like to thank to my thesis committee members: Professor Paula T.
Hammond, Professor Michael F. Rubner and Professor Anne Mayes. Their guidance and
suggestions were very helpful and enlightening.



Contents

Chapter 1 Introduction 18

1.1 B ackground ......................................................................... 18

1.2 O bjective...................................................... ......................................... 22

1.3 O verview ...................................................... ......................................... 24

Chapter 2 Synthesis of Mono(thiol)-Terminated Poly(methacrylic acid-g-

ethylene glycol) 25

2.1 Introduction ................................... .....................................25

2.2 Materials and Experiments.......................................... 27

2.3 Characterizations..................................................................30

2.4 Results and Discussion ........................................................... 31

2.5 Conclusions..................................................39

Chapter 3 Conformational Transition of End-Grafted Poly(methacrylic acid-

g-ethylene glycol) Polymer Layer on Planar Substrate 40

3.1 Introduction.................................................... ....................................... 40

3.2 M ethods....................................................... .......................................... 4 1

3.2.1 Sample Preparation........................................... 41

3.2.2 Contact Mode Atomic Force Microscopy in pH Buffer Solutions....42

3.3 Results and Discussion.................................. 44

3.4 C onclusions.................................................... ....................................... 53

Chapter 4 Nanomechanical Switching in Normal Intersurface Interactions of



End-Grafted Poly(methacrylic acid-g-ethylene glycol) Polymer

Layer on Planar Substrate 55

4.1 Introduction........................................................55

4.2 M ethods................................................... ............................................. 56

4.2.1 Sam ple Preparation...........................................................................56

4.2.2 High Resolution Force Spectroscopy (HRFS)..............................58

4.3 Results and Discussion............................................... 61

4.3.1 HRFS on Approach............................. ...... .................. 61

4.3.2 HRFS on Retract.................................................70

4.3.3 Comparison between HRFS on Approach and Predictions of a

Poisson-Boltzmann Based Theoretical Model for Electrostatic

Forces.......................................................................................... ..... 76

4.4 Conclusions........................................................83

Chapter 5 Nanomechanical Switching in Lateral Intersurface Interactions of

End-Grafted Poly(methacrylic acid-g-ethylene glycol) Polymer

Layers on Planar Substrate 85

5.1 Introduction....................................................... .................................... 85

5.2 M ethods.......................................................... ....................................... 86

5.2.1 Sample Preparation.......................................... ........ ......... 86

5.2.2 Lateral Force Spectroscopy.............................. ........ 86

5.3 Results and Discussion...............................................89

Lateral Intersurface Interactions Using a Nanosized Probe Tip.............89

5.4 Conclusions........................................................96

Chapter 6 Human Serum Albumin (HSA) Adsorption on End-Grafted

Poly(methacrylic acid-g-ethylene glycol) Polymer Layer 98

6.1 Introduction....................................................... .................................... 98

6.2 M ethods.......................................................... ....................................... 99

6.2.1 Materials and Sample Preparation............................ ...... 99



6.2.2 Surface Plasmon Resonance......................................99

6.3 Results and Discussion............................................100

6.3.1 HSA Adsorption Triggered by pH...................................... 100

6.3.2 HSA Adsorption Amplification at Intermediate pH.................... 104

6.4 Conclusions..................................................... 105

Appendix Au Nanoparticles functionalized with HS-Poly(methacrylic acid-

g-ethylene glycol) 107

References 111



Figures

1.1 Molecular Force Probe (MFP) from Asylum Research, Inc..............................21

1.2 Schematic depiction of "Nanoscale Valves" and reversible "switch" under

stim ulus......................................................... .................................................. 23

1.3 a) Displacement of nanoscale devices; (b) Stimulus-responsive structures..........23

2.1 Schematic of a conformational transition of a chemically end-grafted stimulus-

responsive side-chain graft copolymer (insets show molecular interactions for

poly(MAA-g-EG)). The bar extending from the methyl group of methacrylic acid

to the methylene group of PEG stands for hydrophobic interaction while the

dashed line between -COOH and -0- represents H-bonding, which shows the

collapsed conformation of the end-grafted polymer layers is due to the H-bonding

and further stabilized by the intramolecular hydrophobic interaction in acidic

aqueous m edia................................................... .............................................. 26

2.2 Atom transfer radical polymerization chemical reaction scheme for synthesis of

mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-

poly(MAA-g-EG).......................................................29

2.3 'H nuclear magnetic resonance (NMR) spectra in methanol-d 4 of (a) protected

mono(thiol)-terminated poly(tert-butyl methacrylate-g-ethylene glycol) or

poly(tert-BMA-g-EG)2o0K, (b) mono(thiol)-terminated HS-poly(tert-BMA-g-

EG)20K, and (c) mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol)

or HS-poly(MAA-g-EG)15K. The numerical subscript in the abbreviated polymer

name labels refer to the number average molecular weight, Mn, of the graft



copolymer in g/mol (as measured by 'H NMR) and "K" is an abbreviation for

1000. The peak numbers labeled in each NMR spectrum correspond to the

protons labeled in the chemical structure insets at the top of each NMR

spectrum ........................................................ .................................................. 34

2.4 Schematics of mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or

HS-poly(MAA-g-EG) graft copolymers synthesized in this study with contour

length dimensions for PMAA (poly(methacrylic acid)) backbone, PEG (poly

(ethylene glycol)) side chains, and PEG side chain density drawn approximately

to scale. The schematics are not meant to indicate the actual spatial distribution of

PEG side chains along the MAA backbone or the conformation of the polymer

chains. The numerical subscript in the abbreviated polymer name labels refer to

the number average molecular weight, Mn, of the graft copolymer in g/mol (as

measured by 1H nuclear magnetic resonance) and "K" is an abbreviation for

1000 ........................................................................................................................37

2.5 Fourier transform infrared (FTIR) spectra of (a)after hydrolysis, mono(thiol)-

terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-EG) 27K

and (b) before hydrolysis, mono(thiol)-terminated poly(tert butyl methacrylate-g-

ethylene glycol) or HS-poly(tert-BMA-g-EG)35K. The numerical subscript in the

abbreviated polymer name labels refer to the number average molecular weight,

Mn, of the graft copolymer in g/mol (as measured by 1H nuclear magnetic

resonance) and "K" is an abbreviation for 1000................................. ..... 38

3.1 (a) Side view schematic of height measurement using atomic force microscope

contact mode imaging on micro contact printed surface of graft copolymer and

hydroxyl-terminated self-assembled monolayer (OH-SAM) where Rep is the probe

tip end radius, and (b) schematic of top view of microcontact printed surface.....43

3.2 Advancing contact angles of gold (zero hours) and chemically end-grafted

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) 27K polymer layers

as a function of chemisorption incubation time. The numerical subscript in the

abbreviated polymer name labels refer to the number average molecular weight,



Mn, of the graft copolymer in g/mol as measured by 'H nuclear magnetic

resonance and "K" is an abbreviation for 1000. Hi-lo bars represent one standard

deviation. The number of measurements taken was on three different locations of

the polymer layers for each incubation time..................... ..... 45

3.3 AFM contact mode height images of micro-contact printed samples of end-grafted

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG)15K layers (inside

the line patterns) and a hydroxy-terminated self-assembling monolayer (OH-SAM,

outside the line patterns) and as a function of pH (ionic strength = 0.001M) taken

with an OH-SAM functionalized probe tip. The minimum possible normal

imaging force was employed. The numerical subscript in the abbreviated polymer

name labels refer to the number average molecular weight, Mn, of the graft

copolymer in g/mol as measured by 1H nuclear magnetic resonance and "K" is an

abbreviation for 1000.................................................... ........... ............. 47

3.4 Heights of end-grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-

EG) polymer layers relative to a hydroxy-terminated self-assembling monolayer

measured by contact mode atomic force microscopy at the lowest possible

imaging force as a function of pH in 0.005M buffered aqueous solution on micro-

contact printed samples. Hi-lo bars represent one standard deviation. Heights are

the average of eight scan lines per image......................................... 48

3.5 Heights of end-grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-

EG) polymer layers relative to a hydroxy-terminated self-assembling monolayer

measured by contact mode atomic force microscopy as a function of normal

imaging force in 0.005M buffered aqueous solution on micro-contact printed

samples. Hi-lo bars represent one standard deviation. Heights are the average of

eight scan lines per image. (a) pH9 and (b) pH4...................................... 50

4.1 Schematic illustration of the pH-stimulated conformational change of

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) polymer via high

resolution force spectroscopy measurement on the polymer layer chemically end-

attached to Au by probe tip. The scale is based on the data of the 15K polymer



and the probe tip radius is set as 50 nm. X stands for -COOH groups. Y stands for

O atom s.......................................................... .................................................. 59

4.2 Averaged nanomechanical data measured on approach between a probe tip

functionalized with a carboxy-terminated self-assembling monolayer or COOH-

SAM (HS-(CH 2)10COOH, probe tip end radius, Rtip ~50 nm) and chemically end-

grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layers as a

function of pH at a constant ionic strength of 0.005M. Hi-lo bars represent one

standard deviation for n=60 experiments; (a) 27K, (b) 15K, and (c) 17K. The inset

schematic does not represent the actual conformation of the polymer (as this is

changing w ith pH )........................................................................................... 62-64

4.3 Averaged nanomechanical data measured on approach between a probe tip

functionalized with a carboxy-terminated self-assembling monolayer or COOH-

SAM (HS-(CH 2)10oCOOH, probe tip end radius, Rip -50 nm) and COOH-SAM

(HS-(CH2)10COOH as a function of pH at a constant ionic strength of 0.005M.

Hi-lo bars represent one standard deviation for n=60 experiments....................66

4.4 Nanoscale compressive stress vs. strain plot calculated from nanomechanical data

measured on approach between a probe tip functionalized with a carboxyl-

terminated self-assembling monolayer and chemically end-grafted

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layers at pH9 and a

constant ionic strength of 0.005M. Hi-lo bars represent one standard

deviation ................................................................................................................. 68

4.5 Force versus [1-Normalized Height] derived from Height versus Force

measurement via contact mode AFM, where left- and right- error bars represent

the standard deviation of eight scan lines in height measurement. The probe tip

was functionalized with a hydroxyl-terminated self-assembling monolayer. The

AFM imaging was conducted at pH9 and a constant ionic strength of

0 .005M ........................................................... .................................................. 69



4.6 Nanomechanical data measured on retract between a probe tip functionalized with

a carboxyl-terminated self-assembling monolayer (HS-(CH2)10oCOOH, probe tip

end radius, Rip -50 nm) and chemically end-grafted poly(methacrylic acid-g-

ethylene glycol) or poly(MAA-g-EG) layers as a function of pH at a constant

ionic strength of 0.005M. (a) Nanoscale adhesion force (maximum force

exhibited on retraction) normalized by the probe tip end-radius where the hi-low

bars represent one standard deviation and (b) Percentage of retraction curves

exhibiting adhesion (n= 60 experiments)............................. ......... 71

4.7 Nanomechanical data measured on retract between a probe tip functionalized with

a carboxyl-terminated self-assembling monolayer and a chemically end-grafted

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layers at pH4 and a

constant ionic strength of 0.005M (probe tip end radius, Rtip ~ 50 nm). Typical

individual curves are shown................................................... 72

4.8 Probability histograms for nanoscale adhesion between a probe tip functionalized

with a carboxyl-terminated self-assembling monolayer and a chemically end-

grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) 27K layer as

a function of pH and a constant ionic strength of 0.005M. (a) 27K, (b) 15K, and

(c) 17K. Hi-lo bars represent one standard deviation for n= 60

experim ents....................................................................................................73-75

4.9 Comparison of the theoretical predictions of Poisson-Boltzmann based

electrostatic double layer surface and volume charge models with nanomechanical

data on approach of a probe tip functionalized with a carboxyl-terminated self-

assembling monolayer (HS-(CH 2)1oCOOH, probe tip end radius, Rtip -50 nm) and

chemically end-grafted poly(methacrylic acid-g-ethylene glycol)27K layers at (a)

pH9 (model parameters were estimated as detailed in the Supplementary

Materials section and fixed to o(tip = coo- (C/m 2) = -0.021, osub = Cypolymer (C/m 2)

= -1.2992, Psub= Ppolymer (C/m 3) = -4.64 x 107 ) (b) pH6 ((tip = (aCOO- (C/m 2) = -

0.01596, osub = Gpolymer (C/m2) = -0.98738, Psub= Ppolymer (C/ 3) = -4.91 x 107), (c)

pH5 (Ctip = (YCOO- (C/m2) = -0.00504, osub = apolymer (C/m2) = -0.31224) and a



constant ionic strength of 0.005M (see Supplementary Material for details of

calculations). Experimental data represents averages of n= 60

experim ents................................................... ............................................. 77-78

5.1 Lateral Force Microscopy images of chemically end-grafted 17K poly(MAA-g-

EG) layers obtained via contact mode AFM on micro-contact printed samples at

scan angle = 900 under normal force - 4 nN in aqueous buffer solutions of pH 9 -

pH 4 and IS=0.005M. The nanosized probe tip was -OH functionalized...........91

5.2 Lateral force versus normal force of the chemically end-grafted 17K, 27K

poly(MAA-g-EG) layers via contact mode AFM on micro-contact printed

samples at scan angle = 900 in aqueous buffer solutions of pH 9-4 (IS=0.005M)

using -OH functionalized probe tip. Every data point represents the mean and

standard deviation of 16 independent lateral signal loops under a fixed normal

load .................................................................................. ................................ 93

5.3 Lateral force versus height of the chemically end-grafted 17K, 27K poly(MAA-g-

EG) layers via contact mode AFM on micro-contact printed samples at scan angle

= 900 in aqueous buffer solutions of pH 9-4 (IS=0.005M) using -OH

functionalized probe tip. Every data point represents the mean and standard

deviation of 16 independent lateral signal loops under a fixed normal load.........94

5.4 Lateral proportionality coefficients of the chemically end-grafted 17K and 27K

poly(MAA-g-EG) layers via contact mode AFM on micro-contact printed

samples at scan angle = 900 in aqueous buffer solutions of pH 9-4 (IS=0.005M)

using -OH functionalized probe tip................................. .............. 96

6.1 Typical SPR response of HSA adsorption on the end-grafted poly(MAA-g-EG)

surfaces at different pH: (a)27K, (b)15K, (c)17K and average SPR response of

HSA adsorption as a function of pH on the 27K, 15K and 17K polymer surfaces

(d). Baselines are all zeroed in (a), (b) and (c). Hi-low bars in (d) represent one

standard deviation for four different experiments......................... ...... 102



6.2 Average surface plasmon resonance response for human serum albumin

adsorption as a function of pH on the 27K, 15K and 17K end-grafted poly(MAA-

g-EG) substrate and COOH-SAM (HS(CH2)10COOH) on Au as a function of pH

(IS =0.005 M). Hi-low bars represent one standard deviation for four different

experim ents.......................................................................................................... 103

Al TEM images of (a) 5 nm Au nanoparticles and (b) 10 nm Au nanoparticles.....108

A2 Hydrodynamic size of Au nanoparticles (nominal size 20 nm) capped with 17K

poly(methacrylic acid-g-ethylene glycol) copolymer in aqueous buffer solutions

of pH9 - pH4 at IS = 0.005M..............................................109

A3 TEM images of (a) 5 nm Au nanoparticles and (b) 15K polymer-capped nm Au

nnoparticles..................................................... ............................................... 110



List of Tables

2.1 Parameters describing the macromolecular architecture of the thiol-protected

poly(tert butyl methacrylate-g-ethylene glycol) or poly(tert-BMA-g-EG) graft

copolymers as determined by 1H nuclear magnetic resonance (NMR) in methanol-

d4 and gel permeation chromatography (GPC) in tetrahydrofuran (THF). The

numerical subscript in the abbreviated polymer name labels refer to the number-

average molecular weight, Mn, of the graft copolymer in g/mol and "K" is an

abbreviation for 1000, Mw is the weight average molecular weight measured by

GPC, MWPEG is the known molecular weight of each PEG chain, The PEG graft

density (%) is defined as NPEG divided by the total number of backbone

monomers, NPEG is the average number of PEG chains per poly(tert-BMA) or

PMAA chain, DPn is the number-average degree of polymerization, EG/tert-BMA

(mole ratio) is calculated as the DPn(EG)/DPn(tert-BMA)= DPn(EG)/DPn(MAA),

and Lcontour is the average contour length calculated from the known molecular

weights assuming ttt conformations for the PMAA and ttg conformations for the

PEG. The Mn of corresponding thiol-terminated poly(methacrylic acid-g-ethylene

glycol) or HS-poly(MAA-g-EG) copolymers were calculated after removal of the

tert-butyl groups and replacement with H atoms................................................. 35

3.1 Summary of swelling factors for heights of poly(acrylic acid) or PAA and

poly(methacrylic acid) or PMAA end-anchored* or chemically end-grafted t weak

polyelectrolyte layers as a function of pH compared to poly(methacrylic acid-g-

ethylene glycol) or poly(MAA-g-EG) reported in this paper where the swelling

factor, s, is defined as the maximum height divided by the minimum height, F is

the grafting density (chains/nm2), DPn is the number average degree of



polymerization, and pCP is micro contact printing. s for the poly(MAA-g-EG)

was calculated with the addition of 1.4 nm to each of the heights since the

reported values (Fig. 9) were relative to the SH(CH 2)110H self-assembling

monolayer. ¶ The DPn in Konradi, et al. was not reported but expected to be very

large since the collapsed height of the layer at low pH was - 600 nm..............52

4.1 Characterization data of thiol-terminated poly(methacrylic acid-g-ethylene glycol)

or HS-poly(MAA-g-EG) comb-type graft copolymers as determined by 'H

nuclear magnetic resonance (NMR), as reported previously. The numerical

subscript in the abbreviated polymer name labels refer to the number-average

molecular weight, Mn, in g/mol and "K" is an abbreviation for 1000, the

poly(ethylene glycol) or PEG graft density (%) is defined as NPEG divided by the

total number of backbone monomers where NPEG is the average number of PEG

chains per poly(methacrylic acid) or PMAA chain, and Leontour is the average

contour length calculated from the known molecular weights assuming ttt

conformations for the PMAA and ttg conformations for the PEG, which is known

to exist in aqueous solution. The schematics of the polymers are not meant to

indicate the actual conformation. The packing density and contact angle of the

chemically end-grafted polymer layers are also given.......................................57

4.2 Fixed parameters in the surface charge and volume charge models used to predict

the interaction force versus distance when a probe tip (Rip - 50nm) functionalized

with a carboxyl-terminated self-assembling monolayer approaches a chemically

end-grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layer

at pH9, pH6, and pH5 and a constant ionic strength of 0.005M. ip = acoo- is the

tip surface charge density due to the COO-SAM determined by equation (a), Osub

= apolymer (C/m 2) is the substrate surface charge density due to the polymer layer

(C/m 2) determined by equation (b) in the surface charge model, and psub = Ppolymer

is the volume charge density (C/m 3) in the volume charge model which is

determined by equation (c) above............................... ................ 81



Chapter 1

Introduction

1.1 Background

Surfaces with dynamically controlled reversible stimulus-responsive interfacial

properties have great promise in a variety of applications including, for example; drug

delivery, transport, separation, and detection of biomolecules, directed cellular function,

controlled adhesion, friction, and lubrication in microfluidics, force generation in micro-

and nanoscale devices, and varying bulk mechanical properties of hierarchical materials.

Surface bound or confined stimulus-responsive polymers are ideal for such applications

given the fact that their conformational sensitivity to a wide variety of parameters (e.g.

solvent quality, pH, ionic strength, type of salt, light, temperature, and electrical

potentials) can be tailored by molecular weight, composition, architecture, and topology;

and devices based on entropy of chains, surface energies and specific segmental

interactions can be readily made[l, 2]. Research in this area has been focused on

wettability, for example; use of a 16-(mercapto)hexadecanoic acid self-assembling

monolayer (SAM) which exhibits a reversible conformational transition in response to an

electrical potential[3], end-grafted poly(N-isopropylacrylamide) "brushes" which are

temperature sensitive [4], and pH and ionic strength dependent effects that arise from

polyelectrolytic electrostatic interactions [5]. Of particular interest, are polymers which

exhibit sudden and dramatic changes in molecular conformation, so as to act as switches

for the above mentioned applications.



Polymer Complexes System of PMAA and PEG

It is well known that polymers with complementary binding sites can be aggregated

in solution to form polymer complexes, which has been intensively studied over the past

decades because of their great importance from both a fundamental and practical point of

view; and they are also regarded as simple models of the complicated biological

macromolecular assemblies [6, 7]. Among the work on polymer complexes, complexes

system of poly(methacrylic acid) (PMAA) and poly(ethylene glycol) (PEG) has been

well characterized or studied both experimentally and theoretically. It is well known that

noncovalent intermolecular interactions can occur between poly(methacrylic acid)

(PMAA) and poly(ethylene glycol) (PEG). The carboxylic groups of PMAA are pH

sensitive in aqueous solution and can reversibly switch between being charged or

protonated as pH varies. If either free (ungrafted) PEG or copolymerized poly(MAA-g-

EG) macromolecules exist in the aqueous solution, they can form intermolecular or

intramolecular polymer complexes via hydrogen-bonding in the acidic condition [8].

This complex is thought to be further stabilized by hydrophobic interactions between the

-CH 3 groups of PMAA and the hydrophobic segments of PEG. When pH arises passing

a certain value, the carboxylic acid groups of PMAA will become deprotonated and

negatively charged, which then lose its capability to form hydrogen bonds and hence, the

interpolymer complex is destroyed. It is also known that PMAA and PEG are

hydrophilic expanded coils when uncomplexed, while the complex collapse into a

hydrophobic globule. Similar hydrogen-bonding complexes form in systems of

poly(acrylic acid) (PAA) and poly(ethylene oxide) (PEO) or other poly-bases.

Enormous research has been done on the PMAA/PAA and PEG/POE or other bases

in the cross-linked state, the blend system or the copolymer system with a wide variety of

physical, spectroscopic and compositional techniques. For example, study on the

conformational transitions in polyelectrolyte gels of PMAA and PEO [9]; a

semiquantitative theoretical model for reversible polymer complexes stabilized through

hydrogen bonds like PAA/poly-base system [10]; potentiometric study of the influence of

uncomplexable groups in the copolymer chain on complex formation [11]; complex-

forming interpenetrating polymer networks of polyoxyehylene/PAA systems [12-14]; the



equilibrium and kinetics study of PAA/polyloxyethylene or poly(vinyl pyrrolidone) [15];

IR study on poly(styrene-co-MAA) with polytetrahydrofuran [16]; poly(MAA-g-EO)

microspheres [17]; cross-linked star polymers of PMAA/PEG with varying architechture

[18] ; preparation, characterization and biological and medical applications of

poly(MAA-g-EG) hydrogels [19-28]; study on blends of PEG and PAA [14]; PAA/PEG

in water solution [29]; hydrophobic interactions in PMAA/PEG complexes [30];

PMAA/PVP complexes [31]; self-assembly multilayer of PMAA, PAA, PEO and PVP

[32] and thermodynamic study on macromolecular complexes [33].

Even though the cross-linked poly(MAA-g-EG) have been investigated intensively

so far, this copolymer has never been explored in the form of brushes before. As more

opportunities are emerging in the field of surface-stimulus-responsive materials,

poly(MAA-g-EG) can be a great option to make reversible stimulus-responsive surface.

Generally, there are two ways to make polymer brushes to be covalently tethered to a

planar substrate, which includes "grafting to" and "grafting from" approaches[34]. In

order to prepare a series of polymers with varying macromolecular structures enabling

the structure-stimulus-responsive property relationship, we adopt "grafting to" approach,

which means preformed, end-functionalized polymers are tethered to a suitable substrate

under appropriate conditions to form polymer brushes. Our group has successfully

synthesized thiol-ended poly(2-hydroxyl methacrylate-g-ethylene glycol) previously [35].

Therefore the synthesis of HS-poly(MAA-g-EG) will start based on our previous

catalyst/ligand/initiator system via atomic transfer radical polymerization method

(ATRP).

After thiol-ended graft copolymer of HS-poly(MAA-g-EG) was synthesized, it was

characterized by a variety of techniques and instruments, which include Varian Unity-

300, Varian Mercury-300, Varian Inova-501 NMR spectroscopy, Dawn GPC from Wyatt

Technology with Waters 510 HPLC pump and Waters 410 differential refractometer, BI-

200SM light scattering(LS) goniometer from Brookhaven Instruments Corporation and

Nicolet Magna 860 Fourier Transform Infra-Red Spectrometer to measure the molecular

weight, confirm the chemical composition and calculate the grafting density of the

copolymer.

Then, polymer brushes were prepared on gold coated silicon wafer using HS-



poly(MAA-g-EG). The kinetics of chemisorption was assessed via contact angle

measurements. The information of surface chemical composition was collected via X-ray

photoelectron spectroscopy (Kratos AXIS Ultra Imaging X-ray photoelectron

spectrometer). The film thickness in the dry and wet state was collected from

spectroscopic ellipsometry by measuring the polarization state variation of the incident

light beam.

Figure 1.1 Molecular Force Probe (MFP) from Asylum Research, Inc

Chemically Specific High Resolution Force Spectroscopy (HRFS): a 1-D Molecular

Force Probe (MFP) by Asylum Research, Inc is specifically designed and optimized to

measure molecular stretching force at high resolution(Figure 1.1). The tip is usually

functionalized with chemical species of interest. The force between the tip and the

sample surface is derived from the deflection of the cantilever at the magnitude of pN

(10- 12 N). Since the force versus separation distance is measured in fluid, the



conformational transition of polymer brush will result in the sudden change of the surface

charge distribution and wetting property, which can be pinned down by the differences in

the pattern or magnitude of the force before and after the conformational transition with

appropriate chemically modified tip.

Atomic Force Microscopy Imaging: a Digital Instruments Nanoscope IIIA System

Controller with Multimode Atomic Force Microscope (AFM) is capable of contact,

tapping, and force modulation imaging modes in air and fluids, as well as standard HRFS,

which can measure topography by sliding the probe tip across the sample surface or

tapping the sample surface with an oscillating tip.

The surface interfacial properties and nanomechanical testing results were analyzed

and could be used to guide the tuning of chemical structure, molecular weight, grafting

density, side chain length and topography of the polymeric system to manipulate and

optimize the response rate and mechanism.

1.2 Objective

Inspired by those pioneering research on surface-responsive polymer materials, we

have designed and synthesized a polymeric system that not only can undergo sudden

dramatic changes over a small range of stimuli (e.g. pH), but also has specific end-

functional group capable of chemisorbing onto the gold substrate, which allows for

nanomechanical testing and correlating the structure-stimulus responsive properties at

nanoscale. Such polymeric system is not only for control of microscopic interfacial

properties, such as wettability, but also for control of local nanomechanical properties

(e.g. the specific form of the intersurface potential) which is also critical to all of the

above mentioned applications. The specific type of architecture chosen was that of end-

functionalized, side-chain graft copolymers in which the side chains exhibit pH and ionic

strength dependent noncovalent complexation with the main chains and the end-

functional group are used for covalent attachment to surfaces. Changes in the stimulus-

responsive nature of the interfacial and nanomechanical properties can be imparted via

variations in the length, density, and type of side chains.
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The polymers are chemisorbed to surfaces in monolayer brush-like form as

monitored by the technique of contact angle measurement, characterized by atomic force

microscopy imaging, X-ray photoelectron spectroscopy, and spectroscopic ellipsometry,

and its interfacial properties are assessed via contact angle measurements and chemically

specific high-resolution force spectroscopy (HRFS) in order to formulate structure-

property relationships. The polymers may be of great potential use in nanoscale devices

or stimulus-responsive nanoscale structures in the future, which can generate nanoscale

forces/displacements as well as controlling single molecular elasticity, surface charge and

other surface properties (e.g. adhesion, friction and wetting) (Figure 1.2 and 1.3).

1.3 Overview

The thesis is structured as follows. Chapter 1 provides the background and objective

of the stimulus-responsive polymer systems, particularly poly(methacrylic acid) and

poly(ethylene glycol) system, and the control of surface interfacial and nanomechanical

properties through the chemisorption of such copolymers onto planar substrates. Chapter

2 describes the synthesis of mono(thiol)-terminated poly(methacrylic acid-g-ethylene

glycol). Chapter 3 demonstrates the conformational transition of end-grafted

poly(methacrylic acid-g-ethylene glycol) polymer Layers on planar substrate measured

by contact mode atomic force microscopy. Chapter 4 and chapter 5 discusses the

nanomechanical switching of end-grafted poly(methacrylic acid-g-ethylene glycol)

polymer layers on planar substrate in normal intersurface interactions and lateral

intersurface interactions respectively. Chapter 6 describes the adsorption of human serum

albumin (HSA) on end-grafted poly(methacrylic acid-g-ethylene glycol) polymer layers.



Chapter 2

Synthesis of Mono(thiol) -Terminated
Poly(methacrylic acid-g-ethylene
glycol)

2.1 Introduction

In this chapter, we reported the synthesis of comb-type graft copolymers of

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) in mono(thiol)end-

functionalized form, which were then chemically end-grafted to planar substrates to

prepare surface-bound stimulus responsive "brush-brushes" (Figure 2.1). Comb-like

side-chain graft copolymers, also called molecular bottle brushes, cylindrical brushes, or

polymacromonomers, are branched macromolecules composed of an array of side chains

attached to a main chain backbone. Many types have been synthesized (see for

example[36-39]) and also exist in biology; e.g. cartilage aggrecan[40] and epithelial

mucins.[41] The synthesis and stimulus responsive nature of poly(MAA-g-EG) without

end-functionalization has been reported previously by free radical polymerization[8, 42,

43] and by atom transfer radical polymerization (ATRP).[44] Since many of the potential

applications described previously necessitate polymers bound to surfaces in a well

defined manner, the methodology presented here for end-functionalization and chemical

end-grafting of poly(MAA-g-EG) provides a technologically important model system

that then can be used for studies of macromolecular surface properties, such as nanoscale
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Figure 2.1 Schematic of a conformational transition of a chemically end-grafted
stimulus-responsive side-chain graft copolymer (insets show molecular interactions for
poly(MAA-g-EG)).[8, 42, 43] The bar extending from the methyl group of methacrylic
acid to the methylene group of PEG stands for hydrophobic interaction while the dashed
line between -COOH and -0- represents H-bonding, which shows the collapsed
conformation of the end-grafted polymer layers is due to the H-bonding and further
stabilized by the intramolecular hydrophobic interaction in acidic aqueous media.



conformation and wettability. We are particularly interested in employing these end-

grafted poly(MAA-g-EG) layers for precise control of normal and lateral nanomechanical

surface properties (i.e. the form of the attractive or repulsive intersurface potential, the

lateral proportionality coefficient between normal and shear forces) both of which will be

described in chapter 4 and 5. In addition, end-grafted systems with unique

macromolecular architectures, such as combs, are expected to undergo interesting new

stimulus responsive and nanomechanical behavior at high enough surface grafting

densities due to lateral intermolecular interactions and confinement (for example,

between PEG side chains of the poly(MAA-g-EG)), which are expected to stiffen the

layer. This concept is employed in cartilage aggrecan via glycosaminoglycan side chain

interactions and has important physiological consequences.[45, 46] Experiments which

probe the nanoscale stimulus responsiveness of end-grafted poly(MAA-g-EG) also have

the potential to provide important fundamental scientific information on the molecular

origins of the unique macroscopic equilibrium swelling behavior of crosslinked hydrogels

based on this graft copolymer.[22]

Three mono(thiol)end-functionalized poly(MAA-g-EG) with varying

macromolecular architecture were synthesized by combining protecting group

chemistry[35] with ATRP, i,.e. using an alternate initiator[47-49] than that reported

previously.[44] The number average molecular weights of these polymers were 15K, 27K,

and 17K with side chain graft densities -8-9% of the total main chain backbone

monomers (EG/MAA molar ratio-2) for the 15K and 27K and a side chain graft density

of 1.9% (EG/MAA molar ratio-0.4) for the 17K. Characterization was achieved by gel

permeation chromatography (GPC), 1H nuclear magnetic resonance (NMR), and Fourier

transform infrared spectroscopy (FTIR).

2.2 Materials and Experiments

Materials

2,4-dinitrofluorobenzene (99%), 2-mercaptoethanol (98%), 2-bromoisobutyryl

bromide (98%), tert-butyl methacrylate (BMA) (98%), poly(ethylene glycol) methyl



ether methacrylate (MW-1100, 23 EG monomers long), triethylamine (99.5%),

chloroform (99.8% A.C.S. Reagent), toluene (99.8%, HPLC grade), 2,2'-dipyridyl (99%),

copper(I) bromide (99.999%), chloroform-d (100.0%), methanol-d4(99.8%), tris

(hydroxymethyl) aminomethane (Tris), 4-morpholineethanesulfonic acid monohydrate

(MES), acetic and formic acid were all purchased from Sigma-Aldrich. All water used for

solutions, rinsing, and storage was deionized (DI, pH 5.6) (18MC-cm resistance). N-type

Silicon wafers with 100 orientation were purchased from Crystaltek. Chromium was

purchased from R.D. Mathis and gold (99%) was purchased from J & J Materials. All

the other chemicals were used as received from commercial suppliers.

Synthesis of HS-poly(tert-BMA-g-EG)

The synthesis of the thiol-protected initiator: 2-(2,4-dinitrophenylthio)ethyl 2-bromo-

2-methyl propionate (DEBPM) was performed as described previously.[35] In a typical

polymerization (Figure 2.2), a 250 ml three-neck round bottom flask was equipped with

a condenser, argon inlet and paddle stirrer. 0.078 g (0.0005 mol) of 2,2'-dipyridyl and

0.029 g (0.0002 mol) of CuBr were added to the mixture of 14.2 g (0.1 mol) of tert-butyl

methacrylate, 1.1 g (0.001 mol) of poly(ethylene glycol) methyl ether methacrylate

(MW-1100) and 12.0 g of methanol. Then, 0.078 g (0.0002 mol) of 2-(2,4-

dinitophenylthio) ethyl 2-bromo-2-methylpropionate was added into the solution. The

solution was purged with Argon to remove oxygen. The ratio of catalyst/initiator/ligand

was 1/1/2.5. The molar ratio of tert-butyl methacrylate and poly(ethylene glycol) methyl

ether methacrylate was 100:1. The solution was heated to 400 C and maintained at this

temperature with stirring under argon for 17 h in the synthesis of the 15K polymer. The

amount of the initiator, ligand and catalyst were doubled in the synthesis of the 17K

polymer while the molar ratio of tert-butyl methacrylate and poly(ethylene glycol)

methyl ether methacrylate was 50:1 and the reaction temperature was 60 0 C in the

synthesis of the 27K polymer. The crude thiol-protected polymer was obtained in solid

form and purified by dissolving in hot methanol, cooling, and precipitating in DI water.

The polymer was then filtered and dried in a vacuum oven at 500 C overnight. Then, the

thiol-protected polymer was rinsed again with DI water, petroleum ether, cyclohexane,
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Figure 2.2 Atom transfer radical polymerization chemical reaction scheme for synthesis
of mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-
EG).



and filtered and dried in a vacuum oven at 500 C overnight. In a 20 mL borosilicate glass

scintillation vial, 1.00 g of thiol-protected polymer, 5.2 g of mercaptoethanol, 0.1 g of

triethylamine and 0.8 g of DI water were added and stirred by a magnetic stirrer at room

temperature for 17 h. The polymer was then precipitated by adding DI water, filtered,

and dried in a vacuum oven at 500 C overnight. For further purification, the HS-poly(tert-

BMA-g-EG) was dissolved in methanol and fractioned by adding water or petroleum ether. The

polymer was filtered and dried at 500C in a vacuum oven overnight to yield HS-poly(tert-BMA-

g-EG).

Conversion of HS-poly(tert-BMA-g-EG) to HS-poly(MAA-g-EG)

The cleavage of the tert-BMA groups of the HS-poly(tert-BMA-g-EG) was achieved by

treatment with an HCI solution in dioxane. In a 50 mL single-neck round bottom flask 0.6 g

of HS-poly(tert-BMA-g-EG) were suspended in 20 mL dioxane. 3 mL of a concentrated HCI

solution (37%) were added and the mixture was magnetically stirred at 800 C for 5 h. Then, most

of the solvent was evaporated, the polymer was precipitated and rinsed with cyclohexane, and

then dried at 500 C in a vacuum oven overnight to yield HS-poly(MAA-g-EG).

2.3 Characterizations

GPC was taken using DAWN from Wyatt Technology, a Waters 510 HPLC pump and

Waters 410 Differential Refractometer to measure the weight average molecular weight,

Mw, and the molecular weight distribution. The calibration curves for polystyrene and

poly(methyl methacrylate) were determined in tetrahydrofuran (THF). The polymers

were prepared in a 5 mg/mL solution of THF. 'H NMR spectra were obtained on Varian

Unity-300 and Varian Mercury-300 in chloroform-d or methanol-d4. The chemical shifts

(6) of hydrogen atoms of chloroform-d or methanol-d4 were used for reference. From the

integrated peak areas corresponding to protons of the protecting end-group and the

characteristic chemical groups of the poly(ethlyene glycol) or PEG and PMAA, the

number average molecular weight, Mn and grafting density of the copolymer were



calculated, as described previously.[35, 50] FTIR spectra were obtained on Nicolet

Magna 860 Fourier Transform Infrared Spectrometer in air. The polymers were mixed

with KBr and compressed into pellets. Both the copolymer and KBr were dried in

vacuum oven at 50 "C overnight to remove moisture before running FTIR. Qualitative

(visual) solubility assessment was performed after mixing 0.005g of the polymers with

-.10 ml of buffer solutions (pH4 formate, pH5 acetate, pH6 MES and pH 7.1-9 Tris

(hydroxymethyl) aminomethane) (Tris) and stirring for - 1 h.

2.4 Results and Discussion

Synthesis : Initiator and Polymer Characterization

The synthesis of poly(MAA-g-EG) without end-functionalization has been reported

previously by free radical polymerication[8, 42, 43] and by ATRP.[44] To our knowledge

the synthesis of thiol (end)-functionalized poly(MAA-g-EG) has never been reported

before. It is known that controlled polymerization of methacrylic acid via ATRP is

difficult because the acid monomers can poison the catalysts by coordinating to the

transition metal and nitrogen-containing ligands can be protonated interfering with the

metal complexation ability.[51] Alternatively PMAA can be obtained by polymerization

of protected polymers such as tert-butyl methacrylate (tBMA). Reported ATRP

formulation for polymerization of tBMA includes methyl 2-bromopropionate (initiator)

and Cu(I)Br/N,N,N',N"N"-pentamethyldiethylenetriamine (PMDETA) or 2,2'-

bipyridine (bpy) (catalyst) in bulk, methanol or methanol/water mixture;[52] p-

toluenesulfonyl chloride (p-TsC1) (initiator) and Cu(I)CI/ N,N,N.N'.N"-

hexamethyltriethylenetetramine (HMTETA) (catalyst) in 50% vol. anisole[53] or methyl

ethyl ketone (MEK).[54] ATRP formulation for polymerization of poly(ethylene glycol)

methyl ether methacrylate (PEGMEM) can be Cu(I)Cl/bpy or pyridyl methanimine-based

ligands with various initiators in water;[55, 56] a water soluble bromo-capped

oligo(ethylene glycol) based alkyl initiator, Cu(I)Br with bpy, PMDETA, or HMTETA in

water;[57] 1,2-dihydroxypropane-3-oxy-(2-bromo-2-methylpropionyl) (initiator) and

Cu(I)Br/N-(n-alkyl)-2-pyridylmethanimine in water;[58] ethyl 2-bromoisobutyrate



(EtBriBu) or p-TsCl (initiator) and Cu(I)Br/4,4'-Di(5-nonyl)-2,2'-bipyridyne (dNbpy)

(catalyst) in toluene or THF.[59]

Block copolymers of poly(ethylene glycol)-b-poly(tBMA) were also reported to be

synthesized via ATRP using PEG macroinitiator and Cu(I)Br/PMDETA in bulk[60] or

THF.[44, 61] Block copolymers of poly(ethylene glycol) with n-butyl methacrylate were

prepared using PEG macroinitiator and Cu(I)Br/HMTETA in bulk;[62] poly(methyl

methacrylate-co-poly(ethylene glycol) monomethacrylate) was synthesized using TsCl

and CuBr/dNbpy in cyclohexanol or diphenyl ether.[63]

As a multicomponent system, initiator, catalyst including ligands, solvent and

temperature of an ATRP reaction must all be taken into consideration. Based on the thiol

protective group chemistry utilized[48] and our previous work on the ATRP synthesis of

thiol end-functionalized poly(2-hydroxyethyl methacylate-g-ethylene glycol),[35] we

chose the current ATRP formulation and obtained the thiol functionalized comb-type .

1H NMR, GPC, and Solubility. The structure of the initiator, 2-(2,4-

dinitrophenylthio)ethyl 2-bromo-2-methyl propionate, was verified by 'H NMR

(chloroform-d, 6): 9.11-9.10 (d, 1H), 8.48-8.44 (dd, 1H), 7.84-7.81 (d, 1H), 4.50-4.45 (t,

2H), 3.43-3.38 (t, 2H), and 1.96 (s, 6H) (spectrum not shown). Figure 2.3a shows the 'H

NMR spectrum of the Protected thiol-functionalized poly(tert-BMA-g-EG) in methanol-

d4. The three peaks at 6 9.08, 8.54 and 8.03 were attributed to the protons at positions 1, 2

and 3 from the 2,4-dinitrophenyl protecting group as shown in the chemical structure

inset of Figure 2.3a. The integrated areas of the peaks corresponding to positions 1, 2,

and 3 were found to be approximately equivalent. The peaks at 6 4.87 and 3.31

correspond to methanol-d4. The peak at 6 4.6 was probably from the impurities in the raw

materials of tert-butyl methacrylate. The peak at 6 3.61 was attributed to the protons at

positions 5 and 6 from the PEG graft side chains. The peak at 6 1.44 was attributed to the

protons at position 4 from the methyl groups of tert-butyl methacrylate segments,[54] and

the peaks at 6 1.9 and 1.0 were attributed to the protons from the methyl and methylene

groups on the backbone. The peak at 6 4.7 may come from the protons on the C=C bonds

of some residual monomers which still remained after purification. Table 2.1 shows the

results of calculations to determine the macromolecular architectural parameters from the
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Figure 2.3 1H nuclear magnetic resonance (NMR) spectra in methanol-d4 of (a) protected
mono(thiol)-terminated poly(tert-butyl methacrylate-g-ethylene glycol) or poly(tert-
BMA-g-EG) 20K, (b) mono(thiol)-terminated HS-poly(tert-BMA-g-EG)20K, and (c)
mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-
EG)15K. The numerical subscript in the abbreviated polymer name labels refer to the
number average molecular weight, Mn, of the graft copolymer in g/mol (as measured by
1H NMR) and "K" is an abbreviation for 1000. The peak numbers labeled in each NMR
spectrum correspond to the protons labeled in the chemical structure insets at the top of
each NMR spectrum.



Thiol-Protected Thiol-Protected Thiol-Protected
poly(tert-BMA-g- poly(tert-BMA-g- poly(tert-BMA-g-

EG)20K EG)35K EG)25K
1H NMR (methanol-d 4)

Mn 19900 35200 25300
EG/tert-BMA (mole ratio) 2.2 1.9 0.4
PEG graft density (%) 8.8 7.7 1.9
Mn (tBMA) 11400 21300 22000
DP, (tertBMA) 80 150 155
Mn (EG) 8500 13800 3300
DPn (EG) 176 286 67
MWPEG (each side chain) -1100 -1100 -1100
NPEG 7.8 12.6 3.0
Lcontour, main chain (nm) 22.1 41.1 39.8
Lcontour, side chain (nm) 6.7 6.7 6.7

Mn after hydrolysis 15400 26800 16600
(calculated) (HS-poly(MAA-g- (HS-poly(MAA-g- (HS-poly(MAA-g-

EG)15K) EG)27K) EG) 17K)
GPC (THF)
Mw 12700 16800 13200
Mw/M, 1.189 1.178 1.262

Solubility (aqueous solution) complete dissolution : complete Complete
pH 6-9 dissolution : dissolution : pH6-9

swell : pH4-5 swell pH 6-9 partial dissolution :
pH4-5 swell pH5

swell: pH4

Table 2.1 Parameters describing the macromolecular architecture of the thiol-protected
poly(tert butyl methacrylate-g-ethylene glycol) or poly(tert-BMA-g-EG) graft
copolymers as determined by 'H nuclear magnetic resonance (NMR) in methanol-d 4 and
gel permeation chromatography (GPC) in tetrahydrofuran (THF). The numerical
subscript in the abbreviated polymer name labels refer to the number-average molecular
weight, Mn, of the graft copolymer in g/mol and "K" is an abbreviation for 1000, Mw is
the weight average molecular weight measured by GPC, MWPEG is the known molecular
weight of each PEG chain, The PEG graft density (%) is defined as NPEG divided by the
total number of backbone monomers, NPEG is the average number of PEG chains per
poly(tert-BMA) or PMAA chain, DPn is the number-average degree of polymerization,
EG/tert-BMA (mole ratio) is calculated as the DPn(EG)/DPn(tert-BMA)=
DPn(EG)/DPn(MAA), and Lcontour is the average contour length calculated from the
known molecular weights assuming ttt conformations for the PMAA and ttg
conformations for the PEG. The Mn of corresponding thiol-terminated poly(methacrylic
acid-g-ethylene glycol) or HS-poly(MAA-g-EG) copolymers were calculated after
removal of the tert-butyl groups and replacement with H atoms.



NMR data (performed as described previously[35, 50]) compared with GPC data. The

molecular weights were found to be 20K, 25K, and 35K with PEG graft densities of 8.8,

1.7, and 1.9%, respectively corresponding to EG/tert-BMA mole ratios of 2.2, 1.9, and

0.4. The estimated average contour lengths of the main chain backbone (calculated from

the molecular weights) for the three polymers were - 22 nm (20K), 41 nm (35K), and 40

nm (25K) (assuming ttt backbone conformations) and for the PEG side chains - 7 nm

(assuming ttg backbone conformations, which is known to exist in aqueous solution[64]).

After removal of the 2-(2,4-dinitrophenyl) protecting group, the characteristic end

group peaks at positions 1, 2 and 3 vanished as shown in Figure 2.3b, while the peaks

corresponding to PEG graft side chains and tert-butyl methacrylate segments still

remained. When the tert-butyl methacrylate groups were replaced with carboxylic groups

after the hydrolysis, the characteristic peak of tert-butyl methacrylate segments at 6 1.44

vanished, while the peak of PEG graft side chains at 6 3.61 still remained (Figure 2.3c).

These results verified the success of the selective hydrolysis reaction, which was

consistent with other reports[44]. The molecular weights of the poly(MAA-g-EG) graft

copolymers were calculated to be 15K, 27K, and 17K (Table 2.1). A schematic

illustration of the copolymers drawn to scale is given in Figure 2.4.

FTIR. The FTIR spectra of HS-poly(tert-BMA-g-EG)35K and HS-poly(MAA-g-

EG)27K (before and after hydrolysis) were obtained to additionally confirm the success of

hydrolysis. As shown in Figure 2.5, after hydrolysis a broad peak is observed at

2500-3500 cm'-1 due to the formation of hydrogen bonding,[65, 66] which is not possible

for the HS-poly(tert-BMA-g-EG). In the spectrum of HS-poly(tert-BMA-g-EG), 2978

cm ~' was attributed to the asymmetric stretching of -CH 3; 1724 cm -' was the stretching of

C=O in the carbonyl group of tert-BMA; 1394 cm ~' and 1368 cm -' was due to the

bending of -CH 3 group, which are the characteristic absorptions of tert-butyl group,[67]

1276 cm -' and 1251 cm~' were the stretching of -C-C-O of PEG and 1140 cm-1 was

attributed to the stretching of C-O.
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HS-poly(MAA-g-EG) 27K
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Figure 2.4 Schematics of mono(thiol)-terminated poly(methacrylic acid-g-ethylene
glycol) or HS-poly(MAA-g-EG) graft copolymers synthesized in this study with contour
length dimensions for PMAA (poly(methacrylic acid)) backbone, PEG (poly (ethylene
glycol)) side chains, and PEG side chain density drawn approximately to scale. The
schematics are not meant to indicate the actual spatial distribution of PEG side chains
along the MAA backbone or the conformation of the polymer chains. The numerical
subscript in the abbreviated polymer name labels refer to the number average molecular
weight, Mn, of the graft copolymer in g/mol (as measured by 1H nuclear magnetic
resonance) and "K" is an abbreviation for 1000.
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Figure 2.5 Fourier transform infrared (FTIR) spectra of (a)after hydrolysis, mono(thiol)-
terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-EG) 27K and (b)
before hydrolysis, mono(thiol)-terminated poly(tert butyl methacrylate-g-ethylene glycol)
or HS-poly(tert-BMA-g-EG)35K. The numerical subscript in the abbreviated polymer
name labels refer to the number average molecular weight, M., of the graft copolymer in
g/mol (as measured by 'H nuclear magnetic resonance) and "K" is an abbreviation for
1000.



By treatment with HCI in dioxane the tert-butyl groups were removed to form free

carboxylic acid groups. Besides considerable absorption due to the -OH stretching of

hydrogen bonding at 2500-3500 cm'- , the C=O absorption peak of the MAA groups split

into two peaks: 1731 cm-1' and 1698 cm-', which has been seen in poly(styrene-co-

MAA)[16] and poly(MAA-g-EG).[17] From FTIR studies on complexes of PMAA gel

with PEG,[26] the 1731 cm -' would be attributed to the C=O absorption peak affected by

the formation of the hydrogen bonding between PMAA and PEG side chains and the

1698 cm -' would be attributed to the C=O absorption peak affected by the formation of

the hydrogen bonding between two carboxylic groups of PMAA on the backbone. The

FTIR spectrum of HS-poly(MAA-g-EG) also shows there was still absorptions in the

region of 1394 cm-' -1368 cm `', though the peak positions shifted slightly. Since there

were -CH 3 groups remaining on the backbone after the hydrolysis, 1390 cm -' and 1353

cm -' were attributed to symmetric bending vibrations of -CH 3 groups under the influence

of acid dimers or formation of hydrogen bonding.

Solubility. The 27K and 15K polymers were observed to dissolve completely in pH

6, 7.1, 8 and 9 and swelled in pH 4 and 5 aqueous solutions. The 17K polymers dissolved

completely in pH 6, 7.1, 8 and 9, partially dissolved in pH5, and swelled in pH 4.

2.5 Conclusions

A series of mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) have

been synthesized via atom transfer radical polymerization method. The end-

functionalized comb-type copolymers were characterized by GPC, 1H NMR and FTIR,

which results indicate the molecular structures designed were attained successfully. The

varying macromolecular architectures are as follows by decreasing molecular weight by

-2x and side chain graft density by -4x. The number average molecular weight, Mn =

27K, PEG graft density, PEG(%) = 7.7%, backbone contour length, Lcontour = 41.1 nm;

Mn = 15K, PEG(%) = 8.8%, Lcontour = 22.1 nm; Mn = 17K, PEG(%)= 1.9%, Lcontour = 39.8

nm.



Chapter 3

Conformational Transition of End-
Grafted Poly(methacrylic acid-g-
ethylene glycol) Polymer Layer on
Planar Substrate

3.1 Introduction

Study on polymer complexes of copolymer poly(MAA-g-EG) in solution has been

reported in literature, for example, high molecular weight poly(MAA-g-EG) polymers

(-700-800K) free in solution show a dramatic conformational transition in aqueous

solution from a collapsed hydrophobic intrapolymer complex at low pH to an expanded

hydrophilic coil at high pH that is essentially completed for pH > 6.0 and is amplified

compared to the poly(methacrylic acid) or PMAA homopolymer.[43]

In this chapter, three mono(thiol)end-functionalized poly(MAA-g-EG) copolymers

with varying macromolecular architecture were chemically end-grafted to planar Au-

coated substrates using a "grafting to" chemisorption technique (which yielded a polymer

layer with molecular surface separation distances of - 3-4 nm) and then characterized by

contact angle measurements to monitor the kinetics of chemisorption and assess

wettability. Samples were prepared via the technique of micro-contact printing[68] where

patterned surfaces with micrometer-sized areas of the end-grafted polymers were

surrounded by areas of a neutral hydroxyl-terminated self-assembled monolayer (OH-

SAM). The relative graft copolymer layer height was measured as a function of pH in



aqueous solution using these patterned samples by contact mode atomic force microscopy

(AFM) imaging,[46] thus providing direct information on the nature of the pH-dependent

conformational transition.

3.2 Methods

3.2.1 Sample Preparation

End-Grafting of HS-poly(MAA-g-EG) to Planar Surfaces

Au-coated silicon substrates were prepared as previously described[69] and cleaned

using a piranha solution (98% H2SO4/ 30%H 20 2, volume ratio 3:1) for 10 min followed

by copious rinsing with water, acetone, and methanol. Any terminal disulfide bonds

formed by the -SH end groups of HS-poly(MAA-g-EG) were reduced to a thiol group by

diluting polymer to 200 jtg/mL of methanol solution in 0.1 mM dithiothreitol (DTT,

Sigman Aldrich) and incubating under continuous stirring for 1 h. After removal of the

excess reactants using centrifugal filters (Centricon, Millipore, 3000 MW cutoff), the Au

substrates were immersed in 0.4 mg/mL of the polymer solution in methanol for times

ranging between 3 and 72 h. The end-grafted poly(MAA-g-EG) surfaces were rinsed

with acetone, methanol, and water thoroughly before experimentation.

Characterization of End-Grafted poly(MAA-g-EG)

Advancing contact angles for the end-grafted poly(MAA-g-EG) layers were

measured using droplets of -0.5 ml DI H20 (pH5.6) and a VCA2000 Video Contact

Angle system. The contact angle reported is the average of measurements on three

different sample locations.

The micro-contact printed samples were gently dried in a stream of nitrogen and

imaged using contact mode AFM and an OH-SAM functionalized cantilever probe tip in

ambient conditions to measure the relative height in air using similar procedures as

described in chapter 3.2.2 for the wet heights.



The polymer layer thickness in air was also measured on M-2000D Spectroscopic

Ellipsometer (J. A. Woollam Co., Inc.). The change in polarization state of light reflected

from the surface of the sample was measured via the ellipsometric values P and A versus

wavelength (200-1000 nm) at a fixed angle of incidence (700) between the incoming

beam and the sample surface normal. The polymer layer thickness was obtained by

fitting the ellipsometry data with a Lorentz oscillator model over the wave length of 400-

800 nm. The polymer layer surface was modeled as two layers: gold and the polymer.

The thickness was fitted as the value with a mean squared error (MSE) less than five and

was the average of the measurements at three different sample locations.

The surface grafting density, F (chains/nm 2), was calculated from the dry polymer

layer height data as follows :

(cns dry height (nm) p m3-3 6.023 1023 o1

rnm2 
ncim)(

Mn

In the dry state, the density of the polymer layer, p, was assumed to be the same as

its bulk density. The densities of PMAA and PEG are known to be 1.0153 g/cm3 and

1.1135 g/cm 3, respectively.[70] The density of the copolymer is assumed to be an

additive function of the densities of two compositional homopolymers on a weight basis

(-1.07 g/cm 3).

3.2.2 Contact Mode Atomic Force Microscopy in pH Buffer Solutions

The polymer layer heights (and hence, macromolecular conformation) were

measured in aqueous buffer solutions using micro-contact printed samples[68] in

conjunction with contact mode atomic force microscopy imaging.[46] The advantages

and disadvantages of this technique have been discussed previously.[46] The patterned

samples were prepared with micrometer-sized areas of the end-grafted poly(MAA-g-EG)

surrounded by areas of a neutral hydroxyl-terminated self-assembled monolayer (OH-

SAM) as shown in Figure 3.1. A polydimethylsiloxane stamp with parallel lines 1.5 gLm

in width was compressed onto piranha (98%H 2SO4/30%H 20 2, volume ratio 3:1)-cleaned



molecular separation distance -4nm 1.5 9m

Figure 3.1 (a) Side view schematic of height measurement using atomic force
microscope contact mode imaging on micro contact printed surface of graft copolymer
and hydroxyl-terminated self-assembled monolayer (OH-SAM) where Rtp is the probe tip
end radius, and (b) schematic of top view of microcontact printed surface (adapted
from[46]).

Au substrates using 1mM ethanol solution of 11-mercaptoundecanol, HS(CH 2)11OH

(Sigma-Aldrich), to fill the areas outside of the lines. Then the patterned substrate was

immersed into a DTT-treated poly(MAA-g-EG) solution of 0.4 mg/mL for 72 h to allow

the polymer to chemisorb to the inner areas of the lines. The samples were rinsed

thoroughly with methanol, ethanol, and DI water prior to experimentation. Height maps

were taken as a function of pH using these samples by contact mode atomic force

microscopy (AFM) imaging in 0.005M ionic strength (IS) buffered aqueous solution as a

function of pH. pH 4, pH5 and pH6 buffer solutions were formate, acetate, and MES,

respectively, while pH7.1, pH8 and pH9 were Tris. All buffer solutions used sodium

chloride to adjust the ionic strength to 0.005M. A Multimode Nanoscope III AFM

(Veeco) was used at the lowest normal imaging force possible -200 pN (scan size=10 [tm,

scan rate=1 Hz, 256 datapoints per line scan, and scan angle=00) with an OH-SAM

functionalized cantilever probe tip prepared in the same manner as for the planar

substrate (Veeco, end radius -50 nm, nominal cantilever spring constant, k - 0.06 N/m).

The AFM images were flattened and the polymer heights reported are the relative height

between the OH-SAM surface areas outside the patterned lines (which has a height of

-1.4 nm in air[71]) and the polymer-functionalized surface areas within the patterned

lines. The heights are the average of eight scan lines per image.
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3.3 Results and Discussion

Contact Angle Measurements on End-Grafted Poly(MAA-g-EG)

Figure 3.2 shows a dramatic decrease in advancing contact angles for DI water

relative to the hydrophobic bare gold substrate (70±20) with chemisorption incubation

time for end-grafted poly(MAA-g-EG) 27K. The instantaneous advancing contact angles

equilibrated after -48 h of incubation time stabilizing at 32±0.60 (27K), 44±2.40 (17K),

and 47±2.60 (15K). To achieve the highest surface grafting density, samples were

prepared with an incubation time of 72 h. Receding contact angles were 00 (27K), 5±0.50

(17K), and 11±0.60 (15K). The large difference in advancing and receding contact angles

suggest that the end-grafted poly(MAA-g-EG) exposed its hydrophilic segments to water

after dramatically molecular reorganization due to hydration for all three polymers.

Estimation of Packing Density of End-Grafted Poly(MAA-g-EG)

The heights of the polymer layers were measured in air using both the gCP-contact

mode AFM method and spectroscopic ellipsometry to estimate the surface packing

density. From the contact mode AFM imaging, the layer thicknesses relative to the OH-

SAM were found to be -0.8 nm (27K), -1.5nm (17K) and -0.3 nm (15K). The height of

HS(CH2)11OH is known to be 1.4±0.1 nm in air.[71] Hence, the dry polymer layer

heights were calculated to be -2.2 nm (27K), -2.9 nm (17K) and -1.7 nm (15K), which

is similar to the thicknesses obtained from the ellipsometry (2.2 nm for the 27K polymer,

2.0 nm for the 27K polymer and 1.4 nm for the 15K polymer). From the AFM-measured

height values, the packing densities were calculated to be F-0.053 chains/nm 2 or a

molecular separation distance of -4.3 nm (27K), F-0.109 chains/nm 2 or a molecular

separation distance of -3.1 nm (17K) and F-0.071 chains/nm 2 or a molecular separation

distance of -3.8 nm (15K). These values are -2x larger than the radius of gyration of

these 1100 g/mol PEG side chains (- 1.5 nm[72]). However, lateral interactions between
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Figure 3.2 Advancing contact angles of gold (zero hours) and chemically end-grafted

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG)27K polymer layers as a
function of chemisorption incubation time. The numerical subscript in the abbreviated
polymer name labels refer to the number average molecular weight, M,, of the graft
copolymer in g/mol as measured by 1H nuclear magnetic resonance and "K" is an
abbreviation for 1000. Hi-lo bars represent one standard deviation. The number of
measurements taken were on three different locations of the polymer layers for each
incubation time.
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PEG chains are expected at these grafting densities since PEG is known to have longer

range repulsive interactions up to -3x its radius of gyration.[72]

Stimulus-Responsive Conformational Transition of End-Grafted Poly(MAA-
g-EG)

Figure 3.3 shows contact mode AFM height images of micro-contact printed 15K

(72 h chemisorption incubation time) / OH-SAM surfaces taken under the minimum

possible normal forces in a series of buffer solutions with pH 4-9 (ionic strength =

0.005M). These images allow for direct visualization of variations in the polymer

conformation, which is quantified in the subsequent height versus pH plot of Figure 3.4.

At high pH the carboxylic acid groups of PMAA are ionized (negatively charged) and

unbound to the PEG chains which are free to participate in hydrogen bonding with water.

Both intramolecular electrostatic repulsion and the hydrophilicity of PEG can contribute

to a significant coil expansion. At pH9, the height was found to be 8 ± 0.8 nm

(0.36Lontour) for the 15K, EG/MAA-2.2, 15 ± 0.5 nm (0.37Lontour) for the 27K,

EG/MAA-1.9, and 9.1 ± 0.4 nm (0.23Lontour) for 17K, EG/MAA-0.4 polymers. These

results suggest that the relative extension is determined by the side chain graft density

where a lower graft density results in a lower relative extension of the main chain

backbone. Since a small tare force of up to -200 pN is necessary to attain stable feedback

for AFM imaging, some compression of the polymer layer may result and these AFM

measured height values may be somewhat less than the true equilibrium polymer heights

(depending on the nanoscale compliance of the polymer layer). At high pH values (7-9),

the height of the 27K polymer was found to be statistically larger (p<0.003) than the 15K

and 17K.

As the pH is reduced, the carboxylate groups of the PMAA become protonated and

intrapolymer main-chain side-chain complexation can take place via hydrogen bonding

with the PEG -0- groups and is thought to be further stabilized by hydrophobic

interactions between the -CH 3 groups of PMAA and the hydrophobic segments of PEG.

This leads to a hydrophobic, globular, collapsed conformation. As pH was decreased, the
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Figure 3.3 AFM contact mode height images of micro-contact printed samples of end-
grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) 15K layers (inside
the line patterns) and a hydroxy-terminated self-assembling monolayer (OH-SAM,
outside the line patterns) and as a function of pH (ionic strength = 0.001M) taken with an
OH-SAM functionalized probe tip. The minimum possible normal imaging force was
employed. The numerical subscript in the abbreviated polymer name labels refer to the
number average molecular weight, Mn, of the graft copolymer in g/mol as measured by
1H nuclear magnetic resonance and "K" is an abbreviation for 1000.
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Figure 3.4 Heights of end-grafted poly(methacrylic acid-g-ethylene glycol) or
poly(MAA-g-EG) polymer layers relative to a hydroxy-terminated self-assembling
monolayer measured by contact mode atomic force microscopy at the lowest possible
imaging force as a function of pH in 0.005M buffered aqueous solution on micro-contact
printed samples. Hi-lo bars represent one standard deviation. Heights are the average of
eight scan lines per image.



AFM-measured height (Figure 3.4) was observed to decrease gradually until reaching a

minimal value of - 1-2 nm at pH 4, indicating that the polymer layer was in a nearly

completely flattened state during imaging (height values for all three polymers were

statistically similar (p>0.01). Hence, the expanded to collapsed conformational transition

appears to be completed between pH 4-6 which is consistent with the solubility results,

reports on high MW (-700-800K) poly(MAA-g-EG) in dilute aqueous solution,[43] and

equilibrium swelling of macroscopic crosslinked poly(MAA-g-EG) hydrogels.[24] The

heights of end-grafted polymer layers as a function of pH also showed that the

conformation transition occurred at a lower pH range (pH 4 - 5) for the 17K polymer

compared to pH 5 -6 for the 27K and 15K polymer, suggesting that the lower acidic

proton binding potential resulting from less hydrogen bonding interactions between

PMAA backbone and PEG sidechains shifted the pKa of end-grafted polymer layers to

smaller value. In other words, it is easier for carboxyl groups to release protons through

dissociation at a more acidic condition if the polymers have less intramolecular

complexation through hydrogen bonding.

The pKa of high MW poly(MAA-g-EG) has been reported between 5.8-6.7 and

interestingly light scattering data on these high MW polymers show minimal expansion

above pH 6.0, even though further ionization takes place.[43] In our experiment, we do

not observe formation of a plateau, only continued expansion up until pH 9 (the highest

pH tested), similar to the macroscopic equilibrium swelling behavior of crosslinked

poly(MAA-g-EG) gels[24] and high molecular weight PMAA brushes.[73, 74] This

behavior may be indicative of intermediate conformations which has been suggested

previously.[75, 76] While a quantitative comparison with these studies[24, 43] is not

possible due to differences in copolymer and PEG MW, solution ionic strength, and

sample type (i.e. free, end-grafted, or crosslinked copolymers), it is interesting to note

that many qualitatively similar trends emerge. The height of the 17K polymer at lower

pH values (5-6) was statistically greater than the 27K or 15K polymer (p<0.015). It is

noted that the surfaces are still extremely hydrophilic at pH 5.6 (as indicated by contact

angle measurements taken with DI water) when the polymer layers have already

collapsed by 70-85% of its expanded height at pH9, suggesting that wettability should

have a much more discrete stimulus-responsive nature.
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Figure 3.5 Heights of end-grafted poly(methacrylic acid-g-ethylene glycol) or
poly(MAA-g-EG) polymer layers relative to a hydroxy-terminated self-assembling
monolayer measured by contact mode atomic force microscopy as a function of normal
imaging force in 0.005M buffered aqueous solution on micro-contact printed samples.
Hi-lo bars represent one standard deviation. Heights are the average of eight scan lines
per image. (a) pH9 and (b) pH4.



Figure 3.5a is a plot of the heights of the poly(MAA-g-EG) layers measured by

contact mode atomic force microscopy as a function of normal imaging force on micro-

contact printed samples in buffered aqueous solution of pH9 and ionic strength of

0.005M. A nonlinear decrease in polymer height is observed for both molecular weights

with increasing normal force until reaching a plateau value ("incompressible layer height")

of < 2 nm at -10 nN of force. Figure 3.5b shows the corresponding data for pH 4 where

all three polymers are in a nearly completely collapsed configuration.

(E) End-Grafted Poly(MAA-g-EG) Layers Relative to Other Reported End-
Grafted Stimulus-Responsive Macromolecular Systems

One parameter that can be employed to directly characterize the magnitude of the

stimulus responsive nature of a particular system is a swelling factor, s, which for end-

grafted macromolecular layers exposed to a particular stimulus can be defined as :

maximum height
minimum height

where the heights may be taken anywhere throughout the stimulus range. s is expected to

depend on F and intermolecular interactions, DPn and polydispersity, macromolecular

architecture and intramolecular interactions, and surface curvature. s is also expected to

decrease at high grafting densities due to lateral confinement effects and layer stiffening.

Values of s have been observed to be exceedingly large (up to 19) for polyelectrolytes

attached to curved surfaces (calculated by hydrodynamic thicknesses measured by

dynamic light scattering of brush-functionalized particle dispersions), for example;

temperature and salt concentration of poly(N-isopropylacrylamide) (PNIPAM),[77] pH

and salt concentration dependence of polyacrylic acid or PAA, salt concentration

dependence for poly(2-(dimethylamino)ethyl methacrylate) or PDMAEMA[78] and salt

concentration dependence of poly(styrene sulfonate) or PSS.[79] Hence, for consistency

we will limit further discussion to macromolecules attached to planar surfaces. Table 3.1

provides a summary of end-grafted or end-anchored PAA[80, 81] and PMAA[73, 74, 82]

data reported in the literature compared to the poly(MAA-g-EG) graft copolymers

studied here. s values are measured to fall < 3.3 for PAA and PMAA with a wide variety



Polymer DPn F (chains/nm 2) Technique s Reference

PAAt  49-57 0.1-0.85 ellipsometry <1.3 Wu, et al.[80]
PAA* 122 0.125-0.38 ellipsometry <2.35 Currie, et al.[81]

PMAA 300 AFM (scratch method) 1.97 Ryan, et al.[82]
PMAA high ellipsometry 3.3 Konradi, et

al.[73]
PMAA 23,000 0.005-0.16 ellipsometry 1.9-2.5 Zhang, et al.[74]

poly(MAA- 80-155 0.053-0.11 AFM (ýiCP) 3.6-7.3 This study
g-EG)t

Table 3.1 Summary of swelling factors for heights of poly(acrylic acid) or PAA and
poly(methacrylic acid) or PMAA end-anchored* or chemically end-grafted t weak
polyelectrolyte layers as a function of pH compared to poly(methacrylic acid-g-ethylene
glycol) or poly(MAA-g-EG) reported in this paper where the swelling factor, s, is defined
as the maximum height divided by the minimum height, F is the grafting density
(chains/nm2), DPn is the number average degree of polymerization, and pCP is micro
contact printing. s for the poly(MAA-g-EG) was calculated with the addition of 1.4
nm[71] to each of the heights since the re orted values (Fig. 9) were relative to the
SH(CH 2) 10OH self-assembling monolayer. The DPn in Konradi, et al.[73] was not
reported but expected to be very large since the collapsed height of the layer at low pH
was - 600 nm.



of DPn and grafting densities while s for the poly(MAA-g-EG) were found to be

generally larger at 4.14 (15K), 3.64 (17K), and 7.3 (27K). The swelling factors

calculated for the poly(MAA-g-EG) were from low force contact mode AFM imaging

of gCP samples while the majority of the others were measured via ellipsometry. As

mentioned before, the former method (AFM) typically will leads to an underestimation of

the measured heights, which would in turn lead to an underestimation of s and hence, the

trend observed comparing poly(MAA-g-EG) to PAA and PMAA can not be due to

differences in the measurement techniques.

To compare these values to other types of stimuli, PAA and PMAA also exhibit a

well-known nonmonotonous dependency on salt concentration which exhibits a

maximum height between the "osmotic brush" and "salted brush" regimes.[80] Swelling

factors as a function of salt concentration for PAA and PMAA are generally larger than

for pH dependency of the equivalent systems (s-1.4-6.4).[73, 74, 80, 81] Solvent and

temperature-dependent swelling factors for end-grafted poly(N-isopropylacrylamide)

(PNIPAM) on planar substrates are found to be <3.2.[83-86] Other end-tethered stimulus-

responsive macromolecular layers reported in the literature (which did not report heights

and swelling factors) include; elastin-like polypeptides,[87] semifluorinated polystyrene

and poly(methyl acrylate)-based diblock copolymers,[88] binary layers of chemically

modified poly(styrene)/poly(methyl acrylate), poly(butyl acrylate) or poly(acrylic

acid),[89, 90] and Y-shaped amphiphilic poly(styrene)/poly(acrylic acid).[91, 92] In

these systems and some of the others cited above, alternative surface properties have been

employed to characterize stimulus responsiveness including wettability,[88, 91, 93]

protein adsorption,[87] membrane permeability,[94] nanoscale morphology in air,[88-92]

bioadhesion,[86] and more recently, nanomechanical properties.[87, 89, 92]

3.4 Conclusions

The pH-dependent conformational transition (swelling) of stimulus-responsive

chemically end-grafted "brush-brushes" of mono thiol(end)-functionalized poly(MAA-g-

EG) comb-type graft copolymers was confirmed to take place gradually above pH 4-5



and quantified by contact mode AFM measurements of polymer height on gCP samples.

At pH9, the height of the end-grafted polymer layers was found to be -0.36Lcontour for the

15K, EG/MAA-2.2, -0.37Leontour for the 27K, EG/MAA-1.9, and -0.23Lcontour for 17K,

EG/MAA-0.4 polymers. At pH4, the conformational transition resulted in a sharp drop in

the polymer layer height to -0.05-0.09 Lcontour for all three copolymers. The nanoscale

compressibility as a function of macromolecular architecture and pH was also measured.

Polymer layer height vs normal AFM imaging force measured on pCP samples at pH9

showed a nonlinear relationship and complete compressibility < 1 nm for forces > 10 nN.

The 27K polymer was observed to be the least compressible at pH9 and at pH4 all

polymers were collapsed and essentially incompressible.

Not only is this advance technologically important for preparing homogeneous

and stable stimulus-responsive surfaces, but also provides a system for which the

fundamental nanoscale origins of the stimulus responsive nature of such macromolecules

can be studied systematically.



Chapter 4

Nanomechanical Switching in Normal
Intersurface Interactions of End-
Grafted Poly(methacrylic acid-g-
ethylene glycol) Polymer Layer on
Planar Substrate

4.1 Introduction

Stimulus-responsive surfaces which can dynamically and reversibly capture and

release biomacromolecules, such as proteins, hold great potential for bioseparation and

sensor systems, as well as the regulated administration of drugs and growth factors for

modulation of cellular processes in tissue engineering.[95] Certain active polymers

chemically end-attached to surfaces in a well-defined "brush"-like configuration have

been shown to possess this capability, for example poly(N-isopropylacrylamide)[96] and

elastin-like polypeptides.[97] These systems are based on macromolecular

conformational transitions leading to an inversion in the intersurface interaction potential

from net repulsive (hindering protein adsorption) to net attractive (promoting protein

adsorption), what we refer to here as "nanomechanical switching." Such net interaction

potentials are typically a superposition of numerous nonspecific repulsive (e.g.

electrostatic counterion double layer, steric, hydration, etc.) and attractive (e.g. van der

Waals, hydrophobic, H-bonding, ionic, etc.) components that can lead to complicated



functional forms which vary with the strength and range of the constituent

interactions.[98]

In this chapter, we focus on a unique stimulus-responsive system, polymer "brush-

brushes," which are comb-like side-chain graft copolymers chemically end-attached to

surfaces at relatively high packing densities where the noncovalent side-chain main-chain

interactions are sensitive to various environmental conditions (e.g. pH, salt concentration,

etc.). Here, we show that these systems also undergo nanomechanical switching from a

net repulsive (high pH) to a net attractive (low pH) intersurface potential. A series of

different macromolecular architectures was shown to modulate both nanomechanical

switching properties.

4.2 Methods

4.2.1 Sample Preparation

Materials

HS-poly(MAA-g-EG) graft polymers were synthesized and characterized as

previously described (Table 4.1).[99] Tris (hydroxymethyl) aminomethane (Tris), 4-

morpholineethanesulfonic acid monohydrate (MES), acetic and formic acid were all

purchased from Sigma-Aldrich. All water used for solutions, rinsing, and storage was

deionized (DI, pH 5.6) (18ML-cm resistance). N-type Silicon wafers with 100

orientation were purchased from Crystaltek. Chromium was purchased from R.D. Mathis

and gold (99%) was purchased from J & J Materials. All the other chemicals were used

as received from commercial suppliers.

End-grafting of HS-poly(MAA-g-EG) to planar surfaces

Au-coated silicon substrates were cleaned using a piranha solution (98% H2SO4/

30%H 20 2, volume ratio 3:1) for 10 min followed by copious rinsing with water, acetone,

and methanol. Any terminal disulfide bonds formed by the -SH end groups of HS-

poly(MAA-g-EG) were reduced to a thiol group by diluting polymer to 200 pg/mL of

methanol solution in 0.1 mM dithiothreitol (DTT, Sigma-Aldrich) and incubating under



Polymer HS-poly(MAA-g- HS-poly(MAA-g- HS-poly(MAA-g-
EG)15K EG)27K  EG)17K

Mn (1H NMR) 15400 26800 16,600
EG/MAA (mole ratio) 2.2 1.9 0.4
PEG graft density (%) 8.8 7.7 1.9
NPEG 7.8 12.6 3.0

Lcontor, main chain (nm) 22.1 41.1 39.8
Lontour, side chain (nm) 6.7 6.7 6.7

Packing density, F 0.071 chains/nm 0.053 chains/nm2  0.109 chains/nm 2

(molecular separation (-3.8 nm) (-4.3 nm) (-3.1 nm)
distance)
Contact angle
(DI water, pH5.6)
Instantaneous advancing 47±2.60 32±0.60 44±2.40
Instantaneous receding 11±0.60 00 5±0.50

ehcS mati
c 22 nm 41 nm

Table 4.1. Characterization data of thiol-terminated poly(methacrylic acid-g-ethylene
glycol) or HS-poly(MAA-g-EG) comb-type graft copolymers as determined by 1H
nuclear magnetic resonance (NMR), as reported previously.[99] The numerical subscript
in the abbreviated polymer name labels refer to the number-average molecular weight,
Mn, in g/mol and "K" is an abbreviation for 1000, the poly(ethylene glycol) or PEG graft
density (%) is defined as NPEG divided by the total number of backbone monomers where
NPEG is the average number of PEG chains per poly(methacrylic acid) or PMAA chain,
and Lcontour is the average contour length calculated from the known molecular weights
assuming ttt conformations for the PMAA and ttg conformations for the PEG, which is
known to exist in aqueous solution.[64] The schematics of the polymers are not meant to
indicate the actual conformation. The packing density and contact angle of the chemically
end-grafted polymer layers are also given.
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continuous stirring for 1 h. After removal of the excess reactants using centrifugal filters

(Centricon, Millipore, 3000 MW cutoff), the Au substrates were immersed in 0.4 mg/mL

of the polymer solution in methanol for 72 h. The end-grafted poly(MAA-g-EG) surfaces

were rinsed with acetone, methanol, and deionized water thoroughly before

experimentation.

4.2.2 High Resolution Force Spectroscopy (HRFS)

The nanomechanical properties of these three poly(MAA-g-EG) monolayers were

measured in aqueous buffer solutions of different pH at constant salt concentration (ionic

strength, IS) using the technique of chemically specific high-resolution force

spectroscopy. A single Au-coated[69] Si3N4 V-shaped cantilevers with square-pyramidal

nanosized probe tip (Thermomicroscopes, Inc., Sunnyvale, CA; nominal spring constant,

k = 0.03 N/m) was functionalized with a carboxyl-terminated SAM (COOH-SAM) by

immersing in a 2 mM ethanol solution of a 1 1-mercaptoundecanoic acid

(HS(CH2)1oCOOH, Sigma-Aldrich) for 24h and was used as a force transducer to record

normal force, F (nN), vs probe tip-sample separation distance, D (nm) on loading

("approach" or probe tip advancing toward surface) and unloading ("retract" or probe tip

moving away from surface). The probe tip end radius, Rtp, was measured after

nanomechanical testing, via scanning electron microscopy (SEM, JEOL JSM 6060) and

found to be -50 nm. A 1-Dimensional Molecular Force Probe (MFP) (Asylum Research,

Santa Barbara, CA.) on a Halcyonics MOD-1 active vibration isolation system was

employed for the experiments. A full description of this instrument, its limits of force and

displacement detection in fluids, procedures for cantilever spring constant calibration and

conversion of raw data, details of measurement errors, and description of F-D curves

including the mechanical instabilities of the cantilever were described previously.[69] F-

D curves between COOH-SAM probe tips and the chemically end-grafted poly(MAA-g-

EG) monolayers were carried out in buffer solutions of varying pH with a constant ionic

strength of 0.005M at room temperature. pH4, pH5 and pH6 buffer solutions were

formate, acetate, and MES, respectively, while pH7.1, pH8 and pH9 were Tris. All buffer
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Figure 4.1 Schematic illustration of the pH-stimulated conformational change of

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) polymer via high

resolution force spectroscopy measurement on the polymer layer chemically end-attached

to Au by probe tip. The scale is based on the data of the 15K polymer and the probe tip

radius is set as 50 nm. X stands for -COOH groups. Y stands for O atoms.



solutions used sodium chloride to adjust the ionic strength to 0.005M. The experimental

conditions used a z-piezo velocity of 1 •tm/s (where z is the direction normal to the

sample plane), a z-range of 1 gim, a z-scan rate=1.0 Hz, and a rate of data acquisition =

5000 points/s. - 60 F-D experiments were carried out at six different sites on the sample

surface. The vertical constant compliance contact regime of the F-D curves was shifted

along the x-axis by the compressed height of the layer at -1 nN in the experiments, which

was measured from height vs. force data obtained by contact mode AFM imaging of

microcontact printed samples.[46] The adhesion force / radius for each curve was

measured as the maximum force on retract. The maximum adhesion forces of -60

individual retract F-D curves were averaged to yield the averaged maximum adhesion

force (Fig. Si). The series of experiments reported here were reproduced with different

probe tips multiple times. Control experiments were run on a COOH-SAM planar

substrate at pH9 before and after testing the polymer monolayers to confirm the correct

intersurface interaction profile and that the tip chemistry and geometry remained constant

throughout the course of the experiments. A single probe tip was used for all

nanomechanical experiments to avoid possible variations in the data due to probe tip

geometry. The maximum number of chains on the substrate interacting with the probe tip

can be approximated from the tip (Atip) and substrate (Asubstrate) maximum surface

interaction areas based on the known tip end radius, Rtip, and maximum interaction

distance range in a high resolution force spectroscopy experiment, DI, assuming

hemispherical geometry for the probe tip as follows; Atip=7-•tipDI and Asubstrate=n(Rtip 2-

(Rtip-DI)2 ), also taking into account the known polymer surface packing density, F

(chains/nm2). The estimated maximum number of polymer chains interacting with the

probe tip at contact (D=0) was a few hundred.



4.3 Results and Discussion

4.3.1 HRFS on Approach

Chemically specific high resolution force spectroscopy using a nanosized probe tip

(end radius, Rtip - 50 nm) was employed to measure the normal intersurface force (F)

versus probe-tip sample separation distance (D) in aqueous electrolyte solution as a

function of pH at constant ionic strength (IS = 0.005M) on "approach" (probe tip

advancing towards surface) and "retract" (probe tip retracting away from surface) for the

chemically end-grafted poly(MAA-g-EG) layers. The estimated maximum number of

polymer chains interacting with the probe tip at contact (D=0) was - a few hundred (see

Methods 4.2.2). The probe tip was functionalized with a carboxyl-terminated self-

assembling monolayer (COOH-SAM) in order to amplify the magnitude of the forces

measured since the COOH-SAM has a pKa~5.5[100] which is similar to the pH value of

the stimulus responsive transition for the poly(MAA-g-EG) layer. Nanomechanical

switching on approach was observed for the 27K polymer (longer main chain, higher

density of side chains) between pH 4 and 5 (Figure 4.2a) and for the 15K polymer

(shorter main chain, higher density of side chains) between pH5 and 6 (Figure 4.2b), but

not for the 17K polymer (longer main chain, lower density of side chains) which

remained net repulsive throughout the pH range tested (Figure 4.2c).

For the 27K polymer at high pH 6-9, a net nonlinear repulsive, interaction was

observed, the range of which decreased from -42 nm at pH9 to -30 nm at pH6. At lower

pH5 the repulsive range decreased to -15 nm and at pH4, the net intersurface interaction

reversed in sign becoming purely attractive and nonlinear with decreasing D. The range

of the interaction at pH4 was -20 nm and the magnitude of the average maximum

attractive force was -0.08nN. This "nanomechanical switching" or conversion from a net

repulsive intersurface interaction to a net attractive intersurface interaction as a function

of a given stimulus was observed to be reversible - systems with this property are

particular interesting due to the expected dramatic change in surface properties that likely

accompany this transition. The increase in standard deviation of the data observed with

decreasing pH also indicates the change in molecular mechanism of interaction. The 15K

polymer also exhibited a repulsive to attractive transition (Figure 2b), except the pH at
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Figure 4.2(a) Averaged nanomechanical data measured on approach between a probe tip

functionalized with a carboxy-terminated self-assembling monolayer or COOH-SAM
(HS-(CH2)10oCOOH) (probe tip end radius, Rp, -50 nm) and chemically end-grafted

poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layers as a function of pH

at a constant ionic strength of 0.005M. Hi-lo bars represent one standard deviation for
n=60 experiments; (a) 27K, (b) 15K, and (c) 17K. The inset schematic does not represent

the actual conformation of the polymer (as this is changing with pH).
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Figure 4.2(b) Averaged nanomechanical data measured on approach between a probe tip
functionalized with a carboxy-terminated self-assembling monolayer or COOH-SAM
(HS-(CH2)10oCOOH) (probe tip end radius, Rt1p -50 nm) and chemically end-grafted
poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layers as a function of pH
at a constant ionic strength of 0.005M. Hi-lo bars represent one standard deviation for
n=60 experiments; (a) 27K, (b) 15K, and (c) 17K. The inset schematic does not represent
the actual conformation of the polymer (as this is changing with pH).
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Figure 4.2(c) Averaged nanomechanical data measured on approach between a probe tip
functionalized with a carboxy-terminated self-assembling monolayer or COOH-SAM
(HS-(CH2)10oCOOH, probe tip end radius, Rtip -50 nm) and chemically end-grafted
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at a constant ionic strength of 0.005M. Hi-lo bars represent one standard deviation for
n=60 experiments; (a) 27K, (b) 15K, and (c) 17K. The inset schematic does not represent
the actual conformation of the polymer (as this is changing with pH).
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which this occurs was shifted compared to the 27K, with both the pH4 and pH5 being net

attractive. The average maximum attractive force increased from -0.07nN at pH5 to

-0.58nN at pH4, which is much greater than that for the 27K polymer. It is probably

caused by the interaction between the probe tip and a portion of the gold substrate not

covered by the 15K polymer layers, instead of indicative of the characteristics of the

polymer layers, since the 15K polymer has the shortest backbone length among the three

polymers and may not be able to fully cover the substrate area at a collapsed state. The

17K polymer did not exhibit any net attractive profiles and instead was repulsive for the

entire pH range, with the maximum distance of repulsion decreasing with decreasing pH

from - 39nm at pH9 to - 5nm at pH4.

At high pH and at longer distance ranges, electrostatic double layer repulsion

between ionized COO- groups on the probe tip SAM and the PMAA main chain of the

graft copolymer are expected to dominate the net repulsive interaction profile since both

the polymer and probe tip will be negatively charged (the pKa of PMAA is -5-6.5[101]).

The reduction in the range of the repulsive interactions with decreasing pH in the high pH

regime can be attributed to titration of the carboxylic acid groups on the PMAA main

chain of the copolymer on the surface (reducing both the surface charge density and

polymer layer height), as well as on the probe tip. At low pH the attractive interaction is

likely a combination of the more hydrophobic nature of the side-chain main-chain

complex, as well as H-bonding between uncomplexed protonated COOH groups on the

PMAA main chain and probe tip. The increase in the standard deviation of the data

observed with decreasing pH indicates the change in molecular mechanism of interaction.

At high pH, the electrostatic double layer dominated profiles have relatively small

standard deviations indicating homogeneity of the interaction, while the lower pH

attractive profiles exhibits a broader more heterogeneous distribution in the interaction

profiles which is expected due to the collapse of the polymer chains in conjunction with

the small nanoscale dimensions of the probe tip.

The 15K polymer had a similar side chain grafting density as the 27K but the contour

length was approximately 0.5 that of the 27K polymer, which changed the

nanomechanical interaction profiles in a number of ways. The range of the interaction

decreased accordingly by - 0.5; the pH of nanomechanical reversal shifted up to pH 5-6;
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Figure 4.3 Averaged nanomechanical data measured on approach between a probe tip
functionalized with a carboxy-terminated self-assembling monolayer or COOH-SAM
(HS-(CH2)10oCOOH, probe tip end radius, Rtip -50 nm) and chemically end-grafted
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the average maximum attractive force increased to -0.58 nN at pH4 (-7x times larger

than the 27K at this pH). The 17K polymer had a similar contour length as the 27K

polymer but a grafting density 4.4x smaller and only exhibited a net repulsive interaction

throughout the entire pH range studied, suggesting that this polymer remains much less

hydrophobic at low pH due to the smaller PEG side chain grafting density. The effect of

macromolecular architecture on the nanomechanical switching properties of end-grafted

polymer layers was also supported by the high resolution force spectroscopy on approach

of end-grafted COOH-SAM using COOH-SAM functionalized probe tip Figure 4.3.

Without intramolecular complexation occurring via hydrogen bonding, the end-grafted

COOH-SAM was much less hydrophobic and more hydrophilic at low pH 3 - 5, resulting

in a very weak nanomechanical switching as pH decreased.

The compressive stress versus strain data between a -COOH SAM tip and the

polymer layer surface were calculated based on the averaged F-D curves on approach at

pH9 and are plotted in Figure 4.4. The full polymer layer thickness, h, was calculated

from the electrostatic interaction distance minus five times of the Debye length[102]

(-4.3 nm when IS=0.005M). When the separation distance, D, is less than h, the tip will

touch the polymer layer and compress it. The strain is given by 1-D/h. While the stress

was calculated using the approximation that the modulus of the polymer layer doesn't

change when the tip compresses the polymer layer by a very small distance dX and the

effective tip area (area that the interaction force, F, applied to) increases by A=

2nr*Rip*dX, where Rtip is the radius of the curvature of the probe tip. When the force

increases from F1 to F2 as the tip compress the polymer layer by dX, the effective tip area

increases from A to A+A. The compressive stress P at distance X-dX is given by the

following equation:

A+A = F2  F2  F2  F,

A F, A+A A A

The force, F, and the separation distance, D, were fitted to get the appropriate dX value

and the compressive stress P was obtained from the analytical solution. As shown in

Figure 4.4, all three polymers exhibit a nonlinear increase in stress as strain increases.

No significant difference was observed between the three datasets indicating neither the
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grafted PEG side chains nor the molecular weight of PMAA backbone influence the

compressive modulus of the three polymer layers in a fully charged, uncomplexed and

hydrophilic conformation.

For comparison, the force versus 1-normalized height calculated from measuring the

height of end-grafted polymer layer with varying normal load via contact mode AFM

(chapter 3.3 (D)) is plotted in Figure 4.5, where 1-normalized height = 1- d/h (d is the

measured height of end-grafted polymer layer. The full polymer layer thickness, h, was

calculated from the electrostatic interaction distance from HRFS approach curves minus

five times of the Debye length -4.3 nm when IS=0.005M). The difference in the

compression resistance of all three polymer monolayers in aqueous solution at pH9 is not

significant, which is consistent with Figure 4.4.

4.3.2 HRFS on Retract

Nanomechanical switching was also observed for all of the polymer layers on retract

where a gradual reduction in adhesion (maximum force on retract) takes place from pH 4

(20-80 mN/m) to pH 9 (essentially zero). At low pH4, the 15K polymers exhibited the

greatest adhesion (higher side chain grafting density, shorter length of backbone),

followed by the 27K (higher side chain graft density, longer length of backbone),

followed by the 17K (longer length of backbone, lower side chain grafting density), a

trend consistent with the approach interaction profiles which again highlight the effect of

macromolecular architecture and the ability to tune nanomechanical properties. The

percentage of nanomechanical experiments exhibiting adhesion was also modulated by

pH with all polymers exhibiting adhesion 100% of the time at low pH and decreasing

above pH6-7.

For the 27K polymer layer, the average maximum adhesion force jumped from -

0.31nN (- 6.25mN/m) at pH5 to - 2.4nN (- 47.8mN/m) at pH4 (Figure 4.5a). The 15K

and 17K polymer layers exhibited similar trend that the average maximum adhesion force

generally increases as pH decreases. The typical nanomechanical adhesion F-D curves at

pH4 shows the magnitude of the adhesion force is in the order of 15K > 27K > 17K

(Figure 4.7), which is consistent with the comparison of the nanomechnical data on

approach at pH4.
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Figure 4.6 Nanomechanical data measured on retract between a probe tip functionalized
with a carboxyl-terminated self-assembling monolayer (HS-(CH2)1oCOOH, probe tip end
radius, Rfp -50 nm) and chemically end-grafted poly(methacrylic acid-g-ethylene glycol)
or poly(MAA-g-EG) layers as a function of pH at a constant ionic strength of 0.005M. (a)
Nanoscale adhesion force (maximum force exhibited on retraction) normalized by the
probe tip end-radius where the hi-low bars represent one standard deviation and (b)
Percentage of retraction curves exhibiting adhesion (n= 60 experiments).
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Statistically, - 65-70% of the retract force curves exhibited adhesion at pH8, while

almost 100% of the retract force curves showed adhesion force at pH<7 for the 27K and

the 17K polymers. The percentages of the adhesion retract force curves are - 85-90% at

pH>8 and 100% at pH<7 for the 15K polymer (Figure 4.6b). The detailed statistical

analysis of adhesion forces on retracts for all three polymer layers is summarized in

Figure 4.8.

4.3.3 Comparison between HRFS on Approach and Predictions of a Poisson-
Boltzmann Based Theoretical Model for Electrostatic Forces

Nanomechanical data for the 27K polymer at high pH were compared to the

predictions of two types of Poisson-Boltzmann based theoretical models for the

electrostatic double layer component of the interaction where all of the parameters were

fixed to known values; a "surface charge" model which approximates the macromolecular

layer as a uniform, flat surface charge density[103] and a "volume charge" model which

assumes the charge is homogeneously distributed throughout a volume of the polymer

layer (Figure 4.9).[104] The polymer layer heights can be estimated from the

nanomechanical data as the range of the interaction (maximum distance of first detectable

force above the noise level, Dm,) minus 5K-1 (where K-1 is the electrical interaction

(Debye) length - 4.3 nm for IS = 0.005M). For example, in Figure 4.9a the polymer

layer height would be equivalent to - 30 nm and hence, for D < 30 nm additional

repulsive contributions such as steric interactions may take place. As shown in Figure

4.9a, the surface charge model significantly underestimates the interaction force at pH9,

which is as expected because the polymer layers are charged and extended away from the

surface at high pH (as quantified by the height values of 0.2-0.4Lcontour) and in the surface

charge model both long range electrostatics and sterics due to the volume of the polymer

layer are not taken into account. Given that the Debye length K -' = - 4.3 nm (at

IS=0.005M) is comparable to the separation distance of end-grafted polymer molecules

(-3-4 nm), we expect that the charge distribution inside the polymer layers can be

approximated as a uniform volume charge density. But as indicated by Figure 4.9a, the

volume charge model prediction overestimates the interaction force throughout the entire
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Figure 4.9a,b Comparison of the theoretical predictions of Poisson-Boltzmann based

electrostatic double layer surface and volume charge models with nanomechanical data

on approach of a probe tip functionalized with a carboxyl-terminated self-assembling

monolayer (HS-(CH2)10oCOOH probe tip end radius, Rp --50 nm) and chemically end-

grafted poly(methacrylic acid-g-ethylene glycol)27K layers at (a) pH9 (model parameters

were estimated as detailed in the Supplementary Materials section and fixed to Otip =

Gcoo- (C/m 2) = -0.021, sub polymer (C/m 2) = -1.2992, psub Ppolymer (C/m 3) = -4.64 x

107) (b) pH6 (Gtip= Gcoo- (C/m 2) = -0.01596, asub = Opolymer (C/m2) = -0.98738, psub

ppolymer (C/m 3) = -4.91 x 107), (c) pH5 (Ctp = Ocoo- (C/m 2 ) = -0.00504, oub = polymer

(C/m2) = -0.31224) and a constant ionic strength of 0.005M (see Supplementary Material

for details of calculations). Experimental data represents averages of n= 60 experiments.
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range of the interaction. According to the Manning criterion,[105] if the equivalent line

charge density of a polyelectrolyte, 4=2/'d, is greater than unity, where d is the

intercharge spacing and AB=e2/ekBT is the Bjerrum length, defined to be the distance at

which the Coulombic interaction energy between two monovalent charges embedded in a

uniform dielectric medium is equal to kBT (ZB=0. 7 14 nm in water at 298K), monovalent

counterions will condense on the polyelectrolyte until its effective charge density is

reduced to unity. For poly(MAA-g-EG), the theoretical equivalent line charge density is

0.97 (assuming a trans conformation, bond angle of 109.5', C-O bond length of 0. 142nm,

C-C bond length of 0.154 nm and a Bjerrum length of 0.714 nm). When the polymer

layer is compressed, it is very likely that the equivalent line charge density becomes

greater than unity and then the lack of inclusion of counterion condensation would make

the charge density and hence, repulsive force overestimated at pH9. At pH 6, a similar

trend is observed for the predictions of the surface charge model and the volume charge

model except the theoretical curves are somewhat closer to the experimental data (Figure

4.9b). At pH5 the polymer height drops dramatically due to the conformational transition

and hence, the surface charge model fits the data fairly well (Figure 4.9c), slightly

overestimating the data likely due to additional hydrophobicity.

Poisson-Boltzmann-based electrostatic double layer models

The averaged nanomechanical data on approach were compared to the predictions of

two Poisson-Boltzmann-based theoretical models for the electrostatic double layer

component of the net intersurface interaction; a planar constant surface charge

density.[103] and a homogeneous volume charge density.[106] The PB equation was

solved numerically in a plane parallel geometry to obtain the electrical potential, D, in all

space using a Newton method on finite difference grid.[102] (D was then used to calculate

the electrostatic free energy, and the force was calculated as the derivative of the free

energy with respect to distance perpendicular to the sample plane. The probe tip

geometry was approximated as a hemisphere with an end-radius - 50 nm by using the

calculated force between the planar surfaces and summing up the force on appropriately

sized concentric cylinders. The control data for the COOH-SAM probe tip versus the



COOH-SAM substrate at pH 9 was fit to the surface charge model assuming the surface

charge density on the tip, trp, was equal to the surface charge density on the substrate,

Osub, resulting in ucoo- = -0.021 C/m2.All of the parameters used in the simulations were

calculated and fixed to their measured values as follows (Table 4.2).

At pH = 9, trip = coo = -0.021 C/m 2. At pH = 6 and 5, atip was determined by the

following formula :

ip COO -

10-".5

= -0.021x
10-pH + 10-5.5 (a)

CIpolymer is the surface charge density on the substrate due to

surface charge density model determined by:

# MAAx1.602x10 -'9  10-5.5

sub = polymer = S2 X10-pH +105.5

Ppolymer is

volume charge

Psub = PpOIy

the volume charge density on the substrate due to

density model. Similarly :

# MAAx1.602x10-' 9  10-5.5

mer height x s2 X 10- pH + 10-5 .5

the polymer in the

(b)

the polymer in the

(c)

# MAA is the number of carboxylic groups on the backbone per polymer chain. The

height of the polymer layer was estimated from the nanomechanical data on approach as

the range of the interaction (maximum distance at which force is first detected) minus 5 x

4.3 nm (the Debye length at IS=0.005M).



pH 9  pH 6 pH 5
Surface Volume Surface Volume Surface Charge

Polymer Charge Charge Charge Charge Model
Model Model Model Model

ytip= COO
-  

Csub= Psub= atip=COOO
-  

Osub= Psub= Otip=aCOO- asub=

(C/m2) 0
polymer Ppolymer (C/m2) 0

polymer Ppolymer (C/m 2) apolymer

(C/ 2  (C/m3) (C/m2) (C/m 3) (C/m 2)
HS-
poly(MAA- -0.021 -1.2992 -4.64x107 -0.01596 -0.98738 -4.91x107 -0.00504 -0.31224
g-EG)27K

Table 4.2 Fixed parameters in the surface charge and volume charge models used to
predict the interaction force versus distance when a probe tip (Rip - 50nm) functionalized
with a carboxyl-terminated self-assembling monolayer approaches a chemically end-
grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) layer at pH9, pH6,
and pH5 and a constant ionic strength of 0.005M. oip = ocoo- is the tip surface charge
density due to the COO--SAM determined by equation (a), ,,sub = polymer (C/m2) is the
substrate surface charge density due to the polymer layer (C/m 2) determined by equation
(b) in the surface charge model, and Psub = polymer is the volume charge density (C/m3) in
the volume charge model which is determined by equation (c) above.

Surface charge model and volume charge model are based on Poisson-Boltzmann

(PB) equation. The PB equation relates the spatial distribution of the electrical potential,

(D, in an electrolyte solution to the concentration of fixed and mobile charges within the

electrolyte and at the boundaries of the solution phase.[103] Then the electrostatic free

energy can be calculated from the spatial distribution of the electrical potential, Q:[107,

108]

We (z,q)= ,suce dS + .oumeP i dV

_ olune 2RTCo cosh( F)_ 1) + w (V) dV (1)
oumme \RT 2

where a is the surface charge density due to fixed charge groups, pfix is the volume

charge density due to fixed charge groups, R is the universal gas constant(=8.314

J/mol*K), T is the absolute temperature(=298K), Co is the bath concentration of a

containing monovalent salt, F is the Faraday constant(=96,5000 C/mol) and sw is the

dielectric permittivity of water(=6.92 x 10-10 C/Nom2). Also the length scale over which

the electrostatic potential decays is known as the Debye length, K-'.[103]



K~- = RT (2)

The electrostatic force acting on the brush layer is equal to the z-derivative of the

free energy while keeping the charge constant:

Fz = (We))qconstant (3)

The surface charge model approximates the polyelectrolyte brush as a uniform, flat

constant surface charge density. The total interaction force is a linear sum of attractive

van der Waals, repulsive electrostatic double layer, and hydrophilic "hydration"

forces.[109]At high pH (pH8-9), the surface charge model significantly underestimated

the force over the fitting range of 10-30 nm. It is because at those pHs the polymers

should be mostly fully charged and would be standing up away from the surface, -which is

more like the volume charge model instead of surface charge model.

Volume Charge Model.[106] The volume charge model approximates the

polyelectrolyte brush as a uniform volume charge density. The total interaction force is:

Ftotal(D) = FVDw(D) + Felectrostatic(D) + Fhydration(D) + Fsteric(D) (4)

where the hydrophilic "hydration" force, Fhydration(D), is a very short range (< 4 nm)

repulsive force.[ 110] FvDw(D), van der Waals force, is derived by:[ 111]

S[- +- + LN( D+2
Fvw(6 D D+2R D+2R (5)

dD

where R is the probe tip radius, D is the separation distance between the probe tip and a

planar surface and A is the Hamaker constant. Fsteric(D) is the repulsion due to the

deformation of polymer brush under compression.[l12] In our fitting, FVDw(D),

Fhydration(D) and Fsteric(D) are not taken into account.

In the electrolyte region above the fixed volume charge, Felectrostatic(D) can be

calculated from eq (3), while (D can be expressed as the PB equation:[102]



V2_ = 2FCo sinh( F1 (6)
Ew (RT6

In region inside the fixed volume charge, the PB equation is expressed as:[102]

V2 2FCo sinh( F) Pvolume (7)
Ew, RT) E

where Pvolume is the polyelectrolyte brush fixed volume charge density.

4.4 Conclusions

Macromolecular stimulus-responsive surfaces that undergo "nanomechanical

switching" based on synthesized monothiol-functionalized poly(MAA-g-EG) system

were prepared and tested via chemically specific high resolution force spectroscopy. It

was observed the normal intersurface interaction generally changes from net repulsive

(loading) and nonadhesive (unloading) to net attractive (loading) and adhesive (unloading)

with decreasing pH. Comparison on the picoNewton-resolution experimental data and

theoretical nanomechanical predictions of three different branched macromolecular

architectures (Mn=27K, Lcontour =41nm and PEG%=7.7%; Mn=15K, Lco,,tour =22nm and

PEG%=8.8%; Mn=17K, L•otour =40nm and PEG%=1.9%) shows the molecular-level

parameters such as polymer chain length and side chain grafting density affect the

stimulus-responsive transition as well as the surface nanomechanical properties of the

polymer layers.

At high pH, all three polymer layers are expanded, charged and hydrophilic

exhibiting net repulsive interactions (loading) with the ionized -COOH SAM

functionalized tip. At low pH, the polymer layers with relatively higher PEG side chain

grafting density (27K, 15K) shows the typical net attractive interaction (loading) with the

neutral and hydrophilic tip while the polymer layer with relatively lower PEG side chain

grafting density (17K) still demonstrates repulsive interaction with the hydrophilic tip due

to its more hydrophilic nature even in the collapsed and complexed state. On "retraction"

(i.e. unloading, probe tip moving away from the surface), at pH 9.0 minimal hysteresis

was observed and as the pH was decreased, the amount of hysteresis increased and the



curves exhibited surface adhesion. For pH >7.0, the maximum average maximum

adhesion force and distance was 0.45+0.22nN and 24.1±13.8nm (27K polymer) and

0.15+0.13nN and 14.9±4.7nm (15K polymer), respectively. For pH <6.0, the average

adhesion force and distance was 0.76-0.44nN and 20.0±11.8nm (27K polymer) and

1.80+0.62nN and 14.9±5.9nm (15K polymer).



Chapter 5

Nanomechanical Switching in Lateral
Intersurface Interactions of End-
Grafted Poly(methacrylic acid-g-
ethylene glycol) Polymer Layer on
Planar Substrate

5.1 Introduction

The friction/lubrication behavior of polymer brushes in solution has been studied in

many respects in the past two decades, e.g. brush-brush sliding,[113, 114] brush-solid

surface sliding[113], sliding of homopolymer brushes[115], block copolymer

brushes[116], friction of neutral polymer brushes[115], charged polymer brushes[117,

118], responsive polymer brushes that are sensitive to stimulus like solvents[119] and

friction of pure and mixed polymer brushes.[120] It was reported the friction coefficient

between brushes of poly(methyl methacrylate)-block-poly(sodium sulphonated glycidyl

methacrylate) copolymer (PMMA-b-PSGMA) could reach as low as 0.0006 - 0.001in

water[ll17]. In the case of stimulus responsive polymer brushes, the friction and wear

properties of varied dramatically when brushes of Y-shaped polymers with one

polystyrene arm and one poly(acrylic acid) arm exposed to different solvents.[ 119]

In this chapter, the lateral intersurface "nanomechanical switching" where the lateral

intersurface force coefficient changed as macromolecules on the surface changed from



extended, negatively charged and hydrophilic conformation to collapsed, neutral and

hydrophobic state with decreasing pH was studied via picoNewton-resolution

experimental nanomechanical methodology. The correlations of this nanomechancial

switching to the macromolecular architectures of the end-grafted polymer layers are also

discussed.

5.2 Methods

5.2.1 Sample Preparation

The lateral intersurface nanomechanical properties of end-grafted polymer layers

were measured on micro-contact printed samples in 0.005M ionic strength (IS) buffered

aqueous solution as a function of pH using contact mode AFM.

The patterned samples were prepared with micrometer-sized areas of the end-grafted

poly(MAA-g-EG) surrounded by areas of a neutral hydroxyl-terminated self-assembled

monolayer (OH-SAM). A polydimethylsiloxane stamp with a hexagonal pattern with 15

gm side lengths was compressed onto piranha (98%H2SO4/30%H 20 2, volume ratio 3:1)-

cleaned Au substrates using 2mM ethanol solution of 1 -mercaptoundecanol,

HS(CH2)1 10H (Sigma-Aldrich), to fill the areas outside of the lines. Then the patterned

substrate was immersed into a DTT-treated poly(MAA-g-EG) solution of 0.4 mg/mL for

72 h to allow the polymer to chemisorb to the inner areas of the hexagons. The samples

were rinsed thoroughly with methanol, ethanol, and DI water prior to experimentation.

Height images were taken as a function of pH using these samples by contact mode

atomic force microscopy (AFM) imaging in 0.005M ionic strength (IS) buffered aqueous

solution as a function of pH. pH 4, pH5 and pH6 buffer solutions were formate, acetate,

and MES, respectively, while pH7.1, pH8 and pH9 were Tris. All buffer solutions used

sodium chloride to adjust the ionic strength to 0.005M.

5.2.1 Lateral Force Spectroscopy

A Au-coated Si3N4 V-shaped cantilevers with square-pyramidal nanosized probe tips

(Veeco, Santa Barbara, CA; nominal spring constant, k = 0.06 N/m) were functionalized



with a hydroxyl-terminated SAM (OH-SAM) by immersing in a 2 mM ethanol solution

of a HS(CH2)110H (Sigma-Aldrich) for 24h and were used as a force transducer to record

lateral force, Flateral (nN), versus normal force, Fnormal (nN). The scanning parameters were:

normal force -1-20 nN, scan rate=1 Hz, tip velocity=80 jIm/s, scan size=40 gpm. During

lateral force microscopy scans, polymer layer heights as well as friction signal on trace

and retrace were recorded simultaneously. As the probe tip scans across the surface under

a constant normal force, the cantilever twists in the scanning (lateral) direction resulting

in a horizontal deflection of the laser spot on a 4-quadrant position sensitive photodiode

(PSPD), giving a voltage output proportional to lateral deflection. Individual 30 gIm

lateral signal "loops" comprised of a forward line scan (trace) and reverse (retrace) were

recorded during imaging. The magnitude of the lateral force during the scan line was

calculated as the product of the average lateral deflection signal (one half the trace minus

retrace signal) and the lateral sensitivity of the cantilever (nN/V) derived from separate

calibration. For each individual scan line, 256 data points were recorded on each trace

and retrace line. Ten data points at the beginning and end of the loop (the tip reversal

region), and ten data points corresponding to each pattern edge were excluded. Lateral

force microscopy images of individual polymer patterned hexagons, demonstrating the

lateral cantilever deflection signal at each scan location (in the unit of volt, proportional

to the absolute value of lateral force), were also created to directly visualize the lateral

force contrast between the inside and outside of the hexagonal patterned areas of the

micro-contact printed surfaces. The lateral force was derived from the average of 16 scan

lines.

The calibration of the nanosized tip for lateral force microscopy was conducted on a

TGF1l silicon calibration grating follow the protocol described in literatures.[121, 122]

A series of the half-width of the lateral signal loop, W, and the offsets of the loop, A,

were obtained from raw AFM data with varying normal load. The two slopes of W versus

normal load and A versus normal load were fitted and used to calculate the friction

constant gp. The cantilever lateral sensitivity a (nN/V) was then calculated based on the

known friction constant g., the geometry of the calibration grating and the previously

obtained slope of W versus normal load or A versus normal load.



Wedge method for calibration of nanosized probe tips [122]

The details of calibrating nanosized probe tips for lateral force spectroscopy have

been reported by Han and Grodzinsky.[122] When a nanosized probe tip was scanned on

a tilted surface, the normal defection profiles detected by AFM during the uphill motion

(trace) and down hill motion (retrace), L. and Ld, were different. The deflection signals

recorded were used to calculate the normal forces exerted from the cantilever,

L= (d+s-bv)xfl (1)

where d is the vertical deflection signal, s the setpoint, by the vertical baseline

(corresponding to the vertical signal in the unengaged state), and 8f (nN/V) the

cantilever's normal deflection sensitivity, which is the product of its normal spring

constant k (nN/nm) and inverse optical lever sensitivity (nm/V). For a given tilted angle 0

and tip scanning rate, d was observed to be independent of s and remained constant

during scanning under a series of vertical setpoints. In addition, it was found that for

uphill and downhill motion,

d. = -dd (2)

The applied normal force can be rewritten as

L, = LO + 6 (3)

Ld = 4 -6 (4)

where = (s - bv) x 8 is the normal force on the horizontal surface (the subscript 0

indicates the force on the horizontal region), and 6= d.f8 is the additional normal force

that resulted from scanning on a tilted surface. The value 6 was observed to remain

constant for the series of applied normal forces Lo at a given tilted angle and tip

displacement rate. Hence,

uL,4 + (1+,2 ) Ssin Ocos 0
Woa = (5)

cos2 -U2 sin2

6+ S i + (1+2) Lo sin 0 cos 0
Ao (9-0) a= (6)

cos 2 0-_i 2 sin 2 0

Wo(O), Wo(O) and Ao(O-0) were plotted as a function of applied normal force Lo, where the

slopes Wo -dWo/dL, and A0 (-o0) - dAo (O-)/d4 could be derived. Due to the



observed independence of 6 on Lo, the lateral proportionality coefficient P between the tip

and substrate in the tilted region was calculated following

1 2A 0o (0-0)
/2+-- (7)

I W' (0) sin 20

The lateral sensitivity a was calculated as

1 /2a = (8)
Wo' () cos 2 0- 2 sin 2 0

And the lateral proportionality coefficient on the horizontal surface was then calculated

as

g0 = aWo' (0) (9)

The true physical value of u and po may not be equal but should be close to each other.

Hence the physical solution from the two possible roots derived from equations (7) to (9),

(I1, a,) and (12, a2) was determined by comparing the values ofl/u-u,01; the solution

corresponding to the smaller J/ -u0 is the real solution.

5.3 Results and Discussion

Lateral Intersurface Interactions Using a Nanosized Probe Tip

The lateral nanomechanical properties of the end-grafted 17K and 27K polymer

layers was measured in 0.005M ionic strength (IS) buffered aqueous solution at pH9 -

pH4 via contact angle AFM on micro-contact printed samples with a nanosized probe tip

functionalized with a OH-terminated SAM at a scan angle of 90'. Figure 5.1 shows the

AFM images of the 17K polymer layers at pH9 - 4 under a normal load -4 nN. The

hexagonal pattern on trace (forward line scan) and its counterpart on retrace (reversed

line scan) forms a lateral force signal "loop". 256 data points were recorded on each

trace and retrace line. The images of individual polymer patterned hexagons,

demonstrating the lateral cantilever deflection signal at each scan location (in the unit of

volt, proportional to the absolute value of lateral force), directly visualizing the lateral



Height:
30 nm
Friction:
0.1V

nH L) I .tperl rIftranI

a%1 R 1T ataral IrptrarPk

pH 7.1 1Heglit pH 7.1 Lateral (trace) pH 7.1 Lateral (retrace)

Figure 5.1a Lateral Force Microscopy images of chemically end-grafted 17K
poly(MAA-g-EG) layers obtained via contact mode AFM on micro-contact printed
samples at scan angle = 900 under normal force - 4 nN in aqueous buffer solutions of pH
9 - pH 7.1 and IS=0.005M. The probe tip was -OH functionalized.
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Figure 5.1b Lateral Force Microscopy images of chemically end-grafted 17K
poly(MAA-g-EG) layers obtained via contact mode AFM on micro-contact printed
samples at scan angle = 900 under normal force - 4 nN in aqueous buffer solutions of pH
6 - pH 4 and IS=0.005M. The probe tip was -OH functionalized.
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force contrast between the inside and outside of the hexagonal patterned areas of the

microcontact printed polymer surfaces. The height image shows that the polymer brush

height gradually decreases under the same magnitude of normal load as decreasing pH.

To convert the lateral cantilever signal (volt) into later force (nN), the cantilever lateral

sensitivity a (nN/V) was calculated using an extension of the "wedge method" and was

found to be 124.2 nN/V during the imaging. The normal deflection sensitivity P3 (nN/V)

was determined by calibrating the normal cantilever spring constant via the thermal

oscillation method.[123] Based on these methods, lateral force was measured as a

function of the applied normal force. On the lateral force scan lines, ten data points at the

beginning and end of the loop (the tip reversal region), and ten data points corresponding

to each pattern edge were excluded.

Figure 5.2 shows the lateral force versus normal force of the chemically end-grafted

17K and 27K poly(MAA-g-EG) layers in aqueous buffer solutions of pH9 - pH4 and IS =

0.005M. At pH 4-5, the lateral force increases almost linearly as the normal force for

bothl7K and 27K polymer layers. At pH 7.1-9, there are two observations: first, the

proportionality coefficient between lateral and normal forces is significantly smaller than

the values at pH 4-5; second, there are two regimes for the correlation between lateral

force and normal force. At smaller normal load (<- 6nN for 17K, <- 8 nN for 27K), the

lateral forces are small, random and not closely correlated to the normal force. When

higher normal forces are applied to the probe tip, lateral force increases more linearly as

normal load. Similar two-regime observation has also been found in the lateral force

microscopy of cartilage aggrecan macromolecules using -OH functionalized nanosized

probe tip, which was attributed to the intersurface interaction between probe tip and the

substrate when full aggrecan compression and tip penetration occur at high normal

force.[124] As described in previous chapters, the 17K and 27K polymers have similar

contour length but different side chain grafting density (contour length = 40 nm, 1.9%

PEG for 17K polymer and contour length = 41 nm, 7.7% for 27K polymer). At high pH

(pH 7.1-9), higher side chain grafting density results in larger intramolecular electrostatic

repulsion, therefore the normal force required to enter the regime of considerable probe

tip-substrate interaction is larger for the 27K polymers. At low pH (pH4-5), the polymers

are fully collapsed and form a hydrophobic surface, the adhesion between the hydrophilic
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Figure 5.2 Lateral force versus normal force of the chemically end-grafted 17K, 27K
poly(MAA-g-EG) layers via contact mode AFM on micro-contact printed samples at
scan angle = 900 in aqueous buffer solutions of pH 9-4 (IS=0.005M) using -OH
functionalized probe tip. Every data point represents the mean and standard deviation of
16 independent lateral signal loops under a fixed normal load.
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-OH functionalized probe tip and the hydrophobic surface in conjunction with the probe

tip-substrate interactions make the frictional coefficient much higher than at high pH.

Figure 5.3 shows how lateral forces changed with polymer layer heights for the end-

grafted 17K and 27K polymer layers in aqueous buffer solutions of pH9 - pH4 and IS =

0.005M. At higher pH (pH7.1-9), the lateral force remained -1-2 nN as the polymer

layer height decreased from -8 nm to - 2-3 nm for the 17K polymer and from -16 nm to

-2nm for the 27K polymer, which indicates the increase in normal force has no influence

on the corresponding lateral force while effectively compressing the polymer monolayers

at the same time until the normal force elevates beyond a critical value. In this regime,

the probe tip slides under the "lubrication" due to the repulsive interaction between the

hydrophilic (-OH functionalized) probe tip and the extended, negatively charged polymer

layers. At lower pH (pH4-5), the lateral force soared up with small, almost unvaried

polymer layer height as normal force increases for both polymers, which is consistent

with the observation of high lateral proportionality coefficient when the polymer

conformational transition occurs below the critical pH. The fully collapsed polymer

layers are "incompressible" even as the normal loads applied keep increasing. The

polymer layer heights remained - 3 nm for the 17K polymer layer and - 2 nm for the

27K polymer as the lateral force increased from - 2 nN up to - 16 nN.

The linear fit of the experimental data gives an estimate of the lateral proportionality

coefficient, as summarized in Figure 5.4. It is shown that the proportionality coefficient

between lateral and normal forces at pH 4 was 0.63+-0.06 for 17K polymer and 0.78±+0.05

for 27K polymer, implying a more hydrophobic surface at low pH due to the higher PEG

side chain grafting density of the 27K polymer. At pH 6, the 17K polymer brush showed

a similar approximately linear increase in lateral force as normal load increases. However,

the 27K polymer exhibited a much more scattered pairing between the lateral force and

the normal force, indicating a probably very heterogeneous conformational state

undergoing constantly dynamic change when external load was applied. The transition

effect of pH responsiveness on lateral proportionality coefficient is shown to occur

between pH 6 and pH 7.1. The 27K polymer had higher proportionality coefficients at pH

< 6 but smaller coefficients at pH > 7.1, indicating that a more dramatic change is
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Figure 5.4 Lateral proportionality coefficients of the chemically end-grafted 17K and
27K poly(MAA-g-EG) layers via contact mode AFM on micro-contact printed samples
at scan angle = 900 in aqueous buffer solutions of pH 9-4 (IS=0.005M) using -OH
functionalized probe tip.

expected for stimulus-responsive graft copolymers with longer backbone and higher side

chain grafting density.

5.4 Conclusions

The lateral force interaction between the end-grafted HS-poly(MAA-g-EG) polymer

layers and a nanosized probe tip (nominal radius - 50 nm) functionalized with a OH-

terminated SAM (HS(CH2)110H) was studied in buffered aqueous solutions at pH9 - pH4

and an ionic strength of 0.005M via contact angle AFM on micro-contact printed samples

at a scan angle of 900. As pH decreased, both polymer layers exhibit an abrupt change in

lateral proportionality coefficient (ratio of lateral force to normal force) between pH7.1

and pH6. At pH 4-5, the lateral force increased almost linearly as the normal force for

both the 17K and 27K polymer layers. At pH 7.1-9, there were two regimes for the
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correlation between lateral force and normal force. At smaller normal load (<- 6nN for

17K, <- 8 nN for 27K), the lateral force was small (-InN for 17K and -2nN for 27K)

and independent of the normal force. When higher normal forces were applied (>-8nN)

to the probe tip, lateral force increased approximately linearly as normal load. A similar

two-regime behaviour has also been found in the lateral force microscopy of cartilage

aggrecan macromolecules using an OH-functionalized nanosized probe tip, which was

attributed to the intersurface interaction between probe tip and the substrate when full

aggrecan compression and tip penetration occur at high normal force. As pH decreases,

the conformational transition of the polymer brushes will lead to a collapsed

conformation and a hydrophobic surface, the adhesion between the OH-functionalized

probe tip and the hydrophobic surface combined with the contribution of probe tip-

substrate interactions make g much higher than at high pH. The 27K polymer had higher

g values at pH < 6 (0.89_-0.19) but smaller [p at pH > 7.1 (0.21+-0.04), indicating that a

more dramatic change in lateral force coefficient is expected for stimulus-responsive

graft copolymers with higher side chain grafting density.



Chapter 6

Human Serum Albumin (HSA)
Adsorption on End-Grafted
Poly(methacrylic acid-g-ethylene
glycol) Polymer Layer

6.1 Introduction

Surface bound active polymers can dynamically and reversibly capture and release

biomacromolecules, such as proteins, through macromolecular conformational transitions

that leads to an inversion in the intersurface interaction potential from net repulsive

(hindering protein adsorption) to net attractive (promoting protein adsorption), i.e.

"nanomechanical switching." The net interaction potentials are a superposition of

numerous nonspecific repulsive (e.g. electrostatic counterion double layer, steric,

hydration, etc.) and attractive (e.g. van der Waals, hydrophobic, H-bonding, ionic, etc.)

components. In addition, secondary stages of protein adsorption depend on, for example,

biomolecular adhesive binding processes, the conformation, orientation, and mobility of

adsorbed proteins, the time scale of conformational changes, protein exchange and

desorption, and interactions of adsorbed proteins with each other.[98, 125]

In this chapter, using human serum albumin (HAS) as a model protein, the adsorption

of HSA on the end-grafted poly(MAA-g-EG) surface as a function of pH is studied. It is

shown that the amount of HSA adsorbed on the macromolecular surface does not follow

the same manner as the normal and lateral intersurface "nanomechanical switching" when



pH changes. A maximum response at intermediate pH in which range the macromolecules

undergo conformational transition provides novel insight into the correlation between the

protein-polymer brush interaction and polymer brush conformation down to a scale of -

20-40 nm as well as how molecular-level parameters such as polymer chain length and

side chain grafting density affect the nanomechanical transition.

6.2 Methods

6.2.1 Materials and Sample Preparation

Human serum albumin or HSA (fatty acid free, -97-99% lyophilized, Sigma-Aldrich

A9511). The end-grafted poly(MAA-g-EG) monolayers were prepared on the sensor chip

Au surfaces (SIA Kit Au, Biacore AB, Sweden). Any terminal disulfide bonds formed by

the -SH end groups of HS-poly(MAA-g-EG) were reduced to a thiol group by diluting

polymer to 200 gLg/mL of methanol solution in 0.1 mM dithiothreitol (DTT, Sigman

Aldrich) and incubating under continuous stirring for 1 h. After removal of the excess

reactants using centrifugal filters (Centricon, Millipore, 3000 MW cutoff), the sensor chip

Au surfaces were immersed in 0.4 mg/mL of the polymer solution in methanol for 72 h.

The end-grafted poly(MAA-g-EG) surfaces were rinsed with acetone, methanol, and

water thoroughly before experimentation.

6.2.2 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) was used to measure the human serum albumin

adsorption on the chemically end-grafted poly(MAA-g-EG) polymer brushes at different

pH in BIACORE 2000 (Biacore AB, Sweden). I mg/ml HSA solutions were prepared in

the aqueous buffer solutions of varying pH with a constant ionic strength of 0.005M. The

measurement used a 2 jl/min of flow rate for HSA solution over 30 minutes. The

adsorbed HSA surface concentration was calculated based on the report that 1000

resonance units of SPR response correspond to about 1 ng/mm2 of surface concentration

in the case of protein adsorption.[ 126]



6.3 Results and Discussion

6.3.1 HSA Adsorption Triggered by pH

Typical SPR response of Human Serum Albumin (HSA) adsorbed on the chemically

end-grafted graft polymer layers at varying pH are shown in Figure 6.1a-c. Human

Serum Albumin has long been used as a model protein and studied extensively regarding

its chemistry and structure.[127] HSA has an isoelectic point of 5.2 with a net negative

charge at high pH and a net positive charge at low pH.[128] The popular HSA globule

model has been reported as a prolate ellipsoid with the length and width of -14nm and -4

nm.[129] It was also reported as an asymmetrical shape, which can be approximated to a

solid equilateral triangle with sides of -8nm and average depth of -3nm,[127] and an

extended ellipsoid less than 1 lnm of length or a nonsymmetrical oblate ellipsoid with a

diameter of 8.5nm, which had a molecular radius of gyration of -2.7nm in aqueous

solution containing 150 mM NaCl studied by small-angle neutron scattering.[130] In the

HSA adsorption experiment, all three polymers exhibit a similar trend that the saturated

surface concentration of adsorbed HSA generally increased as pH decreased, except at

pH6. The adsorption of human serum albumin or HSA (fatty acid free), on the three

different poly(MAA-g-EG) layers compared to a COOH-SAM was summarized in

Figure 6.2. At pH4, all surfaces were found to adsorb proteins, consistent with the

observed adhesive nanomechanical profiles, where the 15K and 17K surfaces are

comparable to the COOH-SAM (p>0.31) suggesting a significant hydrophobic

contribution only for the longer main chain 27K polymer (statistically different from

other 3 samples tested, p<0.03). At pH4, the poly(MAA-g-EG) is collapsed down to

heights < - 2 nm and HSA is in the F or fast conformation which is less compact,

exhibits a slower rotational relaxation time, and undergoes a decrease in helical content

compared to the N or normal conformation which is the most compact at physiological

conditions (pH7.4).[129]
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Figure 6.1 Typical SPR response of HSA adsorption on the end-grafted poly(MAA-g-EG)
surfaces at different pH: (a)27K, (b)15K, (c)17K and average SPR response of HSA
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Figure 6.2 Average surface plasmon resonance response for human serum albumin

adsorption as a function of pH on the 27K, 15K and 17K end-grafted poly(MAA-g-EG)
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Hi-low bars represent one standard deviation for four different experiments.
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At high pH9, the protein adsorption decreases dramatically for all polymer surfaces

(up to 98x compared to pH6), again consistent with nanomechanical data. The low

grafting density 17K polymer actually exhibits greater degree of protein adsorption

compared to the COOH-SAM while the 15K is slightly less and the 27K exhibits an

undetectable amount of protein adsorption. A comparison of the 17K and 27K shows the

critical role of the side chain grafting density in preventing protein adsorption. The low

protein adsorption of the 27K polymer at high pH (11lx less than the COOH-SAM) can

be attributed to a combination of HSA-polymer steric and intermolecular electrostatic

double layer repulsion (both are net negatively charged) and poly(MAA-g-EG)

intramolecular electrostatic repulsion which causes macromolecular chain extension

thereby distributing the water-bound, hydrophilic PEG side chains[64] spatially

throughout the volume of the polymer layer. Additionally, the increased apparent

"diameter" of the poly(MAA-g-EG) combined with the strong binding to water of the

PEG side chains is expected to inhibit short range binding mechanisms such as those

suggested above for intermediate pH6. It should be noted that between pH8 and 10, HSA

undergoes a conformational transition to the B or basic form where breaking of salt

bridges in domain I and III cause a loss of rigidity.[129] The magnitude of the protein

adsorption for all three polymers at pH9 was found to be statistically different from each

other and the COOH-SAM (p<0.05).

6.3.2 HSA Adsorption Amplification at Intermediate pH

For all polymers, as the pH is increased the protein adsorption goes through a

maximum at intermediate pH6 (up to 6x greater than that at high pH9) which correlates

approximately to the midpoint of the stimulus responsive transition of the poly(MAA-g-

EG) and the isoelectric point (pI) of HSA.[131] Interesting, no anomalous deviations in

the surface force interaction profile are observed at intermediate pH6 for the COOH-

SAM functionalized probe tip (Figure 6.2). We hypothesize that this protein adsorption

amplification behavior is due to a combination of the unique conditions that exist both for

HSA at its pI and poly(MAA-g-EG) at its stimulus responsive transition which can

facilitate short range binding leading to increased protein adsorption. In particular, at

pH6 the poly(MAA-g-EG) is amphiphilic; partially charged (hydrophilic) and partially
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complexed (hydrophobic) leading to a partially extended conformation (as indicated by

the polymer layer heights of - 16 nm (27K), - 4 nm (15K), - 7 nm (17K) at pH6

estimated by Dax-5K-1 which also correlates with jump-to-contact distances) thereby

exposing the complexed hydrophobic side-chain main-chain regions. This partially

extended state (due to intramolecular electrostatic repulsion) combined with the low net

charge and compact N form of HSA at its pI may facilitate binding to the poly(MAA-g-

EG) both geometrically and chemically, possibly penetrating within or around the

hydrophobic pockets of HSA[132] (used to carry fatty acids through the blood stream).

Since the size of HSA in solution[129] is comparable to the height of the poly(MAA-g-

EG) at this pH, diffusion through the polymer layers is not a feasible mechanism. The

magnitude of the adsorption at intermediate pH is found to be greater than at low pH4 (up

to 1.8x) presumably of the collapsed state of the poly(MAA-g-EG) layers and their

decreased capability to penetrate and interact hydrophobically with the HSA. The protein

adsorption amplification is observed to increase with increasing length of the poly(MAA-

g-EG) backbone (Figure 6.2, the 27K polymer exhibits the highest peak magnitude

followed by the 17K, and then the shorter 15K), consistent with our interpretation above.

The higher side chain grafting density (comparing 27K to 17K) appears to facilitate

binding due to the larger number of complexed hydrophobic side chains at pH6. The

magnitude of the protein adsorption for all three polymers at pH6 was found to be

statistically different from each other and the COOH-SAM (p<0.02).

6.4 Conclusions

The end-grafted stimulus-responsive polymer "brush-brushes" from comb-like side-

chain graft copolymers show that they can be used as nanomechanically switchable

surfaces with tunable protein adsorption properties. The protein adsorption magnitude

and form of the profile can be tuned based on the macromolecular architecture and pH

range selected, i.e. a surface can be chosen to undergo large changes in protein adsorption

properties for a short range of stimulus near the highly nonlinear region of the stimulus

responsive transition (to act as an on-off switch, for example) or a high or low pH range

can be selected for a gradual change. Based on the experimental trends observed, it is
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likely that higher molecular weights and side chain grafting densities would enable even

greater protein adsorption amplification at the stimulus responsive transition. Such

versatility will be beneficial to the design of well-controlled bioseparation, biosensor, and

drug-delivery applications. Such versatility will be beneficial to the design of well-

controlled bioseparation and biosensor with programmable pulsatory capture and release

of solutes by adjusting the acidity of the solution. It also provides a promising leverage

for targeted drug release at specific sites where the deviation of normal physiological pH

can trigger the detachment of drug molecules along with its binding proteins.
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Appendix

Au Nanoparticles Functionalized with
HS-Poly(methacrylic acid-g-ethylene
glycol)

To prepare stimulus responsive nanostructures as shown in Figure 1.3b, Au

nanoparticles were coated with HS-poly(methacrylic acid-g-ethylene glycol) copolymers

by chemisorption in methanol/water solution. These types of stimulus-responsive

polymer-capped Au nanoparticles can be then embedded into a matrix, for example,

hydrogels or composite materials, to achieve tunable environment-sensitive percolation

properties.

Materials and Method

Materials: colloidal gold solutions (0.1%v/v, nominal size 5 nm, G-1402; nomial

sizel0 nm, G-1527; nominal size 20 nm, G-1652, Sigma-Aldrich) were used as received.

Sample Preparation and Characterization: 1 ml of colloidal gold solution

was mixed with 4 ml of HS-poly(methacrylic acid-g-ethylene glycol) of 0.4 mg/ml in

methanol under stirring for 72 hours. The polymer-capped gold nanoparticles in the

mixture were then precipitated by centrifuging. After removing the solvent, the polymer-

capped nanoparticles were dispersed in 2 ml of DI water or aqueous buffer solutions of

pH9, pH8, pH7.1, pH6, pH5 and pH4 with ionic strength of 0.005M.
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The gold particle size in solution was measured on 90Plus Particle Size Analyzer

(Brookhaven Instruments Corporation, Holtsville, NY) at a dynamic scattering angle of

90'. The radius and shape of gold particles were also characterized by using transmission

electron microscope (JEOL JEM-200CX) at HV=200 KV.

Results and Discussion

The radius and the shape of gold nanoparticles are shown by the TEM images in

Figure Al. The gold nanoparticles were analyzed as spheres. The diameters of the two

types of gold particles were calculated to be 5.0 ± 0.8 nm for 5 nm gold particles and 9.8

+ 0.7 nm for 10 nm particles respectively.

(a) (b)
Figure Al TEM images of (a) 5 nm Au nanoparticles and (b) 10 nm Au nanoparticles.

However, the hydrodynamic size measured by dynamic light scattering in DI water

turned out to be - 42 nm for 5 nm gold particles, -11-29 nm for 10 nm gold particles and

-58-61 nm for 20 nm gold particles, suggesting the aggregating of gold particles in

aqueous solution.
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Figure A2 Hydrodynamic size of Au nanoparticles (nominal size 20 nm) capped with
17K poly(methacrylic acid-g-ethylene glycol) copolymer in aqueous buffer solutions of
pH9 - pH4 at IS = 0.005M.

The hydrodynamic size of 20 nm gold particle capped with the 17K poly(methacrylic

acid-g-ethylene glycol) copolymer was measured and plotted as a function of pH in

Figure A2. Due to the aggregating behavior of gold nanoparticles, it is difficult to

quantify the change in the hydrodynamic size of one single stimulus-responsive polymer

capped gold particle as pH varies. However, some information about the effect of

polymer conformational transition on the hydrodynamic size of polymer-capped gold

particles can be extracted by comparing the hydrodynamic size at pH4 with that at pH9.

At pH4, poly(methacrylic acid-g-ethylene glycol) assumes a much more hydrophobic

conformation which favors the aggregation of polymer-capped gold particles. At pH9,

polymers on the gold particle surface are in negatively charged, extended state with

electrostatic intra- and inter-molecular repulsion and therefore the degree of aggregation

should be lower than pH4. The hydrodynamic size was - 85 nm at pH4 and - 142 nm at
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pH, indicating the hydrodynamic size of one single poly(MAA-g-EG) 17K capped 20 nm

gold particles increased at least by - 1.7 x.

TEM images of 15K polymer-capped 5 nm Au nanoparticles showed that the

polymer-capped Au nanoparticles exist in aggregates of - 3-6 nanoparticles (Figure A3).

(a) (b)
Figure A3 TEM images of (a) 5 nm Au nanoparticles and (b) 15K polymer-capped nm
Au nanoparticles.
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