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Foreword 
The ACS Symposium Series was first published in 1974 to pro­

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel­
oped from ACS sponsored symposia based on current scientific re­
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con­
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ­
ously published papers are not accepted. 

ACS Books Department 
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Preface 
Since its inception in 1981, scanning probe microscopy has 

developed into an essential tool for the characterization of surfaces and 
interfaces. Whether it is simply measurements of the often unexpected 
and dramatic structures of surfaces at the nanoscale or the examination 
of the properties of single molecules, advances in probe microscopies 
continue to reveal ever more detail of the nature of materials. The 
exploration ο f ρ olymers, e ither η atural ( such a s proteins) or synthetic, 
has benefited significantly from these advances. Scanned probes offer 
the unique ability for in situ probing of nanoscale structure and 
mechanical properties, which are critical aspects of many polymer 
systems. It is the capability of probe microscopies, and in particular 
atomic force microscopy (AFM), to interrogate surfaces and interfaces 
under physiological conditions that has opened the door to biophysical 
studies of the fundamental nature of proteins and other biologically 
relevant systems at the single-molecule level. Improvements in rapid 
scanning and microscope design are offering expanded capabilities for 
dynamic measurements to allow time-lapsed views of changing polymer 
land-scapes. The exploitation of A F M for direct measurements of 
surface mechanical properties also shows significant promise for 
improvements in thin film design. Lastly, the integration of optical 
spectroscopies with the high spatial resolution imaging capabilities of 
scanned probes affords the concomitant interrogation of local structure 
and chemistry at the nanoscale. Many more advancements are sure to 
come in the near future making scanned probes evermore useful for 
studies of polymers and biopolymers. 

This book draws together examples of the applications of scanning 
probe microscopies to natural and synthetic polymers to reveal dramatic 
new details of the nature of our world at the nanoscale. In the first part 

xi 
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of this book, combined optical and structural studies utilizing near-field 
scanning optical microscopy illustrate the power of how combined local 
probes of chemical and structural information can help us to obtain clear 
pictures of polymer electrical properties (Chapter 1), polymer thin films 
(Chapter 2), polymer liquid crystals (Chapter 3), spatial chemical 
mapping of polymers in the infrared (Chapters 4 and 5), and the optical 
properties of semicrystalline polymers (Chapter 6). 

In the second part of this book, the ability of A F M to probe changes 
in local mechanical properties, including methods for extracting 
mechanical information from A F M measurements (Chapters 7 and 10), 
applications of these measurements to biopolymers (Chapter 9), as well 
as mapping mechanical changes in confined polymer films (Chapter 8), 
are explored. These measurements of polymer mechanical properties are 
extended to the extreme limit of single polymer molecules in the third 
section of the book (Chapters 11 to 13). 

We conclude this book with several examples of scanned probe 
character-ization of the structural properties of polymers, including 
measurements of dynamic processes (Chapters 14 and 15), industrial 
studies of polymers by A F M (Chapter 16), as well as how the detailed 
organization of blended polymers can be investigated using A F M 
(Chapter 17). We hope that this collection of examples helps to both 
illustrate the power of scanned probes for the investigation of pol u ι 
surfaces and to provide a hint of what is to come in the development of 
this ever evolving measurement technology. 
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Chapter 1 

Near-Field Spectroscopic Studies of Fluorescence 
Quenching by Charge Carriers 

Andre J. Gesquiere, Doo Young Kim, So-Jung Park, 
and Paul F. Barbara* 

Center for Nano-and Molecular Science and Technology, Department 
of Chemistry and Biochemistry, University of Texas, Austin, TX 78712 

*Corresponding author: p.barbara@mail.utexas.edu 

Near-field scanning optical microscopy (NSOM) with an 
electrically biased probe is a technique that allows the imaging 
of charge carrier drift (mobility), carrier concentration, and 
their interaction with excitations (excitons) in functioning 
devices. This technique has been applied to poly[2-methoxy, 5-
(2'-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV) and 
tetracene-doped pentacene devices. Space and time resolved 
data show that quenching by charge carriers and charge 
trapping by defect sites in the organic materials, specifically in 
the presence of oxygen, is found to be of critical importance in 
the understanding and further development of more efficient 
and durable devices. 

Introduction 

Organic thin films are being researched for and applied in a number of 
innovative technologies such as light emitting displays, solar cells and sensors. 
The morphology of these organic thin films is known to be a critical factor in 
device function and performance. Several techniques are in place that allow for 
direct imaging of thin film morphology, from the macroscopic down to the 
nanoscopic scale. At the nanoscale, atomic force microscopy (AFM), scanning 
electron microscopy (SEM) and near-field scanning optical microscopy 
(NSOM) {1,2,3,4) have become "household instruments" for determining thin 
film morphology. 

2 © 2005 American Chemical Society 
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3 

NSOM is a scanning probe optical microscopy that surpasses the diffraction 
limit (λ/2) inherent to conventional far field microscopy, thus achieving 
unrivaled optical resolution i.e. down to 20-30 nanometer (nm). This is achieved 
by bringing an optical fiber with an aperture much smaller than the wavelength 
of the light within a distance of a sample that is ~5 nm. The combination of a 
sub-wavelength sized point source of light brought within a few nanometer of a 
sample surface results in tremendous optical resolution. Since its inception 
(1,2,3,4) NSOM has been extensively utilized to determine the nanostructure of 
a variety of materials, most importantly of complex organic thin film materials. 

Figure 1 depicts a typical NSOM setup. Laser light is coupled into an 
optical fiber, which has been pulled to a narrow point at the end leaving a 
nanometer sized aperture. This end is usually coated with aluminum to force the 
light through the aperture.(5,6) The probe sample distance is typically regulated 
through a tuning fork based shear-force feedback scheme.(7,5,9) This approach 
provides a highly sensitive mechanism for tip-sample control, and eliminates the 
need for the more cumbersome shear-force feedback mechanism in which an 
additional laser and photodiode are required. (5,10,11) 

Figure 1: Scheme of a typical NSOM setup based on a tuning fork feedback 
mechanism. The inset shows a sketch of the thin film MEH-PPVsample with the 
electrically biased probe nearby. (Adapted from reference 19. Copyright 2001 

American Chemical Society) 
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During the experiments the sample is raster scanned in the (*,y)-plane. For 
each pixel in the image the topography and fluorescence/transmission signal is 
simultaneously recorded. The fluorescence and transmission images differ in 
having spectral filtering in place or not, respectively. Besides imaging, chemical 
contrast can be achieved by localizing the tip over the sample and acquiring 
spectra of the sample. 

Even though optical resolution below 50nm can be achieved, it is quite 
uncommon. The required aperture size prevents sufficient amounts from leaking 
out of the fiber towards the sample. 

This chapter deals with charge diffusion in thin films and single crystals, 
and in particular the interaction between hole polarons and excited states in 
conjugated polymer thin films. The first section discusses a nanoscale study of 
MEH-PPV (poly[2-methoxy, 5-(2'-ethyl-hexyloxy)-p-phenylenevinylene]) thin 
film fluorescence modulated by an electrical bias applied between the NSOM 
probe and the sample under investigation. MEH-PPV is one of the most 
researched materials in view of its application in organic light emitting diodes 
(OLEDs). Properties such as solubility, brightness and easily accessible energy 
levels have contributed to the widespread acceptance of MEH-PPV as an 
excellent material for OLED fabrication. In a second section of this chapter a 
similar study as described in section one is briefly discussed. Single crystals of 
tetracene and its blends with pentacene, both small molecules, have been studied 
with NSOM using an electrically biased tip. These studies reveal comparable 
phenomenological observations as determined for the conjugated polymer 
MEH-PPV, however with a strongly different origin. 

Field-Induced Photoluminescence Modulation of MEH-PPV 
under Near-Field Optical Excitation 

Conjugated polymers have raised considerable interest for several years due 
to their possible application in light emitting displays.(72,73) Consequently, the 
electrooptical properties of these materials are continuously under investigation, 
since the optical and electrical properties of these materials still prove to be a 
challenging hurdle in achieving the goal of device commercialization. The main 
problem with OLED devices is the existence of trap states in the device. The 
density and energy distribution (deep trap vs shallow trap) of these traps 
influence device properties such as charge balance and device turn-on 
voltage.(74) In a functioning conjugated polymer based OLED device the 
charge carriers are believed to be localized polarons.(74) Excitations in the 
conjugated polymer material (excitons, which are neutral) are localized as well. 

It is known that conjugated polymer thin films are nanostructured.(75,76) 
This nanostructure strongly influences the device performance and properties 
such as operating voltages and charge carrier mobilities. Control of morphology 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

1

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



5 

has been shown to improve device function.(77) Indeed, the physical processes 
related to device function such as energy and charge transport, exciton 
dissociation and charge injection are subject to molecular scale interactions. A 
technique has been developed by our group to study space resolved field-
induced fluorescence modulation.(75) In this technique, based on NSOM, an 
electrical bias is applied between the NSOM probe and the sample, making it 
possible to map organic device function with sub-100 nanometer resolution. 

The sample used in this study (see Figure 1) consists of an MEH-PPV thin 
film spin coated on top of an optically transparent indium-tin oxide (ITO) 
electrode coated with a silicon nitride (SiNx) blocking layer.(79,20) The SiN x 

layer prevents charge injection from the ITO electrode into the MEH-PPV film. 
In Figure 2 a topography and fluorescence image, acquired simultaneously 

for the same region of the sample, are presented. The topography of the MEH-
PPV film is related to the roughness of the ITO substrate surface. In the 
fluorescence image that is directly correlated with this topography image one 
can see that the fluorescence intensity is lower for raised topographical features. 
The higher features in the topography image thus correspond with a thinner 
MEH-PPV film. 

Figure 2: NSOM images of a MEH-PPV film on ITO. Topography (a) and 
correlated fluorescence image (b) are shown. (Reproduced from reference 19. 

Copyright 2001 American Chemical Society) 

By wiring the tip and sample to a function generator voltage sequences 
could be applied to the sample. A typical example is shown in Figure 3. The top 
panel shows the applied voltage sequence, the bottom panel shows the 
corresponding fluorescence modulation averaged over many cycles to achieve 
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an adequate signal to noise ratio. The data shows that with the tip biased positive 
(sample negative) the photoluminescence intensity is enhanced, while the 
photoluminescence intensity is reduced with a negative biased probe (sample 
positive). Fluorescence quenching due to exciton dissociation has been observed 
for samples employing a planar electrode geometry. However, in those cases 
fluorescence enhancement was never observed. The modulation of the 
fluorescence intensity with applied bias observed in the NSOM experiments is 
consistent with charge carrier induced quenching and a field-induced 
modulation of the charge carrier concentration in the area under the tip. The 
fluorescence modulation depth decreases linearly with tip-sample separation 
(E=V/d), confirming that the observed phenomena are indeed a field effect. 

ο 2 4 β 8 10 
time (ms) 

Figure 3: MEH-PPV fluorescence time trajectory acquired while applying the 
voltage sequence shown in the top panel The data is averaged over many 

cycles. (Reproduced from reference 20. Copyright 2002 American Chemical 
Society) 

The data in Figure 3 also contains information on the kinetics associated 
with the field-induced fluorescence modulation caused by a modulation of the 
charge carrier concentration under the area of the NSOM tip. After turning on a 
-5V bias on the probe (I in Figure 3), the fluorescence intensity drops in a non-
instantaneous manner. A fast drop in intensity is followed by a slow relaxation 
to a lower intensity level. When the negative bias is removed (II in Figure 3) the 
fluorescence recovers with a fast and slow component in the process as well. 
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The increase in fluorescence intensity when applying a positive bias on the 
NSOM probe shows an analogous behavior (III and IV in Figure 3). After an 
initial fast change in intensity a slow relaxation occurs. The observed temporal 
response indicates the presence of trapped carriers in the device that have low 
mobility, and is consistent with the drift of hole polarons towards and away from 
the area under the NSOM tip. 

The presence of traps for charge carriers in OLEDs has been related to the 
presence of oxygen on several occasions. To investigate the effect of oxygen on 
the transient response of the fluorescence signal to the applied bias experiments 
were carried out both in ambient air and under a dry nitrogen atmosphere.(20) 
An airtight enclosure built around the NSOM scanning unit was purged for 
several hours with dry nitrogen gas in order to rigorously remove oxygen from 
the experimental environment. The field-induced fluorescence modulation depth 
is larger when the sample is studied in ambient air (Figure 4). An increase in the 
amplitude and time constant of the slow component can also be observed under 
ambient conditions. This fits well with the notion that the presence of oxygen 
results in a higher density of trap states in the MEH-PPV film. 

0 ' 10 ' 20 ' 30 
time, ms 

Figure 4: Averaged MEH-PPV time transients acquired in ambient air (dotted 
line) and nitrogen atmosphere (solid line). A -5Vpulse was applied. 

(Reproduced from reference 20. Copyright 2002 American Chemical Society) 

In addition, 02" ions with low mobility might contribute to the observed 
slow component in the transient response of the fluorescence signal. 
Molecularly dissolved oxygen in conjugated polymer films is known to act as an 
electron acceptor, forming the superoxide ion (0 2) while p-doping the 
conjugated polymer.(27) In air the photoluminescence intensity of the MEH-
PPV thin films observed with NSOM is 40% lower than in a nitrogen 
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8 

atmosphere. This photoluminescence decrease is caused by photooxidation 
(22,25) of the polymer in the presence of oxygen, increased photogeneration of 
charge carriers at defects created by photooxidation (i.e. carbonyl defects) and 
quenching by the formation of an MEH-PPV/ 0 2 charge transfer 
complex.(24,25,26,27) 

Field-Induced Photoluminescence Quenching by Charge 
Carriers in Pentacene-Doped Tetracene 

The NSOM technique with an electrically biased probe has also been 
applied in the study of thin films of pentacene-doped tetracene.(2S) These 
blends serve as a model system for organic materials with a low density of low 
energy trap sites. Single crystals of tetracene were mounted on epoxy coated 
ITO glass (Figure 5A). 

0 1 2 3 4 5 6 7 8 
time, ms 

Figure 5: A) Scheme of the sample used in this study. 
An electrical bias is applied on the NSOM probe. 

B) Field-inducedfluorescence modulation transient acquired for 
a pentacene-doped tetracene sample. (Adaptedfrom reference 28) 
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Tip and sample were electrically biased by means of a function generator 
which applies the desired voltage sequence. When tetracene is optically excited 
with the NSOM tip energy is transferred from tetracene to pentacene and 
pentacene emission is observed. Applying a bias on the NSOM probe results in 
field-induced fluorescence modulation, as can be seen in Figure 5B. These data 
are analogous to the results for MEH-PPV thin films described in the previous 
section.(79,20) Again a positive biased probe results in a fluorescence intensity 
enhancement, while a negative biased probe induces a decrease in fluorescence 
intensity. Slow dynamics as those observed for MEH-PPV can be observed. 
Current-voltage experiments on organic devices have shown that these slow 
processes are related to the presence of deep hole traps, which are common in 
organic thin film devices.(29,J0,J/,32) 

The fluorescence increase with the NSOM probe at positive bias is 
attributed to repulsion of hole polarons from the area under the NSOM tip, and 
depends on the dopant concentration. At negative bias, hole polarons are 
attracted towards the area under the tip, quenching the pentacene emission. The 
quenching ratio decreases with increasing dopant concentration, supporting the 
notion that pentacene sites are filled with holes. Emission spectra (not shown) 
strongly suggest that hole polarons are trapped by pentacene. So, hole polarons 
reside in the pentacene sites, and their density is determined by the dopant 
density. However, there is no simultaneous increase in tetracene fluorescence 
intensity. This indicates that pentacene cations quench tetracene fluorescence at 
a rate comparable to that of neutral pentacene. As evident from these data, both 
charge transfer and energy transfer to low energy trap sites in organic materials 
are important factors to be considered in device fabrication. 

Summary 

Near-field optical spectroscopy with electrically biased probes is a useful 
technique for imaging device function and charge carrier drift. Spatially and 
time-resolved information on charging phenomena can be obtained at the 
nanometer scale. A broad array of materials such as for example nanostructured 
polymers, polymer blends, organic material-inorganic nanoparticle composites 
and single crystals can be studied with this technique in a device-like geometry 
to improve the understanding of local fields, carrier concentrations and 
mobilities in these materials. 
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Chapter 2 

Time-Resolved Fluorescence Near-Field Scanning 
Optical Microscopy Studies of Conjugated Polymer 

Thin Films 

Joseph M. Imhof, Eun-Soo Kwak, and David A. Vanden Bout 

Department of Chemistry and Biochemistry, Center for Nano- and 
Molecular Science and Technology, and Texas Materials Institute, 

University of Texas, Austin, TX 78712 

Fluorescence lifetime measurements have been 
coupled with high resolution optical imaging by time¬
correlating single photons in a near-field scanning optical 
microscope. The technique provides a useful tool to study the 
heterogeneity of polymer thin films. The fluorescence lifetime 
provides a significantly more robust measure of the fluorescent 
properties of conjugated polymer thin films than the simple 
fluorescence as it is less subject to scanning artifacts that alter 
the total fluorescence images. The technique has been used to 
study the effects of small insoluble cluster and polymer chain 
order on the luminescence of poly(dialkylfluorene) films as 
well as heterogeneities and quenching by metal electrodes in 
poly(phenyleneethyenelene) films. The results show that all of 
the films are extremely uniform despite what might be 
observed in total fluorescence images. The only notable 
lifetime features result from deliberate photochemistry or 
quenching by an added metal layer. 

12 © 2005 American Chemical Society 
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Introduction 

There has been a great deal of interest in the optoelectronic properties of 
conjugated polymers due to high photo and electroluminescence character that 
makes them extremely promising in light emitting devices.1 These polymers can 
be easily processed into thin films by spin casting onto a substrate forming 
highly ordered crystalline structures with small domains. The film spectroscopy 
is more complicated than that of the polymers in solution. Characterization of 
the emission on small distance scales is critical in determining how nanoscale 
heterogeneities contribute to the emission species observed in the films. Stiff 
chain polymers like those of the poly (p-phenylene), poly (p-
phenyleneethnylene) and polyfluorene families have been studied and utilized in 
LED displays and semi conducting materials due to their high anisotropy 
properties accessed via processing through the liquid crystalline state.2"4 

Anisotropic nature is introduced by different conditions of packing of the 
polymer. However, the packing of thin polymer films through the liquid 
crystalline state is not well understood and thus microscopic measurements of 
polymer ordering are needed to control and understand this process. Bulk 
measurements of molecular orientation of these polymers may hide important 
sample details since these measurements average across a specific distribution of 
individual molecules. NSOM is a great tool for obtaining fluorescence 
information while simultaneously collecting topographic data with high spatial 
resolution.5 However, the fluorescence intensity in such images is often altered 
due to scattering, self absorption, tip-sample fluctuation, and scanning artifacts. 
The fluorescence lifetime of an emitting species however, will show little or no 
effect from these complicating factors. Fluorescence Lifetime Imaging can be 
combined with NSOM (FLI-NSOM) to yield further details concerning the 
heterogeneities in these polymer films.6,7 

FLI-NSOM can also be utilized to study luminescence quenching that 
can result from contact between a light emitting polymer and a metal electrode. 
It has been repeatedly demonstrated that nonradiative quenching of an excited 
state fluorophore occurs near a metal surface.8 The metal surface, when in close 
proximity to a fluorescent species, acts as an energy sink to provide a 
nonradiative route for fluorophore relaxation to occur from the first singlet 
excited state back to the ground state. The simplest organic light emitting device 
(OLED) is composed of three layers. A transparent conducting electrode such as 
indium tin oxide (ITO) is coated with a 50-100 nm thick layer of light emitting 
material (in this case a polymer). A metal cathode is vapor deposited over the 
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organic layer to complete the circuit and yield a finished OLED. The concern 
with these devices is that the small dimensions of the organic active layer leaves 
excited state fluorophores especially susceptible to nonradiative quenching near 
the conductive interfaces of the sandwich structure. We will investigate this 
interface by modelling a typical sandwich OLED structure with a planar 
geometry. A polymer/metal interface will be fabricated using gold and the 
conjugated polymer, di-dodecyl poly(phenyleneethynylene) (DPPE). NSOM 
imaging of pristine film over glass and over the metal allows for a direct 
comparison of the lifetime of these regions. 

Experimental 

Sample Preparation 

Preparation of the polymer and polymer/metal interface specimens used to 
investigate quenching of a conjugated system near a metal boundary were 
prepared as follows. Microscope cover slip substrates were soaked in a basic 
aqueous solution (15% KOH) under sonication for 10 minutes to yield clean, 
uniform substrate surfaces. The cover slips were then triply rinsed with 
deionized water and sonicated in a pure water bath for an additional 10 minutes 
before being dried in a 70°C oven. For samples with gold films, the cleaned 
substrates were then coated with gold (100 nm) via sputter coating to yield 
smooth, uniform metal thin films. Each gold coated cover slip was then scored 
with a sharp razor edge to leave a smooth, crisp, linear metal boundary. The 
polymer films were deposited from solution either on clean cover-glass or gold 
coated cover slips by spin casting. Poly(dihexylfluorene) (PFH) films were cast 
from 2wt % stock solution in toluene to form 60 -100 nm thick film. Annealed 
polyfluorene samples were made by heating the pristine films in a dry nitrogen 
atmosphere for at 200°C for 1 hour. DPPE films were cast from a 0.5 wt% 
chloroform solution. The resulting 45 nm thick polymer film provided uniform 
coverage of the substrate surface with little roughness across the metal/glass 
threshold. This method provides an easily located and identified metal/polymer 
boundary for further NSOM analyses. 
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FLI-NSOM Instrumentation 

Fluorescence lifetime imaging (FLI) near-field scanning optical microscopy 
(NSOM) is a technique that allows for the simultaneous acquisition of highly 
spatially resolved images with accompanying time resolved fluorescence data. 
These measurements are made by coupling the high spatial resolution of NSOM 
with the time resolved benefits of time-correlated single photon counting 
(TCSPC) technology. A commercial NSOM instrument (Aurora, 
Thermomicroscopes/Digital Instruments) has been modified to acquire both 
fluorescence and polarization measurements.9 The microscope employs a 
frequency doubled Ti-Sapphire laser emission as a 400 nm excitation source for 
fluorescence measurements. The laser produces a train of approximately 100 fs 
pulses at a repitition rate of 81 MHz. The pulse train is coupled into a fiber 
optic NSOM probe fabricated in-house.10 The sample is held in the near-field of 
the NSOM probe using a tuning fork detected shear-force mechanism.11 Sample 
fluorescence is collected using a high N.A. microscope objective and a series of 
long pass filters. The fluorescence signal is split into two orthogonally polarized 
components. One component is detected with an avalanche photodiode single-
photon counting module (APD) while the other orientation is collected via a 
multichannel plate detector (MCP) that is used for fluorescence decay 
acquisition. The APD is used for real-time fluorescence monitoring at every 
image pixel, while the MCP collects lifetime decays at every point to be 
analyzed later. Both the time-to-amplitude converter and multi channel analyzer 
required for TCSPC measurements are contained on a single PCI card (Timeharp 
1000). In this way, an entire fluorescence decay can be collected at every pixel 
via TCSPC. The decays are recorded in reverse timing mode.12 The time 
resolution of the current instrument is limited by the response of the employed 
MCP detector. Instrument response of the system was calculated by examining 
the decay profile exhibited by the MCP of the transmitted laser pulse train 
through an uncoatd glass microscope coverslip. The measured instrument 
response was 500 ps. 

Results and discussion 

Polyfluorene films 

Collection of the full time correlated lifetime is not only useful for image 
contrast but also allows decays of interested regions to be created. Since regions 
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of interest can easily be identified in the images, averaged decays can be 
measured for each of these regions by binning together the decays of these 
selected pixels. Previous studies showed that pristine poly (9,9' -
dihexylfluorene) films have clusters from the insolubility of the polymer in the 
spinning solvent prior to spin casting.13 Clusters exhibit a decrease in total 
fluorescence that can be seen in the dark spots that correlate with each polymer 
cluster in the topography image as can be seen in Figure 1. 

Figure 1 shows time-resolved NSOM images of pristine poly (9,9" -
dihexylfluorene) film. The film has been imaged in 2 χ 2 μτη first and then 

Figure 1: Time-resolved fluorescence NSOM images of pristine poly (9,9'-
dihexylfluorene) thin film.The image is 5x5 μτη. The regions of contrast in the 

center isfrom a previous 2 χ 2 μ scan., (A) is the topography, (B) is the total 
fluorescence, (C) is the total fluorescence on MCP detector which is orthogonal 

polarization to (B), and (D) is lifetime calculated by using equation 1 

imaged at 5 χ 5 μπι. Figure 1A shows film topography, indicating 50 - 150 nm 
sizes of clusters with heights ranging from 25 to a 100 nm. Figure IB is an 
image of the total fluorescence signal on the APD and the clusters have reduced 
fluorescence. The previously scanned area is evident as the dark box due to less 
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fluorescence signal from photobleaching. Figure 1C is the total fluorescence 
collected with the MCP detector. This signal is orthogonally polarized to the 
APD and the clusters again show dark spots with low counts. Figure IB and 1C 
are two images taken simultaneously at orthogonal polarizations and they show 
identical regions of cluster correlated fluorescence. As in the previous study, 
these clusters are likely formed due to the insolubility of the polymer in the 
solvent and result in amorphous polymer chunks with isotropic fluorescence. A 
fluorescence lifetime image can be calculated by measuring the ratio of photons 
emitted at long time delays to the total number of photons emitted at each pixel. 
The sample lifetime can be estimated using, 

where IT is the total fluorescence intensity and If is the fraction of the total 
intensity after a delay time T. 6 In the case of a single exponential decay equation 
1 yields an exact lifetime, for multiexponential decays it will yield and average 
lifetime.6 Figure ID shows the lifetime calculated using equation 1 with Τ = 0.5 
ns. The clusters, which have less total fluorescence than the remainder of the 
film, show the exact same lifetime as the rest of the film. This is a result of 
either the reduced fluorescence being an artifact from the changing topography 
on top of the clusters or the quenching being so fast that it is beyond the time-
resolution of the current setup. The region in the center of the films that has 
been previously scanned shows a clear increase in the lifetime. This region has 
been purposely photobleached to yield contrast in the lifetime image. The 
increase lifetime has been previously observed6 and is attributed to the 
generation of fluoronone defects along the polyfluorene chain.14 The 
fluorescence decay of the PFO is extremely fast and the decays measured are 
nearly instrument limited. None the less it is clear that the films yields a uniform 
lifetime with the exception of the region with photochemistry. While the shot 
noise from the data will limit the accuracy of the lifetime to ±0.1 ns, this is the 
uncertainy of any given pixel. The homogeneity is revealed in the uniforminty of 
the signal over many pixels. 

Images of thermally annealed films of poly (9,9" - dihexylfluorene) show 
strong polarization contrast. The contrast is due to polymer ordering via a liquid 
crystalline phase transition upon annealing. A polarizing beam splitter is used to 
divide the fluorescence into two orthogonal polarizations that can be collected 
on separate detectors, in this case, an APD and a MCP. Two orthogonal images 
are taken simultaneously in order to obtain fluorescence images and lifetime 
images. Figure 2A is the shear force topography measured by raster scanning of 
the piezo over the film and 2C and 2D are the fluorescence images collected at 
orthogonal polarizations (Figure 2D shows the fluorescence at long time delays 

(1) 
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on the MCP). The size and shape of the domains result from a convolution of 
the tip with the polymer features. The domains are 30 - 60 nm wide and 100 -
150 nm long. Using NSOM these few tens of nanometer-sized domains can be 
revealed. In pristine film images, there are two lifetime components, one with a 
decay constant of 200 ps and and second with a long lifetime > 7ns.15 Thermally 
annealed films show increased longer emission and a higher concentration of the 
long lifetime species. As the fluoronone defects are only observed in the films 
and not in solution it is possible they result from interchain interaction and may 
have an emission that is polarized perpendicular to the backbone of the polymer 
chains. If the two emitting species with different lifetimes emitting from states 
that are orthogonally polarized, the emission from aligned domains in 2C and 

Figure 2: Time-resolved fluorescence NSOM images of annealed poly (9,9'-
dihexylfluorene) thin film (5x5 jum). (A) Topography, (C) Total Fluorescence, 
(D) Total Fluorescence on MCP detector, which is orthogonal polarization to 

(C), and (B) Lifetime calculated using equation 1. 

2D, should show different lifetimes in different polarizations. However, figure 
2B is the lifetime image calculated using equation 1 and it shows no contrast. 
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This means that the emitting species are distributed evenly throughout the entire 
film and most importantly the 200 ps and 7 ns species emit with the same 
polarization. Previous models have predicted the long lifetime red emitting 
species result from excimer formation and emit with a polarization perpendicular 
to the polymer chain. The short wavelength lifetime 200 ps is polarized along 
the polymer backbone. Clearly the long time species, emit with this same 
polarization. 

Metal Quenching 

DPPE thin films have a singlet absorption peaked in the ultraviolet at 390 nm, 
while the emission is broad and structureless and peaked in the visible green near 
540 nm.2 Fluorescence lifetime measurements of pristine DPPE films exhibit 
nonexponential fluorescence decays with an average lifetime of approximately 2 
ns.16 Figure 3 shows a 2x2 μηι NSOM image of a DPPE film deposited over a 
metal/glass interface. The topography (3A) of the polymer film is uniform with 
only a few minor clump-like defects on the sample surface that otherwise 
exhibits an rms roughness of only 7 nm. The metal boundary can be seen easily 
in the topographic image of the NSOM scan as a vertical cliff on the edge of a 
40 nm thick plateau. The region of the sample possessing a metal film is also 
evident when examining the total fluorescence signal of the NSOM scan (figure 
3). Since the polymer film is excited over the metal film and the fluorescence 
must subsequently travel through the metal layer before collection, the total 
fluorescence signal is significantly attenuated in metal coated regions. The 
resoultion, defined by the NSOM tip aperture, controls the sharpness of this 
boundary between light and dark regions. In this study it is approximately 100 
nm. 

The FLI-NSOM image in figure 3C is calculated using equation 1. In the 
fluorescence lifetime image, it is evident that their are two distinct regions with 
differing fluorescence lifetimes. Since lifetime decays from a single pixel 
consist of only a few hundred photons (Inset Figure 4), the signal to noise can be 
greatly increased by summing the counts from separate pixels in the same region 
of interest. 1000 pixels were averaged in both the long and short lived regions of 
the image to produce decays where accurate determinations of a <τ> value for 
the polymer film in both regions could be made (Figure 4). The fluorescence 
decays are not single exponential due to the many conformations adopted by the 
large disorganized polymer molecules in the glassy spin cast films. The large 
number of random conformations provide a variety of differing environments 
and degrees of interpolymer interaction. Eventhough the decays are not single 
exponential, it is possible to compare the decays obtained from the two different 
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FIGURE 3. A single 2x2um FU-NSOM data scan provides A) topographie B) 
total fluorescence and C) lifetime images of a DPPE/gold interfacial region. 

The metal interface was traced in image A and superimposed on to both images 
B and C. 
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film regions. The decays from the two regions differ only beyond 1.63 ns. 
T=1.63 ns was subsequently used as the cuttoff time in the fluorescence lifetime 
image shown in Figure 3C to provide the greatest image contrast between the 
two regions of the sample. 

Three main points should be stressed concerning the fluorescence 
lifetime image. The first, and most obvious, is that the contrast provided by FLI-
NSOM is substantial, even for the small difference in <τ> calculated for the two 
regions of the polymer thin film. The subtlety of the lifetime quenching over the 
metal surface can be attributed to averaging of the lifetime information in the z-
direction in the 40 nm thick film. Excited fluorophores may be quenched quite 
severely directly at the metal boundary but this information is averaged with 
lifetime information from other fluorophores in the cross-section of the film that 

time (ns) 

FIGURE 4. Log plots of fluorescence decays constructed by averaging 1000 
pixels in the dark region (—) and the bright region ( ) of Figure 1C. The 
instrument response is also plotted. Inset: A fluorescence decay from a single 

image pixel 

are located farther from the metal surface and are less prone to nonradiative 
quenching interactions. The overall effect is a quenched decay that differs only 
slightly at times beyond 1.63 ns as compared with the unquenched system. 

The second major aspect of the fluorescence lifetime image is the solid 
black line spanning the image from top to bottom. This line represents the 
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superimposed boundary of the metal film in the plane of the sample scan and it 
can be drawn because of the direct correlation between surface and optical 
information during the NSOM scan. The boundary is determined by tracing the 
metal interface in the topographic image. The superior sensitivity and contrast 
of FLI-NSOM enables the detection of nonradiative fluorescence quenching 
beyond this boundary and into the bulk polymer region of the sample. The 
quenching effect, however, remains difficult to quantify as the quenching region 
is not of uniform penetration and the effect is small. The ability to detect this 
quenching effect but not to resolve its dimensions indicates that the quenching 
behavior beyond the metal interface is less than the resolution of our tip and can 
be estimated to be effective on a maximum distance between 20 and 50 nm, in 
good agreement with the data obtained concerning quenching over the metal 
surface itself in the 40 nm thick polymer film. The ability to detect fluorescence 
lifetime quenching at all on the small length scales involved is a testament to the 
sensitivity of FLI-NSOM as an analytical tool. 

The third interesting characteristic of the fluorescence lifetime image 
concerns the chemical specificity of FLI-NSOM. When examining total 
fluorescence signals, scanning artifacts and variations in sample thickness often 
present problems concerning data interpretation. Clump-like areas of conjugated 
polymers often appear less intense in total fluorescence intensity images. 
However, as is seen in polyfluorene films the total intensity can be affected by 
many factors. Due to changes in total fluorescence, scanning artifacts often 
complicate data analysis along topological boundaries or interfaces. Small 
changes in the distance between the sample surface and the near-field aperture 
often lead to dramatic changes in overall fluorescence yields. These small 
changes in distance often occur when scanning over large objects in the tip path 
when shear force tracking varies slightly. When examining the images in Figure 
3 it is easy to identify both of these types of phenomena. There is a slight glitch 
in the tip tracking in image 3 A near the top of the scan and a cluster of clump­
like structures that have low total fluorescence intensity are visible in image 3B. 
In image 3C, however, it is apparent that neither variation due to sample 
thickness nor to scanning artifacts have caused significant lifetime image 
contrast. Lifetime information provides for the clear identification of two 
distinct sample regions: unquenched polymer fluorescence over glass, and 
quenched polymer fluorescence over a gold surface. 

Conclusion 

The current study has demonstrated the viability of FLI-NSOM as a 
powerful analytical tool. Two main aspects of FLI-NSOM were highlighted in 
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this work. The imaging technique provides high contrast information that allows 
for minor changes in fluorescence lifetime to visualized easily, and the NSOM 
lifetime images are less subject to artifact than the total fluorescence images. 
Using FLI- NSOM, lifetimes of both pristine and annealed film of PFH and 
metalized DPPE films have been measured. Studies indicate that lifetime is 
extremely uniform in both films despite small heterogeneities observed in the 
topography of the samples. The only lifetime contrast to be observed is the 
result of deliberate photobleaching of the film in the case of the polyfluorene or 
due to a metal layer in the case of the DPPE. The resulting lifetimes are much 
less subject to artifacts than the total fluorescence emission images. Although the 
method is sensitive to small chemical and environmental differences it is not, 
however, complicated by variations in sample thickness or other scanning 
artifacts. This stability allows for accurate interpretation of high resolution 
images without the pitfalls common to total fluorescence intensity measurements. 
While many factor can affect the total intentsity detected in a NSOM scan, there 
are only a few things that can alter the lifetime of an excited state. These include 
emission from distinct chemical species as is observed for the fluoronone defects 
in the PFH and energy transfer (quenching) as is seen in the DPPE samples. 
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Chapter 3 

Exploring Dynamics in Photorefractive Polymer-
Dispersed Liquid Crystals Using Near-Field Scanning 

Optical Microscopy 

Jeffrey E. Hall and Daniel A. Higgins* 

Department of Chemistry, Kansas State University, Manhattan, KS 66506 

Dynamic near-field scanning optical microscopy (NSOM) 
imaging methods are employed to study liquid crystal 
dynamics in photorefractive polymer dispersed liquid crystal 
(PDLC) films. Micrometer-sized nematic droplets doped with 
photoexcitable electron donor and acceptor dyes and 
encapsulated within a thin polymer film are studied. Liquid 
crystal reorientation dynamics and ion migration dynamics are 
induced by applying a modulated electric field between the 
metalized NSOM probe and the electrically conductive, 
optically transparent substrate upon which the sample is 
supported. The induced dynamics are detected by monitoring 
the intensity of 633 nm light transmitted through the sample 
under crossed polarization conditions. Comparison of 
dynamics images taken before, during, and after 
photogeneration of ions using 488 nm light shows the 
influence of these ions on the liquid crystal dynamics. 
Computer simulations of the ion and liquid crystal dynamics 
are employed to better interpret the results. Taken together, 
these results indicate that differences observed between 

© 2005 American Chemical Society 25 
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images recorded before (or after) and during ion generation 
result from changes in the liquid crystal reorientation 
dynamics deep within central droplet regions. In contrast, 
interfacial liquid crystal remains strongly aligned by the local 
space charge fields that develop. It is concluded that 
photorefractivity in PDLC films arises primarily from ion­
-induced relaxation of the liquid crystal in central droplet 
regions. 

Introduction 

Photorefractive materials are being developed for potential use in optical 
data storage (1) and processing (2), security verification (3), and medical 
imaging (4) technologies. A variety of photorefractive materials exist at present, 
ranging from inorganic crystals (5) to functionalized polymers (6-8). Recently, 
significant effort has been devoted to the development of dye-doped liquid 
crystals as photorefractive systems (9-12). Liquid crystals have a distinct 
advantage over solid-state photorefractives in that liquid crystals are strongly 
biréfringent and can easily be reoriented by relatively small electric fields. The 
photorefractive effect in liquid crystal materials is known to arise from 
orientational relaxation of the liquid crystal brought about by the formation of 
space charge fields in the material. One disadvantage of bulk liquid crystal 
systems arises from the limited resolution that can be obtained (13). This 
resolution limit stems from the increase in elastic energy that accompanies any 
distortion in the nematic phase alignment. One method by which this limitation 
can be overcome is by the use of polymer/liquid-crystal composites. Two 
classes of composite material have been employed; these are commonly known 
as polymer-supported liquid crystals (PSLCs) (14) and polymer-dispersed liquid 
crystals (PDLCs) (13). In these materials, polymers are used to "divide" the 
liquid crystal phase into small, noninteracting domains (13,15). While 
photorefractive PSLCs and PDLCs potentially provide greater resolution and 
have exhibited some of the largest photorefractive responses observed to date 
(4), the addition of polymer leads to an increase in the field strength required to 
induce a response. 

While the bulk properties of photorefractive polymer/liquid-crystal 
composites have been widely studied (10,11,13,16), the mechanism by which 
photorefractivity occurs on a more localized level has only recently been 
investigated (17). In our group, we have been studying the local dynamics 
associated with photorefractivity in PDLC systems using near-field scanning 
optical microscopy (NSOM) (17,18). NSOM can be used to simultaneously 
obtain high-resolution topography, optical images and/or data on liquid crystal 
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reorientation dynamics with sub-diffraction limited resolution (19). Therefore, 
it represents a valuable means by which the mechanism of photorefractivity in 
micro/mesostructured composites can be explored. 

In this paper, we summarize the results of both experimental and theoretical 
studies performed in our group on photorefractive polymer/liquid-crystal 
composites and present new results in support of our previous conclusions (17). 
The specific samples studied are films formed from aqueous emulsions of a 
nematic liquid crystal mixture (E7) and poly(vinyl alcohol). Perylene and Ν,Ν'-
di(n-octyl)-l,4,5,8-naphthalenediimide (NDI) are dissolved in the liquid crystal 
and serve as the photoexcitable electron donor and acceptor, respectively. This 
system was chosen because similar materials have been shown to exhibit strong 
photorefractivity (10). In the discussion below, we start by presenting results 
from bulk spectroscopic studies that show these materials possess the 
photophysical attributes necessary for photorefractivity. Next, we report results 
from our measurements of the photorefractive gain coefficient for PSLC 
materials. Data from extensive NSOM studies of similar PDLCs are then 
presented and discussed in detail. These results provide spatially-resolved 
information on the influence of photogenerated ions on the field-induced 
reorientation process in the liquid crystal droplets. Finally, the results of 
computer simulations are used to assist in the interpretation of the NSOM data. 

Experimental 

Bulk Spectroscopy. Fluorescence excitation and emission spectra for 
perylene (Aldrich) and NDI (synthesized as described in the literature (20)) were 
obtained using a conventional fluorimeter. Chloroform solutions of perylene 
and NDI at 20 μΜ concentrations were employed. Investigations of perylene 
fluorescence quenching by NDI were performed using a series of 20 μΜ 
perylene solutions with varying concentrations of NDI (1-10 mM). In these 
studies, 457 nm light was used to excite perylene fluorescence. 

Two-Beam Coupling. Quantitative measurements of the photorefractive 
gain coefficient in PSLCs were obtained from asymmetric beam coupling 
experiments. A detailed explanation of the instrumentation and methods used 
can be found in our original publication (21). Briefly, photorefractive PSLC 
cells were prepared from dye-doped liquid crystal emulsions formed in aqueous 
polyvinyl alcohol) (PVA) solutions. These samples were prepared as follows. 
First, the liquid crystal (E7, Merck) was doped with perylene (electron donor) 
and NDI (electron acceptor) to concentrations of 2.1 mM and 6.8 mM, 
respectively. The dye-doped liquid crystal was then emulsified in a 2% (by 
weight) PVA solution to yield a 9:1 liquid crystal/polymer ratio (by weight). 
Free ions had been removed from the PVA solution prior to use by dialysis 
against several portions of ultrapure water (18 ΜΩ·αη). Sample cells were 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

3

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



28 

fabricated by placing a 20 μηι thick Mylar spacer onto an indium-tin-oxide 
(ITO) coated glass substrate. A 1 cm2 hole was cut in the center of the spacer to 
form the working cell volume. A drop of the polymer/liquid-crystal emulsion 
was deposited onto the substrate and the water allowed to evaporate. A second 
ITO substrate was then placed on top of the spacer. Finally, electrical 
connections were made to each ITO slide using fine transform wire, silver paint, 
and super glue. 

For two-beam coupling measurements, the sample cell was mounted 
vertically at the intersection of two p-polarized beams (488 nm) from an argon-
ion laser. Diffraction of the transmitted beams by the index grating formed in 
the sample was measured using photodiode detectors. Data was recorded on a 
computer as a function of applied field, as one of the two incident beams was 
chopped. A waveform generator provided the applied electric field, which 
consisted of a modulated (5 kHz) field superimposed on a dc field. Lock-in 
detection of the chopped, diffracted beams allowed for direct measurement of 
the asymmetric beam coupling efficiency (21). 

NSOM Imaging. The samples prepared for use in NSOM experiments 
incorporated significantly more polymer than those used to observe bulk 
photorefractivity and are appropriately characterized as PDLC films. Here, dye-
doped liquid crystal' was emulsified with a 3% (by weight) purified PVA 
solution to form a 3% (by weight) liquid-crystal-in-polymer emulsion. This 
emulsion was then spin cast onto an ITO substrate and dried. Electrical 
connection to the substrate was made as described above. 

The influence of photogenerated ions on the electric-field-induced 
reorientation dynamics in single liquid crystal droplets was studied using a 
modified TM-Microscopes Aurora NSOM (Veeco Metrology). Details of these 
experiments may be found elsewhere (17). but are briefly outlined below. 
NSOM fiber probes were made in-house for these studies (22). Static and 
dynamic optical images of the droplets were recorded along with topographic 
images. Tuning-fork-detected shear-force feedback methods were employed to 
maintain the tip-sample separation at =5 nm during imaging (23). 

For the recording of dynamics images, a sinusoidally modulated (200 Hz) 
electric field was applied between the NSOM probe and sample substrate. 
Electrical connection was made to the end of the metal-coated probe using fine 
transformer wire, silver paint and super glue. Field-dependent changes in the 
liquid crystal orientation state were detected by monitoring the transmission 
(under crossed polarization conditions) of 633 nm light exiting the probe and 
passing through the sample. Transmitted 633 nm light was detected using a 
PMT. Lock-in detection of the modulated PMT signal provided amplitude and 
phase data related to the liquid crystal reorientation dynamics. These signals 
were fed directly into the microscope control electronics to record dynamics 
images. Such images were acquired before, during and after photogeneration of 
ions. Ion generation was accomplished using 488 nm light (with 50-100 pW 
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exiting the probe) to excite the dissolved perylene. For images recorded during 
ion generation, 633 nm light and 488 nm light were simultaneously coupled into 
the NSOM probe fiber. Residual 488 nm light was blocked in the collection 
path of the microscope using a holographic notch filter and a dichroic mirror. 
Images recorded before and after ion generation employed 633 nm light only. 

Results and Discussion 

Bulk Spectroscopy. Excitation and emission spectra for perylene and NDI 
dissolved in chloroform are shown in Figures 1A,B. These spectra are 
characteristic of the monomeric dyes and show no evidence for aggregation at 
the concentrations employed. Indeed, absorption spectra recorded for NDI in 
chloroform at concentrations as high as 1.2 mM showed no evidence for 

Cone (mM) Voltage (V) 

Figure 1. A) Perylene excitation (dashed) and emission (solid) spectra. B) NDI 
excitation (dashed) and emission (solid) spectra. C) Stern-Volmerplot of 

perylene fluorescence quenching vs. NDI concentration. D) Photorefractive 
gain ratio from asymmetric two-beam coupling experiment. 
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aggregation. Hence, it may be concluded that the effects described below result 
from interactions between perylene and NDI monomers. 

The results of perylene fluorescence quenching studies performed as a 
function of NDI concentration are shown in Figure 1C. As depicted, perylene 
fluorescence is strongly quenched by NDI. Fluorescence quenching is attributed 
here to transfer of an electron from perylene to NDI. Perylene quenching is not 
expected to occur via energy-transfer to NDI because perylene emits well to the 
red (440-525 nm) of the NDI excitation spectrum (250-390 nm). 

The rate of electron transfer quenching between perylene and NDI was 
determined from the data in Figure 1C. The slope of the line fit to this data, 
using the Stern-Volmer Equation, gives a quenching rate constant of 
approximately 1010 M'V1. Such a large value is consistent with quenching at 
the diffusion-limited donor-acceptor collision rate. 

Two-Beam Coupling. Verification of photorefractivity in the 
polymer/liquid-crystal composites was obtained from asymmetric two-beam 
coupling experiments (21 ). In these studies, two mutually coherent 488 nm laser 
beams were overlapped in the sample cell, creating an optical intensity grating. 
Electron transfer between the perylene and NDI in regions of constructive 
interference produces photogenerated charges in these same regions. These 
charges migrate by both diffusion and field-induced drift mechanisms, the latter 
occurring with the aid of the applied (dc) electric field. Internal space-charge 
fields are formed as a result, modifying the total electric field at each point in the 
sample and causing the liquid crystal to reorient. A refractive index grating that 
is spatially displaced from the original intensity grating is formed. This index 
grating causes light from the two incident lasers beams to be preferentially 
diffracted in one direction. 

The results of two-beam coupling measurements on perylene and NDI-
doped PSLCs are shown in Figure ID. These data show a field-dependent 
increase in one of the two beams (squares) and a concomitant decrease in the 
other (circles), as expected. With certain assumptions (21), this data can be used 
to determine the photorefractive gain coefficient for the sample (10). Here, it is 
determined to be 808 cm"1, close to that determined previously for similar 
materials (10). This result demonstrates the materials chosen for study herein 
exhibit large photorefractive responses compared to many solid state organic 
and inorganic materials (4). 

NSOM Imaging. NSOM experiments were performed to obtain a better 
understanding of the local ion migration and liquid crystal reorientation 
dynamics associated with photorefractivity in dye-doped polymer-dispersed 
liquid crystal (PDLC) films (17). 

In dynamic NSOM imaging experiments, a sinusoidally modulated electric 
field is applied across the sample, between the NSOM probe and ITO-coated 
substrate. This field produces a time-dependent modulation of the liquid crystal 
orientation in droplets positioned below the probe. In addition, this same field 
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causes ions dissolved in the liquid crystal to migrate to/from the polymer/liquid-
crystal interfaces. Charged interfacial double layers are formed at these 
interfaces under the influence of the applied field. The buildup and decay of 
these double layers modifies the local electric field within the droplet in time, 
causing an additional change in the liquid crystal orientation state. 

Changes in liquid crystal orientation are detected optically, by monitoring 
the field-modulated birefringence of the liquid crystal. This is accomplished 
experimentally by measuring the intensity of 633 nm light transmitted through 
the sample under cross-polarization conditions. A modulated optical signal 
results, for which the amplitude and phase characteristics are strongly dependent 
on the local concentration of ions and the viscoelastic properties of the droplet 
(19). A lock-in detector is used to obtained amplitude and phase signals, and 
these are in turn used to record dynamics images. These images provide a direct 
means of observing spatial variations in the liquid crystal reorientation dynamics 
in the presence or absence of permanent and/or photogenerated ions dissolved in 
the PDLC droplets (19,24,25). 

Dynamic NSOM amplitude and phase images of a single droplet in a 
photorefractive PDLC film are shown in Figure 2. Again, experiments were 
conducted by imaging the droplet before (633 nm only), during (488 nm and 633 
nm), and after (633 nm only) photogeneration of ions. The phase images 
provide the simplest means for observing the overall (i.e. average) effects of 
photogenerated ions on the liquid crystal dynamics in single droplets. Likewise, 
the amplitude images provide the best means for observing spatial variations in 
the dynamics caused by changes in the ion concentration during the recording of 
sequential images of a droplet. 

The phase data presented in Figure 2 clearly shows the influence of 
photogenerated ions on the liquid crystal dynamics. The mean phase angle over 
the entire droplet in Figure 2A is 175.8±0.9° (488 nm off), prior to ion 
generation. The error bars given depict the 95% confidence interval. During 
ion generation, the phase angle increases to 179±1° (488 nm on), as shown in 
Figure 2D. Following ion generation, the phase angle returns to 174.0±0.8° 
(488 nm off), as in Figure 2G. It should be noted that undoped PDLC materials 
do not show such significant changes in otherwise identical experiments. The 
observed increase in phase angle indicates faster liquid crystal dynamics occur 
in the presence of ions, as expected. Faster dynamics may result from either 
enhanced field-driven reorientation of the liquid crystal, or an enhanced rate of 
decay of the local electric field, and hence, enhanced relaxation of the liquid 
crystal towards it zero-field alignment. At present, computer simulations are 
needed to distinguish which of these effects is most important. The results of 
such simulations are discussed in detail, below. The return of the phase angle to 
near its original value after ion generation indicates that most of the 
photogenerated ions recombine by back electron transfer or are removed by 
some other process on the time scale of a single image (i.e. ten minutes). 
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While the phase images provide clear evidence for the influence of 
photogenerated ions on the average droplet dynamics, only subtle spatial 
variations are observed in these images. The relatively weak spatial contrast in 
the phase data may indeed be reflective of relatively uniform ion-modulated 
reorientation dynamics within the droplet. However, since the amplitude images 
suggest otherwise (see below), it may simply indicate reduced signal-to-noise in 
the phase data, or a reduced sensitivity to small changes in the dynamics. 

Figure 2. A) Phase image and B) amplitude image of an -2.8 $m diameter 
photorefractive droplet imaged using 633 nm light. C) Line scan from image B). 

D) Phase image and E) amplitude image of same droplet, imaged during 
photogeneration of ions using 488 nm light. F) Line scan from image E). G) 
Phase image and H) amplitude image after photogeneration of ions. I) Line 

scan from image H). 
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The amplitude images shown in Figures 2B,E,H clearly depict spatial 
variations in the ion-modulated liquid crystal reorientation dynamics. Figures 
2C,F and I depict line scans taken from these images and illustrate some of the 
salient changes in the reorientation dynamics more clearly. Most importantly, 
during ion generation, the amplitude signal in the center of the droplet decreases 
relative to that observed in outer droplet regions. Such a decrease in the 
amplitude signal is indeed expected to occur with an increase in ion 
concentration (see below). Here, it is proposed that the observed spatial 
variations in the amplitude signal caused by the photogenerated ions arise from 
the formation of highly nonuniform charge distributions (laterally) at the upper 
and lower droplet surfaces, nearest the electrodes. As these interfaces are not 
planar, but rather more closely approximate the internal surfaces of a sphere, it 
is believed the ions tend to migrate to the uppermost and lowermost regions of 
the droplet, leading to formation of a nonuniform space charge field within the 
droplet. The largest space charge fields occur along the central axis of the 
droplet and decay rapidly as a function of radial distance towards the outer 
(circumferential) droplet regions. Hence, the applied field and liquid crystal 
dynamics are perturbed to a smaller extent in outer droplet regions. The effects 
of such variations are amplified by the dependence of liquid crystal reorientation 
on the square of the local field. 

A number of other possible explanations exist as well; these have been 
discussed previously (17). They include the possibility that the relative 
importance of the local field and the droplet's viscoelastic properties may vary 
spatially as well. The change in amplitude over the center of the droplet is 
consistent with the greater importance of the local field dynamics in this region, 
while the elastic properties of the droplet are clearly more important in 
circumferential droplet regions (26). Another possibility is that more ions are 
generated with the probe positioned over the center of the droplet, due simply to 
the greater optical thickness in this region. 

Simulations. As described previously (17), finite difference time domain 
methods can be used to simultaneously model the ion dynamics, local space 
charge field dynamics, liquid crystal reorientation dynamics, and the observed 
optical signal in photorefractive PDLC droplets. Such simulations were 
performed for a simplified one-dimensional model of a droplet. The dynamics 
were simulated along a line running parallel to the optical path through the 
droplet center (i.e. normal to the film plane). A constant number of permanent 
ions were incorporated in the droplet, an approximation meant to simulate 
steady-state conditions during ion generation. The droplet was 1.0 μπι in 
diameter and was surrounded by a 20 nm thick dielectric "shell", representing 
the polymer film covering real droplets. Known optical and dielectric 
parameters associated with the polymer and liquid crystal were employed (17). 

Figure 3 shows some results from these simulations for droplets 
incorporating ions at 1 μΜ and 30 μΜ concentrations (defined prior to 
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application of the field). The applied field in these simulations was modulated 
at 200 Hz, as in the NSOM experiments. The simulations were run for 14 field 
cycles to achieve a steady-state response. On the simulation time scale, the 
applied electric field remains relatively uniform throughout the droplet, at low 
ion concentrations (1 μΜ). In contrast, the droplet containing 30 μΜ ions shows 

Figure 3. Squared electric field in a droplet with A) 1 μΜ ions and B) 30 μΜ 
ions, as a function of time and position within the droplet Ion migration 

dynamics are induced by an externally applied sinusoidally modulated electric 
field. C) and D) Liquid crystal orientation angle as a Junction of time and 

position within the droplet resulting from the electric fields shown in A) and B). 
Position within the droplet is given as a function of distance from the 

polymer/liquid-crystal interface at 0.0 nm. These data were obtained after 13 
field cycles in the simulations. 
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dramatic spatial and temporal variations in the internal electric field. The field 
rises and falls in the droplet center but never gets very large. In contrast, the 
field at the polymer/liquid-crystal interface becomes very large as the field in the 
center of the droplet decreases towards zero. This result indicates liquid crystal 
reorientation is alternately driven by I) a weak field in the center of the droplet 
and II) a strong field that builds later, in the interfacial regions. Due to the 
collective response of the liquid crystalline phase, the actual reorientation 
dynamics are much more homogeneous, even in droplets with high ion 
concentrations (see Figures 3C,D). Nevertheless, due to the time-dependent 
decay of the field in the center of the droplet, orientational relaxation of the 
liquid crystal does indeed occur in the droplet center (see Figure 3D). The 
liquid crystal near the polymer/liquid-crystal interface, however, remains in a 
strongly field-aligned state. Therefore, it may be concluded that the changes 
observed in the dynamics images during ion generation (see above) arise from 
ion-dependent changes in the liquid crystal reorientation dynamics 
predominantly "deep" in the central regions of the droplet. It may also be 
concluded that the orientational relaxation associated with the photorefractive 
effect in bulk PDLC systems also occurs in these same droplet regions, with 
interfacial liquid crystal dynamics of less importance. 

Finally, as a means to demonstrate that the simulations and NSOM data are 
reflective of the same dynamical phenomena, the optical signals obtained in 
NSOM experiments were also modeled (17). The results are shown in Figure 4. 
It is clear from these data that the modulated optical signal is predicted to shift 

Time (ms) 

Figure 4. Simulated optical signal and squared applied field ( )for a 1 μνη 
thick liquid crystal droplet incorporating 1 μΜ ions ( ) and 30 μΜ ions 

( ). The optical signal is near 1.0 in the relaxed liquid crystal state and 0.0 
in the field-aligned state. 
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earlier in time (i.e. a positive phase shift occurs) with increasing ion 
concentration, exactly as observed in the NSOM data. The simulated signals 
also exhibit a decrease in amplitude with increasing ion concentration, as 
observed experimentally. Most importantly, these results indicate that the 
experimentally observed phase shift arises primarily from an increase in the rate 
of field-induced liquid crystal reorientation. The enhanced reorientation rate is 
caused by the large fields that develop in the interfacial regions at high ion 
concentrations. The increased decay rate of the electric field in the droplet 
center also causes the liquid crystal to relax towards its ziero-field orientation 
earlier in time, although the contribution of this effect to the phase shift is 
smaller (i.e. compare the relative time shifts in the rising and falling edges of the 
simulated signals in Figure 4). 

Conclusions 

This article has presented a review of our recent bulk spectroscopy and 
NSOM studies of photorefractive PDLC materials. New NSOM data and 
simulation results were also given. These support our previous conclusions on 
the origins of local phenomena associated with photorefractvity in PDLC films 
(17). Bulk spectroscopic studies showed that photoinduced electron transfer 
occurs between perylene and NDI at the bimolecular collision rate. Asymmetric 
beam coupling experiments showed a strong photorefractive effect in PSLC 
cells fabricated from perylene and NDI-doped polymer/liquid-crystal 
composites. Dynamic NSOM experiments provided important new information 
on the ion-dependent, field-induced reorientation dynamics within single liquid 
crystal droplets in similar PDLC films. Finite difference time domain 
simulations of the dynamics within the droplets provided information necessary 
to draw clear conclusions from the NSOM data. The experimental data and 
simulation results indicate that changes in the liquid crystal dynamics observed 
in the presence of ions occur primarily deep within central droplet regions, while 
the interfacial liquid crystal remains in a strongly field-aligned state. Taken 
together, the results of the simulations and the NSOM data provide a valuable 
new means for studying the local dynamics associated with photorefractivity in 
PDLC based materials. 
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Chapter 4 

Chemical Imaging of Heterogeneous Polymeric 
Materials with Near-Field IR Mircroscopy 

Chris A. Michaels1, D. Bruce Chase2, and Stephan J. Stranick1 

1Chemical Science and Technology Laboratories, National Institute 
of Science and Technology„ 100 Bureau Drive, Gaithersburg, MD 20899 

2DuPont Central Research and Development, Wilmington, DE 19880 

The development of techniques to probe spatial variations in 
chemical composition on the nanoscale continues to be an 
important area of research in the characterization of polymeric 
materials. Recent efforts have focused on the development 
and characterization of near-field microscopy in the mid­
-infrared spectral region. This technique involves coupling the 
high spatial resolution of near-field scanning optical 
microscopy with the chemical specificity of infrared 
absorption spectroscopy. This chapter describes the 
application of this technique to the chemical imaging of a 
polymer composite consisting of polystyrene particles 
dispersed in a poly (methyl methacrylate) thin film. Particular 
focus is placed on utilizing the measured spectral contrast to 
identify the nature and magnitude of the various sources of 
image contrast, including near-field coupling, topography 
induced optical contrast, scattering, and absorbance. 

38 © 2005 American Chemical Society 
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Introduction 

39 

The ability to routinely measure local variations in chemical composition on 
length scales finer than those accessible to conventional optical microscopy 
would be of significant utility in the characterization of complex polymeric 
materials such as blends and composites. Sample analyses of this type would be 
particularly useful in establishing correlations between macroscopic performance 
properties (e.g. mechanical and chemical stability, biocompatibility) with 
material microstructure, a key ingredient in the rational design of high 
performance materials. One strategy for realizing this goal involves the 
integration of vibrational spectroscopy into a near-field scanning optical 
microscope (NSOM). This combination of the sub-diffraction spatial resolution 
attainable in the near-field with the high chemical specificity of vibrational 
spectroscopy promises a powerful analytical technique that overcomes critical 
measurement limitations of both far-field vibrational microscopes (low spatial 
resolution) and scanned probe microscopes (lack of chemical specificity). Both 
Raman (1-8) and IR (9-18) spectroscopy have been exploited in near-field 
measurements; the optimum choice depending generally on the magnitude of the 
cross sections for the relevant optical transitions. The large body of literature on 
far-field IR microscopy of polymeric systems (19) suggests that these materials 
would be ideally suited for study with near-field IR microscopy, wherein spatial 
variations in material composition would result in image contrast due to the 
corresponding variations in infrared absorbance. The realization of infrared 
absorption spectroscopy as a source of near-field optical contrast would enable 
the mapping of chemical functional groups unique to individual polymers as a 
function of position with sub-diffraction spatial resolution (17). 

In conventional optical microscopy, the spatial resolution is set by the 
diffractive properties of light, limiting the attainable resolution to approximately 
λ/2 (λ = wavelength of the light) (20). In 1928, Synge recognized that this 
resolution limit could be circumvented in what is now called a near-field 
microscope (21). One common implementation of near-field microscopy 
involves illumination of a sample through an aperture with a diameter 
significantly smaller than λ, while maintaining the sample-to-aperture separation 
at a distance much smaller than λ/2 (22). In this arrangement, an 
electromagnetic field confined to dimensions defined roughly by the aperture 
diameter interacts with the specimen, thus enabling the study of many types of 
photon-matter interactions (e.g. scattering (23), fluorescence (24), absorbance 
(17), and harmonic generation (25)) with spatial resolution unattainable in 
conventional far-field microscopy. In this contribution, the use of infrared near-
field microscopy in the study of the microstructure of a polymer composite, 
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consisting of polystyrene microspheres distributed in a thin layer of poly (methyl 
methacrylate) is described. 

Although multiple reports of infrared NSOM have appeared in the literature 
(9-18), fundamental metrology questions about this technique persist. In 
particular, a general description of the nature and relative magnitude of the 
operative sources of contrast in the imaging of samples expected to absorb 
significant quantities of the incident radiation has yet to appear. The respective 
roles of the real and imaginary parts of the refractive index and their impact both 
on the measured spectra and attempts to extract chemical information from the 
images is not yet fully understood. This is particularly important in the vicinity 
of strong absorbance resonances where the real part of the refractive index can 
change dramatically over narrow frequency regions, as described by the 
Kramers-Kronig relations. This might lead to band shifting effects, raising the 
question of what the expected correlation is between far and near-field infrared 
spectra, with obvious ramifications for the assignment of near-field spectra. 
Additionally, the presence of multiple, spatially correlated sources of image 
contrast (e.g. topography and absorbance) can greatly complicate image 
interpretation and the development of robust methods for unraveling such 
multiple contrast mechanisms is only at a nascent stage (17). While 
comprehensive answers to these questions are clearly beyond the scope of this 
chapter, the near-field images and spectra of a polymer composite reported here 
will demonstrate the high spatial resolution, chemical imaging power of this 
technique, while simultaneously illuminating some of the aforementioned 
difficulties surrounding detailed image interpretation, perhaps stimulating further 
experimental and theoretical efforts along these lines. 

Experimental 

There are a number of technical challenges to the implementation of IR 
NSOM that are unique to the mid-IR spectral region. Particularly, near-field 
probes that transmit infrared radiation are required, as is a bright, tunable 
infrared radiation source. We have developed a novel bench-top infrared NSOM 
instrument that incorporates tapered optical fiber probes and a femtosecond laser 
as the infrared source. This instrument has been described in detail elsewhere 
(15,23) but a brief synopsis of the key features follows. The broadband infrared 
light source is based on a commercial system that includes a Tirsapphire 
oscillator and 250 kHz regenerative amplifier that pumps a BBO optical 
parametric amplifier, yielding a signal beam (1.1 μπι - 1.6 μπι) with an 85 fs 
pulsewidth (as measured by background free autocorrelation) and an idler beam 
(1.6 μπι - 2.5 μπι). Mid-infrared light is generated by difference frequency 
mixing the signal and idler beams in a 1-mm thick AgGaS2 crystal, cut for type-I 
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mixing. This difference frequency generation scheme has a demonstrated tuning 
range of 2.5 μπι to 12 μπι. Average powers at 3.4 μπι (the nominal operating 
wavelength for the work described here) range from 8 mW to 12 mW with an 
optimized spectral FWHM of approximately 150 cm"1. The small fraction of 
light transmitted through the sub-wavelength aperture (typically 1 to 5 χ 10"5) is 
collected by a 0.5 NA, CaF2 lens located behind the sample. Following 
collection, the sample and reference beams are steered and focused onto the 
entrance slit of a 0.32 m monochromator incorporating a 75 grooves/mm 
diffraction grating blazed at 4.5 μπι. A 128x128 pixel InSb array detector is 
positioned at the exit focal plane of the monochromator to detect the horizontally 
dispersed reference and sample spectra, slightly offset from each other in the 
vertical direction. The full bandwidth of the laser light is collected in parallel 
with the focal plane array, eliminating the need to scan a grating or the laser 
wavelength. 

The sample is scanned over the near-field probe with a Besocke style 
scanner in which a solid-state, piezoelectric detection method is used to measure 
the shear forces applied to the probe by the sample. In constant-gap mode 
(CGM) scanning, the probe-sample separation is kept constant using feedback 
regulation of the shear force signal, yielding a topographic map of the sample. 
In constant-height mode (CHM) scanning, the vertical position of the sample is 
set such that the probe is approximately 100 nm above the highest sample 
protrusion within the scan area; the horizontal scanning of the sample then 
proceeds with no active probe-sample distance regulation. Spectral image 
collection involves the raster scanning of the sample over the probe, coupled 
with parallel acquisition of infrared spectra from the focal plane array, 
synchronized to the probe position. Typical individual spectrum integration 
times range from 10 msec - 50 msec, and each spatial pixel involves an average 
of 20 spectra, thus yielding typical data acquisition times of 1 sec per point. 
The resultant three dimensional data set includes two spatial dimensions and a 
spectral dimension. 

This illumination mode microscope is based on a near-field probe 
fabricated by tapering and metal coating an IR transmitting, single mode, 
fluoride glass optical fiber. The etching methodology is similar to that used in 
the fabrication of NSOM tips from glass and chalcogenide fibers (26,27). The 
stripped fibers are inserted several mm below the interface between the etchant 
solution (0.06 M HC1 and 0.04 M ZrOCl2) and a 2,2,4 trimethylpentane organic 
overlayer for 20 minutes. The apertures are formed by sequential vapor 
deposition of two 80 nm -100 nm thick Al or Ag films on rotating fiber tapers 
held at an angle of approximately 15° with respect to the deposition source. The 
imaging characteristics of each probe are determined through evaluation of the 
spatial resolution and image contrast present in near-field transmission images of 
a micropatterned gold test sample, as described previously (15). 
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The polymer composite sample was fabricated by spin casting a suspension 
of 1.1 μπι diameter polystyrene (PS) microspheres in a solution of poly (methyl 
methacrylate) (PMMA) in toluene onto a microscope cover slip. The spin 
conditions were optimized to produce a polymer layer with a nominal thickness 
of 1 μπι. Fourier transform transmission infrared spectra of pure PS and pure 
PMMA films were recorded on an infrared spectrometer (Nicolet Nexus 870) 
equipped with a HgCdTe detector (28). 

Results and Discussion 

Figure 1 shows infrared absorbance spectra of PS (dashed line) and PMMA 
(solid line) in the C-H stretching region along with the broadband illumination 
spectrum of the radiation (filled grey) used to acquire the images reported here. 
The magnitude of the absorbance spectra and the laser spectrum have been 
scaled to facilitate visual comparison. Although the spectral breadth of the laser 
source does not approach that of the blackbody sources typically employed by 
IR spectroscopists, it is sufficient to encompass multiple bands and, as is clear 
from Figure 1, it is broad enough to allow the differentiation of two polymeric 
materials. Images acquired over this spectral region include those at frequencies 
of a unique PS resonance (3060 cm"1), resonant frequencies where both materials 
might be expected to absorb (2990 cm"1, 3020 cm"1) and a frequency where 
neither material has a significant absorbance (3120 cm"1). 

Wavenumber (cm'1) 
Figure 1. Scaled IR absorbance spectra of PS (dashed line) and PMMA (solid 
line) in the C-H stretch region along with with spectrum of imaging radiation. 
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Figure 2(a) is an 8 μπι χ 8 μπι CGM topographic image showing several PS 
particles protruding from the film, where the full range of the linear grayscale is 
400 nm. The two large particles in the center of the image suggest some 
heterogeneity in the size distribution of the microspheres as these appear 
significantly larger than the four particles at the top of the image, which each 
show the apparent size expected for 1.1 μπι particles. Figure 2(b) is a near-field 
transmission image of this film in which the transmission is integrated over the 
entire bandwidth of the imaging radiation (as depicted in Fig. 1). The 
transmission (T) contrast ( Τ ^ - Τ ^ / Τ ^ ) is 0.26 and the PS particles generally 
appear dark, indicating a decrease in near-field transmission over the particles, 
although there are also interesting variations in transmssion within the area of 
the particle (e.g. light bands in the four small particles). Figure 2(c) shows a 
band ratio absorbance representation of this image data, obtained by taking the 
ratio of the transmission image resonant with the large C-H aromatic transtion in 
PS (3020 cm'1) to an off-resonance transmission image (3120 cm1) and 
converting to absorbance units. The PS particles in this case appear bright, as is 
expected given the choice of a PS resonance frequency and the assumption that 
the principal source of contrast is absorbance. The 1.1 μπι particles are easily 
detected and the spatial resolution as estimated from images of the resolution test 
sample is nominally 400 nm (~λ/8). Figure 2(d) shows a line scan extracted 
from Figure 2(c) along the white line wherein the response over the three PS 
particles is readily apparent. Note that the interparticle separation between the 
two particles on the right is 1.9 μπι and that these particles are resolved well 
beyond the Rayleigh criteria, clearly demonstrating resolution far exceeding the 
diffraction limit (λ/2ΝΑ ~ 3.3 μπι for this collection objective). 

The key to the proper interpretation of these images is understanding the 
source of the image contrast. Several sources are expected to contribute to the 
measured contrast, including spatial variations in the sample morphology and 
refractive index. These factors can lead to contrast due to topography, near-field 
coupling and scattering effects, all of which carry little chemical information. Of 
course, spatial variations in the the imaginary part of the specimen refractive 
index gives rise to contrast dependent on the chemical composition of the 
sample. A strategy for unraveling these multiple, often spatially correlated, 
sources of image contrast is to measure the wavelength dependence of the 
contrast and compare it to that expected for possible contrast sources (17). For 
example, the contrast due to absorbance can be predicted based on the far-field 
spectra of the material components, while the other mechanisms are expected to 
have a much weaker dependence on wavelength. Broadband near-field IR 
microscopy allows for the robust evaluation of the spectral contrast, i.e. the 
variation in image contrast with changes in the imaging radiation frequency. The 
band ratio image shown in Figure 2(c) is an example of a simple approach to 
analysis of the spectral contrast, but examination of the spectra recorded at 
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0.012 

0.010 

Probe Position (μη) 

Figure 2. (a) 8 μη χ 8 μη topographie image of 1.1 μη PS microspheres 
dispersed in a PMMA film, (b) 8 μη χ 8 μη CGM near-field, integrated 

transmission image acquired with the laser frequency centered at 3060 cm'1, (c) 
8 μη χ 8 μη aromatic C-H stretching band (3020 cm1), near-field, band ratio 

image, (d) Line scan extracted along the white line indicated in (c). 

various points on the surface carries even more information. Figure 3 shows the 
spectral response recorded at two points on the surface, indicated by the letters A 
(large PS particle) and Β (PMMA film) in Figure 2(a). Note that the separation 
between these pixels is 480 nm, roughly λ/7. These spectra are normalized to the 
average spectra recorded over the whole image, in order to remove the lineshape 
of the laser source (the normalization procedure has been described in detail 
elsewhere (15)). The Β spectrum is roughly equal to unity across the whole 
spectral range, indicating that the spectral response over this part of the PMMA 
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film is essential identical to that of the average pixel in this image. The A 
spectrum reveals roughly 20% lower transmission throughout this spectral range 
with some variation with frequency. In general, this indicates that the 
predominant source of contrast in this image is not absorbance, as the spectral 
contrast does not bear any similarity to the known PS spectrum and the low 
value of transmission is nominally independent of frequency. This suggests that 
the contrast is due to another source, presumably related to the particle 
morphology and/or the index contrast between PMMA and PS. The amount of 
light coupled from the probe out to the detector is a function of the probe-sample 
separation and the real part of the material refractive index (optical impedance 
matching (29)). These effects are expected to depend only weakly on frequency, 
although the real part of the refractive index, n, is not constant in this region due 

1.16 

2800 2900 3000 3100 

Wavenuinber (cm"*) 

Figure 3. Scaled IR absorbance spectra of PS (dashed line) and PMMA (solid 
line) in the C-H stretch region along with the normalized near-field 

transmission spectra extracted at pixels A and Β (see Fig. 2(a)). 

to the absorbance resonances. This effect is shown in Figure 4, where η is plotted 
against frequency for PS and PMMA (30). These variations in η are small 
because the magnitudes of the absorbance resonances are also relatively small 
and thus significant band-shifting effects, as mentioned in the introduction, are 
not expected at these frequencies. Scattering effects might also play a role in the 
spectral contrast, particularly since particle A is nominally 2 μπι in diameter, 
sufficiently large that scattering resonances related to the particle size might play 
a role, giving rise to spectral variation more complicated than the familiar 
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Rayleigh dependence for particles much smaller than the wavelength (~ λ"4) 
(31). Clearly, a detailed understanding of the spectra presented in Figure 3 will 
require electromagnetic wave propagation calculations, as multiple sources of 
contrast are relevant and an assignment based solely on the spectra is not 
possible. That said, it is clear that absorption is not an important source of 
contrast and interpretation of the band ratio image in Figure 2(c) in terms of 
absorbance is rather misleading. This highlights the utility of having full spectra 
at each pixel rather than attempting to interpret images acquired at a select series 
of frequencies. 

2800 2900 3000 3100 

Wavenumber (cm'1) 

Figure 4. Scaled IR absorbance spectra of PS (dashed line) and PMMA (solid 
line) in the C-H stretch region along with plots of the real part of the refractive 

index of these materials versus frequency. 

A useful method for analyzing the role of topography induced optical 
contrast is to compare CGM and CHM images (32). In the first case the probe 
follows the topography of the surface to the extent possible given its size while 
in the second mode the separation between the probe and average plane of the 
sample is kept constant. Figure 5(a) shows an 8 μπι χ 8 μπι CHM near-field 
transmission image of an individual 1.1 μπι diameter PS particle where the 
optical signal is integrated over the laser bandwidth. The separation between the 
probe and the PMMA film is maintained constant at approximately 200 nm. In 
this case, the particle appears bright with transmission contrast of 0.2, indicating 
increased transmission to the detector as the probe is scanned over the particle, 
as opposed to the CGM image shown in Figure 2(b) where the particles appear 
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dark. Topographic imaging of this region of the sample indicates that the 
particle protrudes from the PMMA film by 105 nm. Consequently, the particle 
couples more light on to the detector than the film, as the field decays very 
rapidly with increasing distance from the aperture and the probe-sample 
separation is smaller over the particle than over the film. This near-field 
coupling effect is certainly one source of the increased transmission over the PS 
particle. Figure 5(b) is a plot of the normalized spectral response at points A and 
Β (indicated in Figure 5(a)) along with the normalized absorbance spectra of PS 
and PMMA. The spectra at point Β is nominally unity across this region 
indicating that the response at this pixel is essentially equal to that of the average 
spectrum used for normalization. The increased transmission at point A is 
largely independent of frequency, as would be expected for near-field coupling 
(this will depend on η (16) but this quantity changes only slightly with frequency 
as shown in Figure 4). Again it is is clear that there is no spectral contrast that is 
readily identifiable with the far-field absorbance spectrum of PS, indicating that 
absorbance is not a significant source of contrast in these images. Based on the 
far-field spectra of PS and PMMA a rough estimate for the expected absorbance 
contrast between this particle and the film is only a few percent, although even 
this level of contrast is not evident in the measured spectra. The conclusion that 
the near-field IR imaging of this composite in the C-H stretching region is 
dominated by sources of contrast other than absorbance is independent of the 
scanning mode. This finding has obvious implications for the utility of this 
technique for chemical imaging, suggesting that for some sample/wavelength 
combinations, the contrast that carries the desired chemical information will be 
obscured by other sources of contrast. It is not possible to make specific 
predictions about samples for which absorbance is likely to be a significant 
source of contrast; however some general observations can be made. Obviously, 
absorbance contrast based on strong IR oscillators (e.g. imaging of acrylate 
distribution in a styrene matrix via the carbonyl stretch) will yield images more 
directly reflective of the distribution of chemical species than those presented in 
this contribution. The C-H stretch absorbance bands utilized in this work are 
relatively weak; clearly expansion of wavelength coverage to regions with 
stronger absorbance bands should be a focus of future work on IR NSOM. 
However, samples with significant morphological structure and/or components 
with large disparities in the real part of the refractive index will likely show 
significant contrast that is unrelated to variations in chemical composition even 
in spectral regions of significant absorbance. 
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(b) 

2800 2900 3000 3100 

Wavenumber (cm"1) 

Figure 5. (a) 8jum χ 8 μτη CHM near-field, integrated transmission image 
acquired with the laser frequency centered at 3060 cm1, (b) Scaled IR 

absorbance spectra of PS (dashed line) and PMMA (solid line) in the C-H 
stretch region along with the normalized near-field transmission spectra for 

pixels A and B. 

Conclusion 

An infrared near-field microscope utilizing a broadband laser source and an 
fiber-based aperture probe has been used to image a polymer composite 
consisting of PS particles dispersed in a PMMA matrix. The specimen was 
imaged in the spectral region encompassing the C-H stretching vibrations of the 
polymer components. Spectral images acquired in both CGM and CHM imaging 
modes were reported. The 1.1 μπι diameter PS particles were easily 
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distinguished from the PMMA matrix in these high contrast images, with a 
nominal spatial resolution of 400 nm. Close examination of spectra from 
individual pixels indicated that absorbance was not an important source of 
contrast in these images. The weak spectral contrast observed indicated that 
other sources of image contrast dominated, irrespective of the imaging mode. 
This data reveals the difficulty associated with interpreting IR near-field images 
recorded at only a few wavelengths and suggests that, for many samples, the 
utility of this technique for chemical imaging will be complicated by the 
presence of multiple contrast mechanisms. Proper image interpretation will 
require means for identifying and quantifying these multiple types of contrast, 
including the acquisition of as much spectral data as is practical and the 
utilization of known sample properties in the application of electromagnetic 
wave propagation theories to image simulation. Future exploration of chemical 
imaging with IR NSOM will be most fruitful using appropriate wavelengths for 
materials with strong IR oscillators, such as the carbonyl stretch modes of 
acrylate polymers. 
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Chapter 5 

Apertureless Scanning Near-Field IR Microscopy 
for Chemical Imaging of Thin Films 

Boris B. Akhremitchev1, Larissa Stebounova2, Yujie Sun2, 
and Gilbert C. Walker2 

1Department of Chemistry, Duke University, Durham, NC 27708 
2Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

The sample's absorption of infrared radiation is used for 
chemical mapping of thin films using apertureless near-field 
infrared microscopy. An oscillating metallic probe modulates 
the scattering of the infrared radiation at the surface. The near­
-field signal is registered by demodulation of the scattered 
signal at twice the probe's oscillation frequency. An apparent 
image contrast contains contributions from both the 
topography and the optical properties of the sample. We 
demonstrate that for a sufficiently thin sample the topography 
contribution can be small enough to detect the chemical 
variations unambiguously with a spatial resolution of ca 200 
nm. The signal dependence on probe-sample separation is well 
described by employing a quasi-electrostatic model. This 
model includes scattering from two sources of different sizes. 
We believe that these scattering sources correspond to the 
different parts of the probe. 

© 2005 American Chemical Society 51 
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Introduction 

Spatial resolution of far-field microscopies is limited to approximately λ/2 
due to decay of radiation components with high spatial frequency. This limits 
spatial resolution of chemical mapping with infrared radiation to -5 μπι. Near-
field techniques that probe the electromagnetic field at the surface of the sample 
remove such limitation. These techniques use scanning probes that convert 
evanescent field components at the surface of the sample into propagating 
components. Detection of the propagating electromagnetic field that results 
from such scattering provides information about local optical properties of the 
sample. Near-field microscopes can be subdivided into two types. The first type 
is an aperture-based approach that uses a sub-wavelength aperture at the end of 
tapered fiber (Figure la). The aperture is placed near the sample's surface as a 
light source, and the electromagnetic (EM) radiation that is scattered, transmitted 
or emitted by the sample is detected (/). This aperture probe approach typically 
provides ~λ/20 resolution in the visible part of the E M spectrum (1) and at best a 
resolution of λ/10 in the infrared region (2) (λ is wavelength of light). The 
second approach, known as "apertureless" or "scattering" approach, shown in 
Figure lb, employs a nanometer-sized probe as a local scatterer of E M radiation 
in the vicinity of the sample surface (3, 4, 5, 6). Apertureless imaging provides 
higher resolution than the apertured probe approach, with reported resolution 
exceeding λ/100 in the visible (7) and λ/300 in the infrared (8). 

Interpretation of the scattering data is not straightforward. Topography of 
the sample and background scattering both contribute to the signal. In this 
paper, we describe two implementations of the apertureless near-field 

Figure L Schematic diagrams showing arrangements of a) aperture-based and 
b) apertureless near-field instruments. 
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microscope, along with approaches for artifact removal, followed by the analysis 
of the scattered signal-distance dependence. In the first approach (9), the 
topography-related artifacts are removed by employing the signal interpolation 
procedure to a plane directly above the tallest feature of sample. The second 
approach (10) removes the contribution of the background scattering by the 
second harmonic demodulation of the scattered signal. 

Detection of chemical contrast in the presence of large 
topographic artifact 

Experimental setup 

The near-field microscope was developed from a commercial atomic force 
microscope (Multimode AFM, Digital Instruments, Santa Barbara, CA). Figure 
2 shows the scheme of the apparatus. The infrared light emitted by a carbon 
dioxide laser was focused onto the end of a tungsten-coated cantilever probe 
perpendicular to the long axis of the probe. We use p-polarized light with a 73° 
angle of incidence. The spot size is approximately 100 μπι and the radiation 
power was 20-100 mW. Oscillation of the probe (100-200 nm total amplitude) 
was excited by mechanical driving the probe near its resonance frequency. 

Figure 2. Scheme illustrates the modification of the tapping mode scanning 
AFM into an apertureless near-field scanning infrared microscope. 
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Imaging of the surface of the sample in intermittent-contact (tapping) mode was 
performed simultaneously with the detection of the scattered infrared signal. 
Scattered light was collected by an infrared-transparent multimode optical fiber 
(500 μπι chalcogenide glass core) that was placed near the probe (~ 0.5 mm 
away). Light collected by the fiber was detected with a MCT infrared detector 
(Graseby Infrared, Orlando, FL). The electrical signal from the detector was 
amplified by a lock-in amplifier (SR844, Stanford Research Systems, Sunnyvale, 
CA) at the frequency of the cantilever oscillation and collected by a computer 
simultaneously with AFM data. The use of an oscillating cantilever eliminated 
the DC background signal (77) and provided the benefits of sensitive lock-in 
detection. 

The polymer film sample was prepared by spin casting a 1.5 mg/ml solution 
of polystyrene-polydimethylsiloxane diblock polymer (72) in CH 2C1 2 at 3000 
RPM using a Headway Research ED101 photo resist spinner. A gold-coated 
microscope cover slip was used as the substrate. 

Results 

Figure 3 shows topography and near-field data collected with the near-field 
microscope (9). Topographic images of the sample indicate that ring-like 
structures have formed on the surface of the sample. A scattered infrared signal 
modulated by the oscillating probe (henceforth "infrared signal") was collected 
at a frequency of a C 0 2 laser where the PDMS component of the polymer 
demonstrates a noticeable absorption, in contrast to the PS block (982 cm"1). 
Therefore, the observed infrared signal contrast (right panel) might be taken to 
indicate a chemical composition difference at the sample's surface. On the other 
hand, a high correlation between the two images can result from constant-gap 
scanning of non-flat objects (75, 14). Topographic contributions into the 
infrared signal can be excluded by scanning above the surface without following 
the topography. This is achieved by collecting a number of infrared signal maps 
at different mean probe-sample separation distances and interpolating the 
volume of data to a plane that is located just above the tallest feature of the 

Figure 3. Tapping mode AFM maps of the PS-PDMS sample topography (left 
panel) and simultaneously collected infrared signal (right panel). 
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sample to produce a constant height image. Once the constant height plane is 
selected, the corresponding probe-sample separation can be calculated for each 
point in the image. This separation value is used to interpolate the IR signal 
measured at different gap values, producing the constant height image. 

Panel A of Figure 4 shows seven line plots collected at different probe-
sample gaps that are indicated below each line. Lines are shifted in the graph for 
clarity. Corresponding topography of the sample is indicated in Panel C. The 
plane of constant height is fixed parallel to the flat areas of the sample (areas 
without the ring-like structures). Scanning position is indicated in Figure 3 with 
a dashed line. Panel Β shows the interpolated infrared signal. Comparison 
between data in Panels A and Β indicates that the interpolation procedure 
eliminates the decrease in the infrared signal that is observed above the rings. 
Panels D and Ε of Figure 4 compare the constant gap and constant height maps. 
It can be noticed that the infrared signal contrast that remains after interpolation 
is associated with small topographic features that can be seen in the middle of 
height image of Figure 3. These features exhibit negative contrast arising from 
local variations of optical properties, namely due to light absorption by the 
PDMS block of the polymer. This suggestion is supported by the known surface 
segregation in spin-cast films of PS-PDMS diblock copolymers. (15) The surface 
coverage by PDMS is not complete for the 0.3 mole fraction PDMS block, 
which might explain observed patches. (75) 

The indicated procedure can be used to remove surface-following artifacts. 

Figure 4. This figure shows the results of interpolation procedure. Panel A shows the 
constant gap infrared signal collected at different heights along the line that is 

indicated in Figure 3. Panel Β shows interpolated constant height infrared signal, 
and Panel C shows the topography of the sample along this line. Panels D and Ε 

show constant gap and interpolated constant height signals respectively. The 
constant height signal is very different from the constant gap signal indicating that 

the contrast observed during constant gap scanning comes mostly from the 
topography following and not from the difference in chemical composition of the 

sample. 
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The disadvantage of this approach is that it requires collection of several images. 
This is a lengthy procedure that can be used only with low lateral drift of the 
AFM scanner. Significant drawbacks of the presented instrument are that the 
instrument was surprisingly difficult to align in order to achieve high signal to 
noise ratio in the detected infrared signal and that the infrared signal is not 
always surface-specific. Figure 5 shows the simultaneously collected probe 
oscillation amplitude and infrared signals. The infrared signals are demodulated 
from the detected infrared intensity at the frequency of the probe oscillation and 
at the frequency that is twice the probe oscillation frequency. 

The amplitude of the probe oscillation decreases at separation less than 
approximately 30 nm due to probe-sample interaction. A decrease in the 
oscillation amplitude results in a corresponding decrease in the infrared signal. 
Close to the surface of the sample the infrared signal decreases as expected for a 
surface specific near-field signal; whereas at distances of approximately 75 nm, 
the signal (thick line in the bottom panel) starts to increase. Such an increase in 
the signal is probably caused by the interference of infrared radiation from 
different sources (not just part of the probe that is close to the surface). 
Difficulty in tuning can be understood by considering that the magnitude of the 
infrared radiation detected from the small scattered probe (with size of 100 nm) 
is considerably less than the power of infrared radiation that is necessary to 
achieve detected infrared signal. This discrepancy can be explained by noting 
that the high level of demodulated signal coincided with the high level of dc 

301 1 1 r 

" 0 100 200 
Ζ Distance, nm 

Figure 5. The top panel shows the dependence of the amplitude of the vertical probe 
oscillation on the separation from the surface. The bottom panel shows IR signals 
demodulated at the frequency of the probe oscillation (f) and twice the oscillation 

frequency (2f, see later in the text). The signal at 2f is multiplied by 10. The 
interferometric feature present in the f -signal is missing from the It-signal. 
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infrared signal. Therefore, homodyne amplification of infrared radiation 
scattered by the probe can occur at the detector. The above experimental setup 
does not provide a means for simultaneous optical alignment of the scattered 
radiation and the reference field, therefore a high signal to noise ratio was 
difficult to achieve. The next section describes an approach that eliminates these 
problems and is capable of sub-monolayer sensitive chemical imaging. 

Monolayer-sensitive infrared imaging 

Detection of the surface specific signal 

The rapid decrease of the evanescent components of E M radiation with 
increasing distance from the surface can be utilized to achieve a surface-specific 
signal detection (10 and references therein). This can be accomplished by 
detection of the scattered signal at twice the frequency of the probe's oscillation. 
It has been established that probe oscillation, upon approach toward the surface, 
remains harmonic (16). The presence of the second harmonic in the scattered 
signal indicates strong non-linearity in the near-field signal upon approach to the 
surface. Figure 5 shows both the distance dependence of the cantilever 
oscillation amplitude (top panel) and the scattered IR signals (lower panel). The 
signals that are collected at one and two times the frequency of the cantilever 
oscillation are called the / - and 2/-signals, respectively. In the region where the 
cantilever oscillation amplitude is relatively constant (30-200 nm from the 
surface), the 2/-signal decreases monotonically with increasing tip-surface 
separation, while the/-signal does not. Such non-monotonic dependencies can 
produce artifacts during imaging. At distances less than -30 nm the amplitudes 
of both signals decay due to damping of the probe oscillation by the surface. It 
can be noted that the 2/-signal is about an order of magnitude weaker than the/-
signal. Similarly, it was possible to detect the 3/-signal, but it was considerably 
weaker than the 2/-signal (data not shown). 

Homodyne amplification of scattered signal 

The detected infrared signal is proportional to the square of the electric field 
at the detector. 

h = {(Esc + Erf) = (Esc2) + (Er2) + 2(EscEr) (1) 

The weak scattered signal Esc can be amplified by a much stronger reference 
field Er. We can substitute Er - Aicos{coi) for the reference field (ω is the 
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frequency of E M radiation) and Kc=A(l+C\cos(f^t^)+C2Co(2f't+o))co(ca+ç) 
for the scattered field into Equation 1. The expression for the scattered field 
includes electric field modulation by the probe motion at / and 2/ and a phase 
offset φ between scattered and reference fields. The detected intensity 

demodulated at 2/ will be proportional to /(2/) = A i 2 + C2) + AiAiCiœsç · I n 

this equation, the most significant term is the second term containing the 
amplitude of the reference field (A2). Therefore, providing a separate reference 
field in the measurements can significantly increase the signal demodulated at 
twice the cantilever oscillation frequency. 

A reference arm was added to the instrument in order to facilitate a 
homodyne signal amplification. The variable length reference arm utilized a 
partial reflector to direct the reference field onto the IR detector. The length of 
this arm was adjusted to maximize the demodulated signal (77). 

Figure 6 shows data that were collected with and without the reference field. 
The top panel shows the amplitude of the probe and the bottom panel shows the 
infrared signal collected with and without the reference beam. No instrument 
adjustment was performed between these two measurements. There is no signal 
until the reference field is provided. Often some 2/ signal was detected without 
the reference beam. In this case, background light scattered from the probe and 
the sample acts as a reference field. 

Ζ position, nm 

Figure 6. The top panel shows the dependence of the amplitude of the probe 
oscillation on the separation from the surface. The bottom panel shows IR 

signals demodulated at twice the oscillation frequency that were detected with 
(thin line) and without (thick line) the reference beam. 
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Detection of DNA monolayer 

The discussed strategies have been implemented in the improved near-field 
microscope. Instrument sensitivity and tunability were improved by using a 
reflective infrared objective (0.28 NA, Coherent Inc., Auburn, CA) and by 
employing a back-scattering configuration (10, 17). 

The patterned DNA samples were prepared by creating a pattern of 1-
hexadecanethiol with micro-contact printing (18) and consequent reaction of 
unprotected areas with thiolated DNA solution (0.25 mM solution of 24-
Cytosine single strand 3'-tholated DNA oligomer in deionized water). After 
incubation, substrates were cleaned of the excess DNA by sonication in 
deionized water and dried in a stream of nitrogen gas. 

Figure 7 shows two 20 μπι χ 20 μιη images. Panel A shows height image 
and Panel Β shows the simultaneously collected near-field image. Infrared 
radiation with frequency 980 cm"1 was scattered by the commercial platinum-
coated probe. Probe was oscillating with a -100 nm peak-to-peak amplitude at 
-133 kHz. Infrared radiation corresponds to the phosphate IR absorption band 
of DNA. (19) Lock-in detection at 2/(-266 kHz) was accomplished with a 3 ms 
time constant. The scan rate was 0.3 Hz. The mean near-field 2/-signal 
collected during scanning corresponds to -0.5 nW of infrared radiation power on 
the detector, modulated at 2f. The striped pattern is visible in the topography 
image, although clear edges of the DNA stripes are not readily discernable in 
this image. The near-field image shows a periodic variation corresponding to the 
periodicity and structure of the stamp that was used in the sample's preparation. 
Here the near-field map does not directly correlate with the topographic map; the 

Figure 7. Panel A shows the topography of the striped DNA- hexadecanethiol 
sample, Panel Β shows the 2f infrared signal. The 10 jUm stripe pattern can be 
easily seen in the IR signal image; DNA regions are darker than alkanethiol 

regions. Several height features discernable in the topographic image are not 
coupled to IR signal. 
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normalized cross-correlation coefficient between images is -0.15. Due to the 
low correlation between the topography and the near-field signal in Figure 7, we 
conclude that the near-field signal is not topography-coupled. The edge contrast 
in the near-field signal indicates that the spatial resolution of the instrument is at 
least 200 nm (10-90% transition). It is believed that this edge sharpness is 
affected by the sample preparation procedure, and the resolution achievable with 
this instrument is higher and limited by the size of the probe (-50 nm) and the 
mean probe-sample distance (50 nm). 

The near-field absorption spectrum can be constructed by comparing the 
average infrared signal in 1-hexadecanethiol and DNA coated areas. Figure 8 
shows such spectrum that was collected using data from eleven different 
wavelengths (triangles). This spectrum is compared to the far-field infrared 
spectrum that was collected using similarly prepared monolayer sample (dots) at 
70° angle of incidence. The near-field spectrum was created by averaging many 
data files. The width of the phosphate band exceeded the tunability of carbon 
dioxide laser precluding measurements on both sides of this absorption band. 
The spectral dependence of the near-field signal further confirms that the 
observed contrast is caused by variation in chemical composition across the 
surface. 

We also note that the near-field absorption follows the far-field absorption 
and not the variation in the real part of index of refraction. The expected 
variation in the real part of refraction index is indicated by thin line in Figure 8. 

0.7 

0.6 

0.5 

S 0.4 
2 13 

*V 0.3 

0.2 
0.1 

0 

< Near Field Data 
A Far Field Data 

ν 
GO 
CO 

4 ο 
2 13 

3 «? 

1100 950 900 1050 1000 
Wavenumber, cm'1 

Figure 8. Near-field and far-field absorption spectra of DNA sample in the 
region of phosphate absorption. Line shows the expected variation in the real 

part of refraction index of DNA. 
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Near-field absorption change across the observed part of the phosphate band 
exceeds the far-field absorption change by almost an order of magnitude (4% 
change vs. 0.5% change). This enhancement of infrared IR absorption could be 
related to the well-known phenomenon of the surface-enhanced infrared 
absorption. (20) In our case the increase of absorption could be explained by an 
electric field enhancement (27, 22) under the metallic tip. 

The height contrast between 1-hexadecanethiol coated and DNA coated 
areas is considerably less than expected for dense monolayer coverage of DNA. 
Observed height of DNA monolayer is ~3 nm and for the spot with diameter of 
200 nm; this corresponds to ~10"18 moles of phosphate groups. It is possible that 
the number of absorbing phosphate groups is much less due to DNA chain 
orientation, and that our actual sensitivity is higher. 

Distance dependence of near-field signal 

Distance dependence of the near-field signal can be used to test existing 
theoretical models. One model (23) uses a dipolar interaction in the electrostatic 
limit. This model can be simplified when used for metals in the infrared region 
since the real part of permittivity at 1000 cm"1 is large. Then the effective 
polarizability £%of a spherical metal probe above the gold surface is 

8/za3 (2) 
r -

4(a + zY 
where a is the radius of the probe, and ζ is the probe-sample separation. 
Intensity of the scattered radiation is proportional to the square of the 
polarizability (24), and the homodyne-detected signal is proportional to the 
absolute value of polarizability. 

During the oscillating of the probe aeff changes significantly (for probe with 
50 nm radius oscillating with 100 nm peak-to-peak amplitude ^changes from 
0.42· 10*20 m3 to 0.32· 10'20 m3). Therefore, we cannot assume that the 2/lock-in 
signal is proportional to the second derivative of aeff. Thus the lock-in detection 
of the second harmonic signal was modeled by calculation of numeric sine and 
cosine transforms of polarizability v$. time dependence at the twice the 
frequency of the oscillating cantilever. (77, 25) Modulation of the probe 
position is a harmonic function with z(t) = zmean + A · cos(2;m ) where zmean is 
the mean probe-surface separation, A is the amplitude of the probe motion and ν 
is frequency of oscillation. Amplitude of the probe oscillation was measured 
simultaneously with the near-field signal measurements. The probe size was a fit 
parameter. 
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Figure 9. 2f near-field vs. distance dependence. Signal shown in the left panel 
was collected without the reference beam and in the right panel with the 

reference beam. 

This model had to be further modified in order to fit the observed signal-
distance dependence. (77) We had to assume that scattering comes from two 
sources with different size. This modification more accurately describes the true 
shape of the probe used in the measurements. Figure 9 shows the results of 
applying this model to two near-field data sets that were collected with (right 
panel) and without (left panel) the reference beam. The insert in the right panel 
shows the probe-sample geometry that was assumed in the data reduction. Both 
sets of data were fit using the same size parameters of the scatterers, 120 nm and 
930 nm. The plots show experimental data with grey dots and calculated 
dependencies as solid lines. Signals due to individual scatterers are indicated 
with dashed lines. The close fit of both data sets indicate that without the use of 
reference beam, near-field signal remains amplified by the back-scattered 
radiation. 

Expected signal for semi-infinite polymer sample 

The quasi-electrostatic model (23) with explicit calculation of the lock-in 
signal (77) can be used to predict the near-field spectra of thick polymer 
samples. Values for the real and imaginary parts of permittivity for various 
polymers can be found in the literature. (26) Figure 10 shows the expected near-
field spectrum (gray thick line) above the semi-infinite polystyrene sample that 
could be collected by detecting a 2/ scattering signal from the metallic probe 
with 100 nm radius of curvature oscillating at the surface with amplitude of 70 
nm. The wavelength dependences of the real (solid line) and imaginary part 
(dashed line, shifted for clarity) of the refraction index are indicated in the graph. 
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Figure 10. Expected wavelength dependence of 2f near-field signal (gray line), 
real part (solid line) and imaginary part (dashed line) of the refraction index. 

Imaginary part of the index is shifted and scaled for clarity. 

At the strongest absorption line the near-field signal is modulated my more than 
50% of its magnitude (at -700 cm'1). The near-field follows mostly the 
refractive index dependence rather than absorption. Both parts of complex 
refraction index contribute to the signal; the contribution of the real part exceeds 
the contribution of the imaginary part by almost an order of magnitude. 
Contribution by the imaginary part of the index becomes comparable only for 
very absorbing polymers such as poly(perfluoropropylene oxide). 

Additional measurements are necessary to validate the above prediction. 
Though the quasi-electrostatic model predicts sufficiently the distance 
dependence of the near-field signal for metal-coated probe above the gold 
surface, further developments are necessary to model the wavelength 
dependence of the scattered near-field signal for thin samples. 
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Chapter 6 

Measurement of the Local Diattenuation and 
Retardance of Thin Polymer Films Using Near-Field 

Polarimetry 

Lori S. Goldner1, Michael J. Fasolka2, and Scott N. Goldie1,3 

1Optical Technology Division, Physics Laboratory and 2Polymers Division, 
Materials Science and Engineering Laboratory, National Institute 

of Standards and Technology, 100 Bureau Drive, Gaithersburg, MD 20899 
3Current address: Shire Laboratories, Rockville Pike, Rockville, MD 20850 

Near-field scanning optical microscopy and Fourier analysis 
polarimetry are combined to obtain quantitative maps of the 
local retardance, (resulting from strain or crystalline 
birefringence), fast axis orientation, diattenuation and 
diattenuating axis orientation in nanostructured polymer thin 
films. Lateral resolution of 50 nm with retardance sensitivity 
as small as 1 mrad has been demonstrated in images of 
isotactic PS crystallites and diblock copolymer morphologies. 

Many techniques are available to study strain and order in bulk polymers, 
but observing local structure in thin films is complicated by the difficulty of 
sample preparation, small contrast requiring high sensitivity, and a need for high 
spatial resolution. Ellipsometry and polarimetry provide high sensitivity but lack 
spatial resolution necessary for characterizing sub-micron structures. 
Transmission electron microscopy offers high spatial resolution but requires 
difficult sample preparations. Aperture-based near-field scanning optical 
microscopy (7, 2) (NSOM) provides a means to measure and view structures as 

© 2005 American Chemical Society 65 
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small as 20 nm in size, but most often gives only qualitative images. Here we 
demonstrate a quantitative extension of NSOM that permits high sensitivity 
measurements of local optical properties. 

Simple static near-field polarimetry (NFP), where a specific polarization 
state of light is used to excite the sample and another polarization state is 
detected, has been discussed by many authors (3-6) in many different contexts, 
including investigations of small metal structures (3, 6), magnetic films (5, 7, 8), 
lipid films (9), J-aggregates (70), conjugated polymers (11-14) and liquid crystal 
(LC) droplet structure, dynamics (75) and birefringence (75, 16). The 
introduction of polarization modulation techniques to NSOM (4) increased both 
the quality and the information content of polarimetric images. For example, Ade 
et al (17) used a modulating analyzer to improve on static polarimetry 
measurements; by modulating the analyzer one can obtain both parallel- and 
crossed-polarizer images simultaneously. Polarization modulation (PM) of the 
excitation light was used in conjunction with NSOM by Higgins et al to measure 
the orientation of mesoscopic crystals (18), and by the group of H. Heinzelmann 
to study magnetic materials and liquid crystals (79-27). Correcting for tip 
diattenuation (22), Tan et al (23) and Wei et al. (24) used the same technique to 
study diattenuation of conjugated polymers. Other PM schemes in NSOM can be 
found (25-30). Our scheme most closely resembles that of J.W.P Hsu, whose 
group studied the local retardance of semiconductors (37). 

Here we describe our implementation and application of NFP to thin 
polymer films. The analysis required for measurements of local retardance and 
diattenuation, including the orientation of corresponding optical axes, is 
discussed, and the importance of accurately accounting for the diattenuation and 
residual birefringence of the near-field probe is stressed. Systems studied 
include (1) ultrahigh molecular weight block copolymers (32-34) which 
microphase separate (35) to form domains patterned on a =100 nm length scale 
and (2) polymer crystallites grown in thin films of isotactic polystyrene. 

Polarimetric near-field scanning optical microscope 

Excellent reviews of NSOM have been written by Pohl (36), Betzig (37), 
and more recently Dunn (38). A schematic of our NSOM polarimeter is shown 
in Fig. 1 and described in more detail in Ref. (39). A polarizer prepares linearly 
polarized light at 0°. The polarization generator consists of a Hinds Instruments 
photoeleastic modulator (PEM) tuned to a nominal modulation frequency *y=50 
kHz, and a modulation axis oriented at -45° followed by a quarter wave retarder 
(QWR) oriented with fast axis at -90°. A fiber coupler and near-field fiber-
probe are positioned before the sample, and a microscope objective (numerical 
aperture 0.85) is inserted just after the sample to collect the transmitted light. We 
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Figure 1. Schematic illustration of the NSOM polarimeter. A linear polarizer 
is followed by a Ρ EM with modulation axis at -45 °and quarter wave retarder 
(QWR) oriented with fast axis at -90°. A circular analyzer, Al, (QWRwith 

fast axis at 0 °and linear polarizer at -45 °) follows the sample for 
birefringence measurements.. Fiber paddles are shown as loops. Inset 

illustrates the NSOM aperture probe. 

use aluminum-coated pulled single-mode fiber probes (40) with aperture sizes 
from 50 nm to 180 nm. The aperture is held 5 nm to 10 nm from the sample 
using a shear-force feedback mechanism (41) that employs a small piezo-electric 
tube to sense tip motion. The sample is scanned using a piezo-driven flexure 
stage. To ensure a 1 MHz bandwidth (single pole), the detector, a 
photomultiplier tube (PMT), is run at high gain and the current amplifier at low 
gain (20 μΑ/V) and high bandwidth. A fast digital I/O board is used to acquire 
optical data; topographic data is acquired using a scanning probe microscope 
(SPM) control system (RHK SPM 1000 version 8). 

At each pixel in an image, 8192 intensity data points (or more) spaced by 
πΙΑω = 2.5 \xs are acquired. A phase-locked loop locks the sampling frequency 
to a multiple of the resonant PEM frequency, so the l ω and 2 ω components of a 
fast Fourier transform (FFT) of the intensity can be easily recovered. That is, the 
Fourier component representing the positive PEM frequency is commensurate 
with the 1024th point in our transform, and twice that frequency is 
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commensurate with the 2048th point. As we will see below, these intensity 
modulations are the result of diattenuation or birefringence or both in the sample. 
An FFT of the intensity vs. time signal then yields the amplitude of the dc 
component and the amplitude and phase (or real and imaginary parts) of the l ω 
and 2co components, which are recorded. The digital I/O board and the SPM 
software are located on separate computers; hardware handshaking implemented 
between the two computers permits simultaneous acquisition of all optical and 
topographic data. Each point in the image takes 20 ms (for 8192 intensity 
points) to 80 ms (for 32k intensity points) to acquire so a 128 by 128 image 
takes a minimum of about 6 minutes to acquire; actual acquisition time 
(including deadtime during the handshake) was between 20 mins. and 2 hours. 

Probe diattenuation and retardance must be considered when implementing 
polarization modulation in a near-field microscope. All near-field probes have 
diattenuation arising from asymmetries in the probe aperture or tip coating. An 
improperly coupled fiber will have additional diattenuation from reflections at 
the cleaved end (31), although careful cleaving and coupling can eliminate this. 
Fiber probes also have linear or circular retardance from strain birefringence or 
geometrical considerations in the fiber tail. The linear retardance of a non-
diattenuating fiber can be nulled using a commercially available fiber 
polarization controller, sometimes called "fiber paddles" (e.g. Thorlabs Inc., 
FPC030). However, in the presence of a diattenuating tip, we show below that 
the fiber retardance cannot be nulled, only minimized; the residual birefringence 
must be accounted for. Circular birefringence of the fiber contributes an overall 
rotation of the incoming polarization, so absolute orientations cannot be 
determined a priori. In this work, the diattenuating and fast axis orientations 
are always measured relative to an unknown but fixed axis (31). 

Polarization modulation polarimetry with Fourier analysis 

In polarimetry, the change in polarization of light as it passes through a 
sample is measured and used to ascertain the properties of a material. A typical 
polarimeter places a sample between a polarization state generator and a 
polarization state analyzer. The polarimetric properties of a homogeneous, 
stationary material can be described by 8 parameters: a global phase change 
(corresponding to the average index-of-refraction of a material), a global 
absorption or transmission, two eigenpolarizations (polarizations for which light 
propagates through the materials with no polarization state change) specified by 
4 parameters (each has an angle and a ellipticity), and the relative phase change 
and relative absorption (or relative transmittance) for eigenpolarized light (ratio 
of the eigenvalues). We concentrate here on 5 parameters that may be described 
by (1) the overall absorption or transmittance, (2) the relative absorption 
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(dichroism) or transmittance (diattenuation) of the two eigenpolarizations, (3) 
linear birefringence (or more generally, the linear retardance), and (4) the 
orientations of the fast and (5) dichroic or diattenuating axes. The use of a 
polarization modulation technique (42, 43), described next, permits us to 
measure these 5 parameters in two passes over the sample (two different 
analyzer configurations). 

For a linear diattenuator with transmittances given by q and r (q>r), we 
define diattenuation as: 

D = £ ^ . (D 
q + r 

where q is the transmittance of light polarized parallel to the diattenuating axis, 
and r is the transmittance of light polarized perpendicular to this axis. Note, 
light polarized along the diattenuating axis has the higher transmittance. 
Likewise, for a linear retarder we define the retardance as a difference between 
phase shifts along the ordinary and extraordinary axis of retarder; 

θ = 2π-(η0-η')'ί/λ. (2) 

Here λ is the wavelength of light, t is the thickness of the sample, nQ is the 
ordinary index of refraction, and η ' is the effective extraordinary index of the 
film. For a uniaxial crystal with the symmetry axis tilted at angle a from the 
propagation direction, η 'is given by: 

l/n' = y]cos2a/n0+sm2a/ne , (3) 

where ne is the extraordinary index (for light polarized along the symmetry axis). 
For a non-crystalline polymer we have 

θ = 2π·Δη'ί-//Α, (4) 

where / is a factor characterizing the orientation of the chains; / = 1 for a 
perfectly aligned chain and / = 0 for random orientation. The intrinsic 
birefringence of the polymer, Δη, and the birefringence of the crystalline form 
(n0-ne) will generally be quite different. 

Our instrument (described above, Fig. 1) is based on a polarization 
modulation polarimetry scheme described in Refs. (42, 43). The combination of 
linear polarizer, PEM and QWR results in light at the input to the fiber that is 
linearly polarized, with a polarization direction that is modulated at frequency 
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UJ/2TÎ Hz through an angle d given by the modulation amplitude of the PEM. This 
light passes through the tip and sample to be collected by the PMT. A circular 
analyzer, A l in Fig. 1 (QWR oriented with its fast axis at 0° followed by a linear 
polarizer at -45°), may be inserted after the sample for measurements of 
retardance. If a linear retardance is present, the light will have a circular 
component whose amplitude changes with the input polarization direction. 
Accordingly, the detected signal after A l will have harmonics of cdln Hz. To 
measure the linear diattenuation, A l is removed and the intensity of the 
transmitted light at the detector is measured directly. An overall transmitted 
intensity that changes with incident linear polarization direction is an indicator of 
sample diattenuation and the magnitude and direction of the diattenuation can be 
extracted from the periodicity and amplitude of the signal. In general, the signal 
at the detector can be written 

/(/) = 70 + lx ûn(œt) +72 cos(2ûtf) +... (5) 

where 70, 7 b and 72 will be determined with and without A l in place to determine 
the 5 parameters of interest to us here: the overall transmission, the 
diattenuation, the direction of the diattenuating axis, the linear retardance, and 
the direction of the "fast" or low index axis. 

The parameters 70, 7 b and 72 are extracted from the FFT [F(v)] of the 
intensity signal at the PMT; 

F(0) = / 0 (6) 

Im{F(œ)) = -Il/2 (7) 

Re(F(2û>))=7 2 /2 (8) 

With no sample and only the NSOM probe in place, we find the following 
relationships between the amplitudes 70, Λ, and 72 of Eqs. (5)-(8) and the 
retardance and diattenuation of the probe (39). With A l removed: 

Ri =7, /70 =2Df71(i/)[sin(2^)cos(2^ -2^)+cos(^)cos(2^)sin(2^ -2#)] (9) 

Km^h'h =2DtJ2(d)[œs(20b)œs(2ç/d -2^)-cos(^)sin(2^)sin(2^-2φ] (10) 
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Here Dt = (u -v)/(u + v) is the diattenuation of the NSOM probe or tip and φι

ά is 
the alignment angle of the diattenuating axis; 0, is the retardance of the probe 
and qfh is the alignment of the fast axis. The amplitude of the PEM phase 

modulation is given by d and the PEM frequency is crfln Hz. The amplitude 
d=2.405 is chosen so that the zeroth order Bessel function J0(d) = 0, which 
gives Jx(d) = 0.519 and J2(d) = 0.432. Notice that both terms are proportional 
to D, with factors that depend on both the orientation of the fast and diattenuating 
axes and the cosine of the probe retardance. As we demonstrate below, if the 
diattenuation of the tip is not too large, the retardance of the probe can be made 
small (but not zero), using the fiber-paddles and fiber-nulling procedure 
described by McDaniel et al. (31). To this end, we expand these equations for 
small 6t (< 0.1) so that cos(0,) = 1. The error involved in this approximation 

will be of order Θ2, which for our probes will always be less than 0.01. In this 
case we can approximate Eqs. (9) and (10) by : 

«i e=2D^W)sin(2pi) dD 

R'2û)=2DtJ2(d)cos(2<p'd), (12) 

which we can use to determine the diattenuation of the tip. 
For the case where A l is in, we can show that the intensity at the PMT has 

Fourier components: 

( >fu~v . 
2-^sin(0,)cos(2^) 

M + V 

(13) 

Bt

2û)^I2/I0=R!lu)-2J2(d) ' 2 ^s in (^) s in (2^) ] ( 1 4 ) 

V M + v J 

Here, it is apparent that most of dependence on diattenuation can be accounted 
for (without approximation) by a simple subtraction of the diattenuation 
measurement from the retardance measurement. This pattern repeats itself when 
measuring sample retardance in the presence of tip and sample diattenuation. 
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If the tip diattenuation is small, we can apply a further approximation to 
simplify the expressions above. For small diattenuation such that 

^ = IVÏT^r = i f j _ i a + J ( 1 5 ) 

W + v 2 Ύ ' 2( 2 ' J 

we see that Eqs. (13) and (14) can be written as: 

Β[ω = Ri +27, (d)sin(0,)cos(2^) (16) 

Β\ω = R'2û) -2/2(rf)sin(0,)sin(2^). (17) 

To minimize fiber probe birefringence and permit the use of the 
approximation that gives Eqs. (11) and (12), we adjust the fiber paddles shown 
to zero Β[ω and Β2ω within the noise limit ("nulling"). If Dt = 0, this would 
guarantee 0,= 0. Dt is never zero but for most tips it is below 0.1. Therefore 
nulling gives = -2Jx(d)(sm(0t)cos(2<p'b)) and =2/2(t/)(sin(^)sin(2^)). 
Using Eqs. (11) and (12) and recalling that d =2.405, we find that that 
|sin(0,)| « D,. Eqs. (11) and (12) can therefore be used after nulling if Dt< 0.1. 

To measure the retardance and diattenuation of a sample, we assume: (1) 
that samples are both diattenuating and biréfringent, but that the retardance and 
diattenuation are small - a reasonable expectation for thin polymer films and (2) 
that D, < 0.1, so that 0, can be kept small as discussed above. In this case, the 
full expression for the ratios of the Fourier components of the measured intensity 
are, for A l removed (diattenuation measurement) (59): 

R5

Xû) =2Jl(d)[Dt sin(2^) + D f sin(2^)]; (18) 

R^=2J2(d)[Dtœs(2çt

d) + Dsœs(2çs

d)]. (19) 

Here Ds is the sample diattenuation and qfd is the orientation of the diattenuating 

axis. We use the same approximations as above for both tip and sample 
diattenuation and retardance, which gives Eqs. (18) and (19) correct to second 
order in 0^,0,,D,, Ds, and their products. Similarly, the ratios of the Fourier 
components for a retardance measurement (Al in) are as follows: 
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(20) 

(21) 

Where 0S is the sample retardance and Ç5

b the orientation of the sample fast axis. 

Eqs. (18) and (19) (and the tip properties) are used to arrive at the sample 
diattenuation. To determine the sample retardance, we first measure the 
diattenuation of the sample and then subtract R[m and Rs

2û) directly from the result 
of our retardance measurement, as suggested by Eqs. (20) and (21). Note that 
the tip diattenuation need not be explicitly accounted for in the retardance 
measurement if this procedure is followed. A more complete discussion of this 
analysis can be found in Ref. (59). 

NFP of Photonic Block Copolymer Morphology 

A study of block copolymer (BC) lamellar morphology by NFP (52) is 
summarized here. Microphase separation in BCs, driven by the immiscibility of 
the end-connected constituent polymer chains or blocks, produces a variety of 
domain motifs (lamellae, double-gyroid, hexagonal-packed cylinders and BCC 
spheres) with a related set of 1-, 2- and 3-dimensional band structures (44-46), 
tunable through the BC composition (55, 47). A BCs molecular mass (MR) 
governs the microphase domain periodicity (Lo), typically limited to a range of 
10 nm -100 nm. However, recent synthetic efforts have produced ultra-high 
molecular mass BCs with LQ of 150 nm - 300 nm, enabling Mr-tailored photonic 
band gaps in the visible (55, 48, 49). This morphological flexibility is 
complimented by an extensive set of techniques geared to perfect/control the 
order of BC structures and furnish them with added functionality (50). These 
strategies can be harnessed to enhance the optical performance of BC materials 
and devices based upon them. The optical activity of single microphase domains 
and defect structures may dictate device function; the advance of photonic BC 
systems requires a technique to characterize optical properties at the mesoscale. 

Polystyrene-b-polyisoprene (PS-b-PI) block copolymer (Afr= 1.4x10e) used 
here is nearly volume-symmetric in composition (PS/PI = 480K/560K), and 
exhibits the lamellar microdomain motif with Lo -240 nm. Bulk specimens were 
processed by roll casting, which helps order and align the domains (57). Thin 
(100 nm) sections were sliced from the bulk using cryo-ultramicrotomy and 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

6

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



74 

deposited onto glass coverslips. Subsequent exposure to OSO4 vapor (2 hours) 
preferentially crosslinks the PI domains, making them less mechanically 
compliant (more amenable to shear-force feedback), and enhancing the optical 
contrast between PS and PI. Single lamellar domains and defects are resolved in 
transmission (Fig. 2b). The PI domains (n = 1.52, stained) appear darker, while 
PS domains (n = 1.59) appear lighter, as verified through the topography image 
(Fig. 2d) and plot in Fig. 2, which demonstrate that darker domains are also 
lower in height, due to PI contraction during Os0 4 crosslinking. 

Fig. 2a maps the diattenuation of a BC specimen (analyzed using Eqs. 18 
and 19) with simultaneously acquired topography and transmission micrographs. 
The optical images (Fig. 2a-c), and in particular the diattenuation image (Fig. 
2a), provide excellent morphological detail. Comparison of the diattenuation 
(Fig. 2a) and transmission (Fig. 2b) along the white line (Fig. 2, right) show that 
the higher-transmitting PS domains appear most diattenuating (3 % to 5 %), the 
absorbing PI domains appear less diattenuating (2 % to 4 %), and that Ds is 
minimized near the domain interface. An explanation for this pattern of Ds is 
suggested by the Bethe-Bowkamp model (BB) (52, 55), which approximates the 
field at an NSOM aperture. In BB, the field pattern at the tip is elongated along 
the polarization axis. This anisotropic field pattern centered over an absorbing 
PI domain, transmits less/more when polarized parallel/perpendicular to the 
domain, producing apparent diattenuation (39). For the less absorbing PS 
domains, the opposite is true. Indeed, <ps

d (Fig. 2c) alternates between domains 
with a difference ~ 90°. The diattenuation here is therefore not intrinsic to the 
sample but an artifact of the tip/sample interaction. 

Fig. 3 focuses on a symmetric tilt boundary where the lamella bend through 
two "kinks" along an "N"-shaped track. The diattenuation images (c,e) are used 
(with probe data) to correct the birefringence images (d,f), via Eqs. (20) and 
(21). As in Fig. 2, the Ds image (Fig. 3c) illuminates the domain and interface 
morphology across the defect. The retardance (0S) is mapped in Fig. 3d. The 
standard uncertainty is ± 10 mrad (39). Contrast here is governed by Eq. (4) 
which relates 0S to the sample thickness (t), the intrinsic birefringence (Δη), the 
illumination wavelength (λ = 488 nm) and the degree of chain orientation (/) 
(54). Inter-domain contrast is therefore based upon the difference in Δη between 
PS (Δη = 0.195 for atactic PS) (54) and PI (Δη = 0.13) (55), and/, which reflects 
the net average elongation of chains perpendicular to the interface exhibited by 
ordered BC systems. Thus, PS domains appear lighter (larger ft)» while PI 
domains appear darker, as verified by comparing Fig. 3d with Fig. 3b. Contrast 
across the defect is dictated by / , and t. In principle 0S is proportional to the local 
stress (through J), but variations in the through-plane lamellar orientation, i.e. 
"projection effects" due to arbitrary sectioning of the specimen, may also affect 
0S. Indeed, as expected with projection effects, 0S often seems inversely related 
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Figure 2. Left: NFP data from a BC specimen, (a) diattenuation [0%-5 %], 
(b) transmission (normalized intensity) [0.6-1.0], (c) orientation of the 

diattenuating axis orientation [0°-180°], (d) topography [0 nm- 25 nmj. 
Right: diattenuation (solid line) and transmitted intensity (dotted line) along 

the white line shown in (a). (See page 1 of color insert.) 

Figure 3. NFP images of BC sample showing a symmetric tilt boundary, 
(a) topography [0 nm - 25 nmj, (b) transmission [0.8- 1.0], (c) diattenuation 

[0%-9 %], (d) retardance [0 mrad- 122 mrad], (e) relative angle of 
diattenuating axis [0°-180°], (f) relative angle of fast axis [0°-180°]. 

Scan size is 3.0 μιη by 3.6 μm. (See page 1 of color insert.) 
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to the apparent LQ observed in this image. In-plane lamellar orientation is 

illuminated in Fig. 3f, which maps the relative <ps

b . Due to chain elongation, the 

low-η axis lies perpendicular to the domain interface; φ[ reflects this. As the 

lamellae bend though the symmetric tilt boundary, φ[ increases and decreases 

accordingly. Discontinuities in the qfb image are due to phase wrapping. 

NFP of polymer crystallites 

The characteristic spherulite crystallization pattern of bulk polymers has 
been studied for many years, but other morphologies, especially those that occur 
in otherwise amorphous thin films undergoing "cold" crystallization, present 
measurement difficulties (56-62) and so have been less studied. Traditional 
methods most often lack the spatial resolution and/or sensitivity required to 
examine 1) chain conformations near the growth front, 2) amorphous layers 
posited to exist between lamellae, and 3) the orientation of folded chains within 
these crystallites. NFP is well suited to the study of thin films and can be used to 
elucidate structure and the character of the strain field in these non-equilibrium 
crystallization patterns. 

Polymers crystallize by forming folded layers (lamellae). In isotactic 
polystyrene (iPS), studied here and in Refs. (63, 64), these lamellae organize on 
a larger scale into hexagonal crystals with 6-fold symmetry around the chain (c) 
axis. Polystyrene is therefore a uniaxial crystal with a fast c axis. In a 
sufficiently thin film (thickness less than the radius of gyration of the polymer, 
Rg), crystallites one lamellar thickness will form in a variety of hexagonally 
symmetric and branching morphologies, generally with the c axis perpendicular 
to the substrate. At the top and bottom surfaces of each lamella, the polymer 
chains loop back on themselves and a thin amorphous layer should be expected 
and has been reported (65). A boundary depleted of polymer (depletion 
boundary) forms around the growing crystallite as polymer from the less-dense 
amorphous region is pulled into the crystallite (65). In thicker films spherulites 
can form and the lamella stack and the chain axis can tilt or twist (66). An 
amorphous layer above the folded lamellae and depletion region around the 
growing crystal pattern should still be present. 

Two separate morphologies, an early-growth spherulite and a dendritic, 
"compact seaweed" morphology (67-69), are shown here in Figs. 4-6. Samples 
were prepared as discussed in Refs. (63, 64). Film thickness was approximately 
85 nm for the spherulites and 15 nm for the dendrites. 

Fig. 4a shows shear-force images of typical crystallites with seaweed 
morphology (67-69) taken with a sharp NSOM probe (40). The thickness of 
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Figure 4. Topographic images of polymer crystallites studied here. 
Top: dendritic crystallites with compact seaweed morphology, images acquired 
using shear-force microscopy and an NSOMtip. Bottom: early-growth stage 

spherulite. Image acquired using AFM. (See page 2 of color insert.) 
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Figure 5 (Left). NFP images of compact seaweed morphology dentrite. 
(a) retar dance, (b) topography, (c) retardance with overlaid fast axis orientation 

marks, (d) topography with overlaid fast axis orientation marks. Fast axis 
alignment shown for 0 > 2.0 mrad. (See page 3 of color insert.) 
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Figure 6. NFP images of an early-growth spherulite. (a) retardance, 
(b) topography, (c) retardance with overlaid fast axis orientation marks, 

(d) topography with overlaid fast axis orientation marks. Fast axis alignment 
shown for θ> 20 mrad. (See page 4 of color insert.) 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

6

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



80 

these films is less than the radius of gyration for the iPS (Rg = 22 nm), so the 
crystallites are a single lamella thick. Fig. 4b shows an AFM image of a typical 
spherulite. In both cases, depletion regions, with low topography, are seen 
around the edges of the pattern and a thick nucleation site is visible in the center. 

NFP images of a seaweed pattern are shown in Fig. 5. The topography 
image (Fig. 5b) is lower resolution that those of Fig. 1; good NSOM tips are flat 
with a diameter of approximately 400 nm (40), giving poor topographic images. 
Fig. 5a shows a biréfringent structure in an otherwise amorphous (0= 0) film. 
Birefringence is highest at the center of pattern (the nucleation site), around the 
edges (in the depletion boundary, where 6 mrad < θ < 10 mrad) and near the 
growth tips. The noise floor (standard deviation) is 0.6 mrad for this image. The 
fast axis orientation is shown with lines overlaid on the retardance and 
topography images in Figs. 5c and d. The fast axis lines are drawn with length 
proportional to Θ, and have been omitted where the θ< 2.0 mrad. An overall 
shift of 0.45 rad has been applied to the fast axis orientation to bring polymer in 
the depletion region into radial alignment. 

In this image the main source of birefringence is most likely strain in the 
amorphous layers. In similar crystallites, Taguchi et al have found that the c axis 
is always within 6° of normal to the surface (70-72), which would result in 
θ < 1 mrad from Eq. 2 and 3 [for iPS, <n> = 1.6 (54) and n0-ne= 0.28 (73, 74); 
the intrinsic birefringence Δη = 0.167 (54, 73, 75)] * A stressed amorphous layer 
only 5 nm thick has maximum θ = 10 mrad (for/= 1, from Eq. 4); a 15 nm thick 
strained amorphous film has maximum θ = 32 mrad. The stress in amorphous 
regions or layers can account for most if not all of the retardance in Fig. 5. 

In Figure 6 we show NFP images of a spherulite. A second crystallite is 
adjacent on the right side. If a -1.12 rad shift is applied globally to the fast axis 
orientation data, we again see a depletion region consistent with radial strain. 
The retardance in this region is 20 mrad < θ< 30 mrad. Here the uncertainty on 
the retardance (one standard deviation) is 5 mrad. Healing of the fast axis 
direction from radial to circumferential as we move in radially towards the center 
of the spherulite is evident, except at 5 angles at which the radial alignment 
persists to the center. For two other (isolated) spherulites, there were 6 such 
incursions (63). For amorphous iPS with /= 1, the maximum retardance for an 
84 nm thick film is 183 mrad (Eq. 4), roughly twice the measured maximum. 
The retardance measured in Fig. 6 is greater than could possibly be due to strain 
in a thin amorphous layer but less than is possible for iPS perfectly aligned with 
c axis parallel to the substrate. It seems likely that θ reflects a combination of 
strain in the amorphous regions and tilt of the chain axis in the crystalline form. 
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Summary and Conclusions 

In many respects, NFP is a natural extension of classical micro-polarimetry that 
has been used with great success to understand stress and crystallization in 
thicker polymer materials (66). We expect other innovations first pioneered 
using far-field techniques might be adapted for near-field use and 
correspondingly greater resolution. The adaptation of Fourier polarimetry, using 
polarization modulation and a real-time FFT, already has several advantages 
over static techniques or the use of lock-in amplifiers. First, it is a more flexible 
system, permitting extension of the Fourier analysis to more frequency 
components, and therefore more optical properties, without adding electronics. 
Second, this setup permits the use of a single input channel to collect all the 
polarimetric data. This concern is particularly relevant to the integration of 
polarimetry with NSOM, where each input channel must be synchronized with 
the position of a scanning stage and the number of input channels is often 
limited. This design makes it possible to easily incorporate more generalized 
polarimetry, such as that described in Refs. (76, 77) since an arbitrary number of 
Fourier components can be monitored without need for further input channels. 

We have shown how NFP can be used to map out the linear diattentuation 
and birefringence of thin polymer samples, and we have briefly discussed the 
origins of these optical properties. Quantitative modeling that takes into account 
both the physical properties of the films and artifacts due to tip-sample 
interactions remain to be developed. 
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Chapter 7 

Dynamic Atomic Force Microscopy Analysis 
of Polymer Materials: Beyond Imaging Their Surface 

Morphology 

Ph. Leclère1,2, V. Cornet1, M . Surin1, P. Viville1, 
J . P. Aimé2, and R. Lazzaroni1 

1Service de Chimie des Matèriaux Nouveaux, Université de Mons-Hainaut. 
Materia Nova, Place du Parc 20, B-7000 Mons, Belgium 

2CPMOH, Unversité de Bordeaux I, 351 Cours de la Libération, F-33405 
Talence Cedex, France 

Dynamic atomic force microscopy is known for its ability to image 
soft materials without inducing severe damage. The understanding 
of the origin of the image contrast is not obvious and constitutes an 
important subject of debate. Here, we propose a straightforward 
method, based on the analysis of approach-retract curves, which 
provides an unambiguous quantitative measurement of the local 
mechanical response and/or topographic contribution(s), 
depending on the studied sample. From the recorded data, we 
show that it is possible to determine the different contributions 
and, therefore, go beyond the morphological aspects. This 
approach is illustrated here on a thermoplastic elastomer block 
copolymer, used as a model system presenting phase-separated 
nanodomains characterized by specific mechanical properties. The 
extension of the technique to other polymer systems, such as 
polymer blends, polymer nanocomposites, and conjugated 
materials, is also discussed. 

86 © 2005 American Chemical Society 
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Introduction 

The development of nanotechnology implies a large effort to study and 
understand physical phenomena at the nanometer scale. Methods using local force 
probes provide important contributions to those studies, because the small size of 
the tip allows one to probe surfaces with excellent lateral and vertical resolution. 
Among those scanning microscopies, dynamical force techniques, i.e., using an 
oscillating tip, are particularly well adapted to soft samples such as polymers or 
biological systems. Among many applications of those techniques, one convincing 
illustration of their potential is the advance brought to microstructural studies of 
block copolymers by phase imaging in Tapping mode Atomic Force Microscopy 
[1-7]. 

In dynamical modes, two types of operation are possible: either the oscillating 
amplitude is fixed and the output signal is the resonance frequency (this is called 
the non-contact resonant force mode [8]), or the oscillation frequency is fixed and 
the variations of the amplitude and phase are recorded. This mode is commonly 
named tapping-mode (also known as intermittent contact mode [9]) and is the one 
that is considered in this study. Tapping-mode (TMAFM) is commonly used 
because of its ability to probe soft samples, due to the minimization of sample 
damage during the scanning. Moreover, tapping-mode images can be of two 
different types: in one type, the image corresponds to the changes of the 
piezoactuator height necessary to maintain a fixed oscillation amplitude through a 
feedback loop (the height image); in the other type, the image contains the 
changes of the oscillator phase delay relative to the excitation signal (phase 
image). This additional imaging possibility has revealed in many cases a high 
sensitivity to variations of the local properties. A number of studies have shown 
the possibility to extract useful information from tapping-mode images of soft 
samples, especially with samples showing a particular contrast on the local scale, 
like blends of hard and soft materials [5,10]. 

Nevertheless, important questions remain about the physical origin of the 
image contrast in tapping mode [11-13]. In many cases, the height images are 
considered to display topographic information, but it must be kept in mind that the 
local mechanical properties of the samples (i.e., the possibility that the tip slightly 
penetrates the surface) may also contribute to contrast in the height image. For the 
phase image, in the dominant repulsive regime, the phase shifts are related to the 
local mechanical properties. At this point, it is worth mentioning that, in order to 
maintain the tip in a well-defined oscillating behavior, the perturbation to the 
oscillator due to the contact with the surface is chosen to be small; in other words, 
the reduction of the free amplitude (the set-point) is only of a few percent. This 
method has two advantages: from an experimental point of view, this allows one 
to identify immediately hard and soft domains, the bright parts of the image 
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corresponding to hard domains. From a theoretical point of view, this allows us to 
use simple approximations providing analytical solutions able to fit the 
experimental data [5, 13]. 

Here, we propose a straightforward method, based on the analysis of approach-
retract curves, to provide an unambiguous quantitative measurement of the local 
mechanical response and/or topographic contribution(s), depending on the studied 
sample. Moreover, a step further in the understanding of the image contrast is 
proposed, via the analysis of the variation of the phase as a function of the tip-
surface distance. The fitting of the experimental data by an appropriate model 
provides a quantitative evaluation of the contribution of topography, adhesion, 
indentation and dissipation processes to the contrast. This approach is first applied 
to thin films of thermoplastic elastomer block copolymers, which are known to 
phase-separate into well-defined domains on the nanometer scale. The method is 
extended to other polymer systems, such as polymer blends and polymer 
nanocomposites. 

Experimental Results 

Thermoplastic Elastomers as Model Systems 

A key point for soft materials is a proper interpretation of the observed 
contrast. In most cases one has to discriminate between the respective 
contributions of: (i) the actual topography and (ii) the difference in mechanical 
properties to the height images. Here, we review a straightforward and easy 
experimental method to evaluate the contribution of the local mechanical 
properties to the image contrast. Our approach is based on the reconstruction of 
height or phase image sections via a rapid analysis of approach-retract curves 
recorded along those section lines. As recently described [5], a comparison 
between recorded images and the set of approach-retract curves provides an easy 
way to discriminate between the topographic and mechanical contributions. 

The model system is a thin film of a thermoplastic elastomer, i.e., a block 
copolymer in which the chemical structure of the sequences is designed in such a 
way that (i) phase separation of the sequences occurs, giving a well-defined 
spatial distribution of domains at the nanometer scale and (ii) the domains 
containing different sequences possess different mechanical properties [5, 6]. 
Here, the chemical composition has been selected to produce a lamellar 
morphology. In this case, AFM pictures of a PMMA-b-poly(alkylacrylate)-b-
PMMA film present an alternating array of rubbery and glassy lamellae, with a 
periodicity of 27 nm, as shown in Figure 1. 
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Figure 1. Tapping-mode AFM images (1.0 χ 1.0 \Lm2) of a PMMA-b-
poly(alkylacrylate)-b-PMMA film: (a) Height image (b) Phase; Comparison of the 

image sections with the profiles built from the approach-retract curves data [13]: (c) 
Height image; (d) Phase image. 
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The correspondence between the two sets of data (same behavior for the 
topographic section, not shown here) appears to be very good. This agreement 
means that for those copolymers, the contrast in the height image is related to 
different oscillator responses on the glassy and elastomer domains, with no 
discernible topographic contribution to the contrast. Therefore, the contrast is 
mostly due to changes in the sample local mechanical properties. 

From tapping-mode images of block copolymers, it is not only possible to 
describe the morphology corresponding to the nanophase separation occurring 
between the specific domains but also to evaluate accurately the respective 
contributions of the topography and the mechanical properties. In this case, we 
can also propose that the phase contrast can be explained on the basis of the 
viscous forces acting against the tip motion during the indentation of the tip in 
the sample [13-15]. 

Applications to other polymer materials. 

Biodegradable Polymer Blends. In this section, we extend the concept to 
polymer blends made of biodegradable and biocompatible components, namely 
PMMA and poly(e-caprolactone)(PCL). These blends are in current 
development for biomedical applications such as drug release systems or 
prostheses [16]. Figure 2a illustrates the topographic image of a 75:25 weight % 
PMMA/PCL blend as a thin film. From the section analysis (Figure 2b) and the 
bearing analysis (not shown here) of the topographic image, it appears that the 
dark areas, corresponding to the softer component (i.e., the PCL domains), are 
located approximative^ 60 nm below the bright (mechanically harder) zones. 

Approach-retract curves recorded on different domains on the polymer blend 
sample surface are markedly different: the slope of the amplitude/distance curve 
is 0.75 for the harder, glassy domains while it is smaller (0.60) on the softer 
domains, meaning that, for the same set-point, there is larger tip indentation in 
the softer domains. Using the same procedure as described for the block 
copolymer, we measure a difference of about 15 nm between the lowest points 
in the image section and the corresponding reconstruction (Figure 2b). 
Therefore, from these data (160 points), it appears that, in this case, an 
indentation of about 15 nm in the PCL softer domain has to be considered to fit 
the experimental data. Note that, at room temperature, the PCL is largely above 
its glass temperature transition (Tg= -60°C). Therefore, the 60 nm height 
difference recorded in the height images actually corresponds to a 15 nm 
indentation into PCL domains that are actually 45 nm below the level of the 
PMMA domains. This height difference probably originates from the film 
formation process from the solution of the two polymers in a common solvent. 
The topographic modulation can be explained by a different rate of solvent 
evaporation during the film drying process for the two phases [17]. 
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(a) (b) 
Figure 2. (a) Tapping-mode AFM height image (8.0 χ 8.0 μm2) of a PMMA-PCL co-

continuous polymer blend (75:25) film. The vertical scale is 80 nm; (b) Image 
section and its reconstruction from approach-retract curve analysis. The solid line 

corresponds to the image section and the black dots are the reconstructed data. 

Conjugated polymers. We also applied this technique to conjugated organic 
semiconducting materials. Compared to inorganic materials, conjugated polymers 
have the advantages of easy control of the semiconducting properties through 
chemical modification, and ease of processing over large areas, leading to major 
potential cost savings in device manufacture. LEDs and transistors based on 
conjugated materials are now being actively developed for commercial 
applications. Generally, when conjugated oligomers or polymers are deposited 
from a molecularly dissolved solution on a substrate, like muscovite mica, HOPG 
or silicon wafers, they tend to form fibrils by self-assembling processes governed 
by π-stacking of the polymer chains [18-20]. In the present case, the conjugated 
oligomer is a made of about 20 units of indenofluorene (Figure 3). This polymer is 
a well-known efficient blue emitter for LED's. Upon annealing at 300°C (above 
the liquid crystal transition temperature of 270°C), the polymer reorganizes in 
such a way that the fibrillar morphology is no more present. Figure 4 illustrates 
the typical morphology observed by AFM after annealing. The analysis of the 
height image shows a difference of 18 nm between the upper (brighter) layer and 
the lower (darker) layer. From the phase image (vertical grey scale 1.0 degree) 
there is no significant contrast between the two layers (only the contours of the 
cavities are visible). 
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Figure 4. (a) Tapping-mode AFM height image (30.0x30.0 μm2) of an oligo 
indenofluorene thin deposit. The vertical scale is 100 nm; (b) Corresponding 
phase image. The vertical scale is 1.0 degree; (c) Proposed model for the 

molecular organization within the film. 
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The length of the extended indenofluorene oligomer with 20 units is estimated 
to be around 18.5 nm. This strongly suggests that the layers are made of molecules 
standing up perpendicularly to the substrate, as depicted in Figure 4c. The fact that 
the phase contrast between the different layers is very low means that the tip is 
probing the same material or at least material with the same mechanical 
properties. For this sample, approach retract curves are strictly identical whatever 
the location on the sample. This implies that the contrast observed on the height 
image is purely topographic. 

Figure 5 illustrates the morphology adopted by ar conjugated oligomer based 
on six thiophene units substituted on one end by a short poly(ethylene oxide) 
segment (Figure 5c). These molecules are deposited on a freshly cleaved HOPG 
substrate. On the height image, we clearly see a molecular step (indicated by the 
arrow on Figure 5a). The thickness of brighter islands (indicated by an "A" on 
Figure 5a) is about 6.0 nm, which roughly corresponds to length of the fully 
extended molecule. The islands are thus two-dimensional assemblies in which the 
molecules are perpendicular to the substrate (or slightly tilted). This interpretation 
is fully confirmed by the phase image, on which the islands show the same phase 
lag [le., the same dark color). Small white spots are also visible (indicated by "C" 
on Figure 5b). STM analysis of the same sample indicates that this zone is 
actually the HOPG surface while the light gray zone ("B" on Figure 5b) is made 
of a monolayer of molecules lying flat. The phase of the oscillating tip is different 
enough when the tip is over the monolayer, or over an island, or over the HOPG, 
so that it is possible to understand the nature of the three distinct zones in the 
AFM image. 

Nanocomposites. This work deals with the preparation and the surface 
characterization of biodegradable nanocomposites made of poly(8-caprolactone) 
(PCL) and Montmorillonite-type clay. Nanocomposites with different relative 
compositions of PCL and Montmorillonite, either natural or organo-modified by 
various alkylammonium cations, are prepared by melt intercalation and in situ 
intercalative polymerization [22, 23]. The goal of this study is to characterize the 
dispersion of the clay layers in the PCL matrix, which is a critical parameter 
governing the final physical properties of the obtained nanocomposites. Figure 6a 
shows a TMAFM image of the sample, where flat elongated objects are dispersed 
in the matrix. On Figure 6b, we can clearly see that the approach curves on zone A 
and Β are drastically different. On zone A, the slope is around 0.99 and is much 
larger than for zone Β (slope = 0.52). 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

7

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



94 

(a) (b) 

Γ Ί 

(c) 

Figure 5. (a) Tapping-mode AFM height image (30.0 χ 30.0 μηι2) ofT6-(EO),s thin 
deposit on HOPG from THF solution. The vertical scale is 25 nm; 
(b) Corresponding phase image. The vertical scale is JO degree; 

(c) Chemical structure of the oligothiophene molecule. 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

7

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



95 

Figure 6. (a) Tapping-mode AFM phase image (1.0 χ 1.0 \km2) of a Montmorillonite-
PCL nanocomposite; (b) Experimental approach-retract curves recorded over the 

PCL matrix and clay inclusions. 

A slope value close to unity is the typical signature of a very hard surface (see 
model curve on Figure 6b), because it corresponds to a situation where no tip 
indentation takes place. In contrast, a slope value significantly lower than 1 indicates 
that the tip indents the surface (hence, its oscillation amplitude decreases more 
slowly than on a hard surface). Thus, we can easily assign the two components from 
their mechanical responses [18]: zone A is made of Montmorillonite layers while 
zone Β is the PCL matrix. This example illustrates the usefulness of approach-retract 
curve analysis in the description of the surface morphology. 

Conclusions 

Here we described a simple and straightforward method (based on the analysis 
of approach-retract curves) to: (i) give a quantitative estimation of the topographic 
and the mechanical contribution to height and phase images; (ii) assign the various 
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components in image of heterogeneous polymer materials. This technique has been 
successively used for pure topographic or pure mechanical contrast as well as for 
samples with a mixing of the two contributions to the height and phase AFM images. 
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Chapter 8 

Probing Nanorheological Properties of Mesoscopic 
Polymer Systems 

Scott Sills1, Tomoko Gray1, Jane Frommer2, and René M. Overney1 

1Chemical Engineering, University of Washington, Seattle, WA 98195 
2IBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120 

Shear modulation scanning force microscopy (SM-SFM) and 
lateral force microscopy (LFM) are highlighted as two 
nanorhelogical tools well suited for exploring the exotic 
properties of mesoscopic polymer systems. A structural 
model for rheologically modified interfacial boundary layers is 
constructed by examining interfacial plasticization, dewetting 
kinetics, disentanglement barriers, and interfacial glass 
transition profiles in confined polymer films. Building on this 
foundation, the utility of SM-SFM and LFM in technological 
development is demonstrated with the novel process of 
ultrahigh density data storage in confined polymer films. 

Mesoscale Interfacial Confinement 

The laws of nature, or more appropriately, their perception in the form of 
physiochemical material properties, become challenged when a three-
dimensional bulk material is confined to only two dimensions. This is apparent 
in many interfacial applications, such as thin film technologies. Interfacial 
technologies are trapped between the atomistic and the three-dimensional bulk 
regimes - in the mesoscale. Here, the phenomenological classifications applied 
macrosystems breakdown. On the other hand, quantum or molecular theories are 
insufficient in describing the fractal-like behavior of mesoscopic systems. 
Interfacial constraints generate frustrated, or poorly mixed, systems, in which 
equilibration processes are severely impeded. These systems are best described 
with non-equilibrium statistical mechanical models for constrained small 
ensemble systems. 

98 © 2005 American Chemical Society 
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Miniaturization trends of electronic, optical, mechanical, and biomedical 
devices are bringing the mesoscale to the forefront of the engineering design 
arena. The challenge for continued evolution of mesoscale technologies is to 
work within the interfacial constraints, or yet, to utilize these constraints as 
engineering design opportunities. Progress relies heavily on the development of 
appropriate analytical techniques. Over the last decade, scanning force 
microscopy (SFM) has adapted to meet some of these needs. 

In this chapter, shear modulation SFM (SM-SFM) and lateral force 
microscopy (LFM) are introduced as nano-rheological tools. With these tools, a 
variety of rheological behaviors are explored in confined polymeric systems, 
and a structural model for interfacial boundary layers is constructed. Once the 
foundation of interfacial nanorheology is established, the utility of SM-SFM and 
LFM in technological development is exemplified with the novel SFM based 
process of ultrahigh density data storage (Tb/in2) in confined polymer films (1). 

Shear Modulation - Scanning Force Microscopy (SM-SFM) 

Shear modulated SFM (SM-SFM) is a non-scanning nano-rheological 
method that has proved particularly successful in determining crosslinking 
densities and structural phase transitions, e.g. glass transitions, of ultra-thin films 
(2, J). The method involves a nanometer sharp SFM cantilever tip that is 
maintained at constant load in contact with a sample, as illustrated in Figure 1. 

(°c] • • • • • • • • • • • 

Figure 1: Shear modulated scanning force microscopy (SM-SFM). The Tg on a 
thick polystyrene film is indicated by the "kink" in the amplitude response. 
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The tip is laterally modulated with a nanometer amplitude (AXMOD) that 
avoids any tip-sample slipping. The modulation response (AXR) is analyzed 
relative to AXMOD using lock-in techniques. The response amplitude is a measure 
of the contact stiffness (i.e. sample modulus) (3), and is useful for tracking 
thermo-rheological transitions. For example, the glass transition temperature 
(Tg) of polystyrene is indicated at the kink of the response curve in Figure 1. 

Below the Tg9 the probing depth of the SM-SFM is on the order of lnm, 
which allows substrate-independent measurements down to film thicknesses of 
a few nanometers. Any surface effects less than lnm in depth (4) cannot be 
addressed under these conditions. The slow creeping process above Tg is 
documented elsewhere (5). While the accuracy of SM-SFM Tg measurements 
compares well with other techniques (6), SM-SFM also offers the versatility for 
probing rheological properties in confined sample geometries. 

Lateral Force Spectroscopy (LFM) simulates a single asperity provided by 
an ultra-sharp tip on a soft cantilever. The small contact area, on the order of the 
molecular dimensions, is insufficient to coherently reorganize macromolecules 
and allows discussing LFM results in terms of thermodynamic equilibrium. The 
working details of LFM are outlined in (7), and calibration methods for 
determining the absolute friction force, F, are discussed in (S). It is important 
that friction analyses on compliant materials are adhesion corrected, shown in 
Figure 2, to account for load dependent changes in the contact area, i.e. F must 
be described in terms of the normal force (FN) which is the sum of the applied 
load (FAPP) and the adhesion force (FADHS). 

Lateral Force Microscopy (LFM) 

50 

200 

-120 -80 -40 0 40 80 120 

FAPP [nN] 

Figure 2: Adhesion correction of friction measurements on a polymer film. 
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LFM offers sufficient sensitivity for friction measurements on the molecular 
scale, and has been used to detect molecular stick-slip behavior (9). Until 
recently, the question remained of whether or not idealized theoretical tribology 
models, e.g. creep models (70-72), would apply to polymeric systems. LFM 
studies on glassy, atactic polystyrene (PS) (75) offered the first known 
experimental confirmation of creeping friction dynamics in amorphous 
polymers. Friction-rate-temperature measurements revealed logarithmic friction-
velocity relationships that correspond with LFM experiments on ionic crystals 
(14) and in lubricated sliding (75). These data are well described by creeping 
friction models (70-72), and suggest that the dissipative process is consistent 
with barrier-hopping fluctuations on a periodic surface potential. 

The potential barrier (£) is determined by using the method of reduced 
variables (76) to superpose the F(v) isotherms into a* master curve. The 
superposed data along with the ST shift factor are shown in Figure 3. A 
representative barrier height of 7.0 kcal/mol is deduced from the Arrhenius 
behavior of aT. This value corresponds to the activation energy for phenyl ring 
rotation around the C-C bond with the backbone chain, 7.0 kcal/mol (77). 

4 6 8 10 12 

ln( a r * ν [nntfs] ) 

Figure 3: Superposed master curve for F(v) isotherms on PS, and (inset) the 
thermal aT shift factor indicating an activation engergy(E) of'7.0 kcal/mol. 

Considering that the creep models (a) are based on a Gaussian fluctuation 
distribution (70-72) and (b) fit the friction data reasonably well, one may 
conclude that there is little or no correlation between the individual phenyl 
rotations that are relaxed during the sliding motion. It is because of this week 
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correlation that similar frictional behaviors are observed on both highly 
structured (crystalline) surfaces and the unstructured (amorphous) PS surface. 

LFM studies have provided valuable insight to the classical field of 
tribology. However, the use of LFM in probing polymer relaxations as 
dissipation mechanisms incorporates a rheological component into the 
tribological scenario. Polymer relaxation processes are often characterized by 
monomeric, or internal, friction. In this light, the tribo-rheological L F M analysis 
provides a bridge between internal rheological friction and external tribological 
friction; two phenomena generally considered irrespective from one another. 

Interfacial Nanorheology: Substrate Effects in Polymer Films 

The discussion thus far has focused on SFM rheological techniques and 
bulk-property measurements. In polymer thin films, when film thicknesses 
approach the nanometer scale, structural, material, and transport properties 
become increasingly dominated by interfacial and dimensional constraints. 
Rheological boundary layers are often formed at interfaces, within which, 
anisotropic constraints lead to bulk-deviating behaviors. This section is devoted 
to exploring rheological boundary layers at polymer interfaces. A variety of 
rheological manifestations are illustrated with several LFM and SM-SFM 
studies, and a visualization of the molecular configuration within interfacial 
boundaries is gradually developed with each successive example. 

Interfacial Plasticization 

The conceptually intuitive process of heterogeneous diffusion serves as 
worthy starting point for a discussion about Theologically modified interfacial 
boundary layers. This is illustrated for a multiphase binary thin film system, in 
which, low molecular weight components (LMCs) leach from an underlying 
film into the surface film, forming an interdiffusion zone at the interface. LFM 
studies were conducted on poly(methyl methacrylate) (PMMA) films supported 
on either crosslinked epoxy or Si substrates. 

For PMMA films on epoxy substrates, the friction coefficient (μ) in Figure 
4 decreases with increasing film thickness, and for thicker films, approaches the 
friction value of PMMA on Si. The friction coefficient may be considered 
constant on all films, if one assumes that (a) the shear modulus is constant, and 
(b) the adhesion force is only a function of the contact area, i.e. a constant 
physical and chemical bonding strength between the LFM tip and sample. 
Holding to these assumptions and considering that the LFM probe (Si) is much 
stiffer than PMMA, it follows that changes in μ reflect changes in the PMMA 
modulus. 
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The friction coefficient for the 35nm films is significantly higher with 
epoxy substrates than for Si. However, the friction coefficient on thicker epoxy 
supported films reaches the low value found on the 35nm Si supported film, 
appearing substrate independent. This friction gradient suggests the leaching of 
LMCs from the epoxy into the PMMA that is illustrated in Figure 4, essentially 
softens, or plasticizes, the film and reduces the PMMA modulus. 

Figure 4: LFM friction coefficient measurements of PMMA supported on Si and 
crosslinked epoxy substrates disclose the interfacial plasticization process, 

(inset) model for low molecular weight component leaching into PMMA. 

The extent of the softening, and modulus depression, is proportional to the 
concentration of LMCs (CIMC) at the surface, which in turn, is a function of film 
thickness. For a thickness of lOOnm, the friction coefficient matches that of the 
35nm Si supported PMMA, indicating no detectable plasticization, or LMCs, at 
the surface. This process of heterogeneous interdiffusion across interfaces 
highlights the importance of substrate chemistry for thin film applications. In 
this case, a lOOnm thick boundary layer is Theologically modified due to the 
plasticization effects of interdiffused low molecular weight components. 

Dewetting Kinetics 

The prior discussion of interfacial plasticization served as one example 
where chemical transport processes are responsible for the formation of a 
rheologically modified interfacial boundary. The rheological impact associated 
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with physical and dimensional constraints is perhaps less intuitive. Never the 
less, various groups have reported bulk-deviating structural and dynamic 
properties for polymers at interfaces (18-22). For example, reduced molecular 
mobility in ultra-thin PS films was reported based on forward recoil 
spectroscopy measurements (18). 

The role of the substrate in generating Theologically modified boundary 
layers becomes apparent in dewetting studies with binary PS on polyethylene-
co-propylene (PEP) films, which are supported on Si substrates (high interaction 
surface) (79). The dewetting kinetics in Figure 5 were determined from a time-
series of SFM topography images, and reveal a critical PEP film thickness, 5CRIT, 
below which, the dewetting velocity (Vj) decreases with decreasing film 
thickness, and above which, Vd remains constant. Independent LFM 
measurements on Si supported PEP films also indicate a critical film thickness, 
&CRIT> below which, the friction decreases with decreasing film thickness, and 
above which remains constant. In both studies, the critical PEP film thickness in 
Figure 5 corresponds to approximately lOOnm. 
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Figure 5: Dewetting velocity (Vd) and friction (F) measurements on PS/PEP 
systems reveal a lOOnm interfacial boundary layer. Data from reference (19). 

The dewetting kinetics and friction forces both suggest the presence of a 
Theologically modified PEP boundary layer adjacent to the Si. For δΡΕρ < àaur, 
the decreasing friction represents an increase in the PEP modulus. This 
translates to an increasing glasslike behavior, or loss of mobility, as the Si 
interface is approached through the PEP phase. It is this loss of PEP mobility 
that is responsible for decreasing the dewetting velocity. 
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To identify the source of this rheological gradient, the PEP-Si interactions 
were effectively masked by first spin casting a low interaction foundation layer 
of polyvinyl pyridine) (PVP) on the Si. The dewetting velocity of the 
PS/PEP/PVP film is reported as the open box in Figure 5 and remained constant, 
even at PEP film thicknesses below 8CRIT- This anomalous finding unveils the 
high interfacial interactions between PEP and Si as responsible for the apparent 
PEP vitrification inside the interfacial boundary. 

Disentanglement Barriers 

The current picture of the rheological boundary attributes formation of the 
boundary layer to interfacial constraints on the molecular mobility. In the past, 
interfacial effects were considered to be confined to the pinning regime, 
typically on the order of a few nanometers. However, LFM disentanglement 
studies on PEP films (23) and NMR tracer diffusion measurements in PS (21) 
have revealed that the interfacial boundary may extend up to 10 radii of gyration 
(RG) beyond the interface. Simple surface pinning alone has been ruled out 
since, at this distance, the probability of a polymer molecule making direct 
surface contact is nearly zero. 

LFM friction measurements on Si supported PEP films (RG =24nm) offer 
insight to the source of these far-field molecular constraints. A transition in the 
friction coefficient at a critical load (P) is seen in Figure 6. The higher friction 
coefficient below Ρ portrays a dissipative behavior consistent with viscous 
plowing through an entangled PEP melt. 

0I , , : ,: :, , _. . . » 
5 10 15 20 25 30 35 40 45 50 

NORMAL LOAD, FN [nN] 

Figure 6. LFM measurements on PEP films reveal a critical load (P) marking 
a transition from viscious shearing to chain sliding. 

(Data are from reference 23. Copyright 1999 American Chemical Society.) 
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At loads exceeding P, the reduced friction coefficient represents a chain slipping 
phenomenon similar to a shear banding behavior. Thus, the critical load may be 
conceptualized as an effective activation barrier for disentanglement (23). The 
boundary layer thickness and information about to the conformational structure 
within the boundary are elucidated from the film thickness dependence of P: 

(i) The absence of the disentanglement transition (P) in the 20nm films and 
the ubiquitous low friction, chain slipping suggest that the PEP molecules are 
highly disentangled within a sublayer immediately adjacent to the substrate. 

(ii) In the 75-230nm films, the disentanglement transition (P) increases 
linearly with film thickness until the bulk-material Ρ is reached. The sub-bulk Ρ 
values indicate an intermediate regime of partial disentanglement, the extent of 
which diminishes with increasing film thickness until the bulk entanglement 
density is recovered. This far-field disentanglement (~ 10 RG from the substrate) 
is attributed to the strain imposed during spin casting, and the preservation of the 
disentangled structure in the melt reflects an anisotropic diffusion process where 
partially disentangled chain ends diffuse into the porous structure (21) of 
sublayer (23). 

(iii) Finally, for films thicker than 230nm, the polymer behaves like the 
bulk elastomer and loses any memory of the underlying Si. 

The picture of rheological boundary layers now reflects a two phase system 
comprised of a sublayer and an intermediate regime. The mobility constraints 
are ascribed to the strain imposed during spin casting, paired with interfacial 
interactions in the sublayer and anisotropic diffusion in the intermediate regime. 

Interfacial Glass Transition Profiles 

One parameter of particular interest when discussing molecular mobility of 
polymers is the glass transition temperature (Tg). For thin homopolymer films, it 
has been recognized that several factors are intricately responsible for the 
departure of Tg from the bulk value (5-5, 24-28), e.g. the proximity of a free 
surface, substrate interactions, and process-induced anisotropy. Here, we address 
the effects of spin casting on the interfacial Tg profiles of amorphous polymer 
films. In addition, the use of chemical crosslinking as a controlled mobility 
constraint in thin films is investigated, and the rheological impact is discussed. 

SM-SFM Tg measurements on 12kDa PS films are presented in Figure 7. 
For film thicknesses (δ) > 200nm, the Tg values correspond to the bulk Tg of 
95°C (6). A two phase boundary layer is encountered within ~200nm of the 
substrate: (a) Tg values are depressed relative to the bulk in a sublayer with a 
thickness on the order of RGy one order of magnitude beyond the persistence 
length (29); and (b) Tg values exceed the bulk Tg in the intermediate regime. 

This non-monotonic Tg(S) relationship is interpreted considering two 
competing processes that affect the relaxation dynamics: (a) shear induced 
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structuring and (b) interdiffusion (27, 23, 30). Shear structuring creates an 
interfacial region where the spin casting shear stresses induce polymer stretching 
and or disentanglement (structural deformation). The second process involves 
the interdiffusion between the entropically cooled interfacial region and the 
unperturbed bulk phase. 

Figure 7: (top) Film thickness (δ) dependence of Τg for 12kDa PS films 
compared to the bulk Tgfrom Fox-Flory theory, (bottom) Rheological boundary 

model for the observed Tg(S) relation (SL=sublayer). (Data used with 
permission from reference 31. Copyright 2004 American Institute of Physics.) 

With a strong precedence for shear structuring in PS solutions (32-34) and 
considering the shear stress profiles during spin casting (35) it is reasonable to 
propose that the effects of spin casting extend from the substrate to the boundary 
with the bulk phase. In this scenario, the extent of structural deformation is 
related to the shear stress profile during casting. Alternatively, the shear 
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structuring may extend only through the sublayer, and interdiffusion alone may 
be responsible for the conformational restructuring in the intermediate regime. 
For this case, the molecular mobility is limited by the propagation of holes, or 
packets of free volume, which facilitate conformational rearrangements (36). 

Spin casting films of increased molecular weight (Mw) had the effect of 
shifting the Tg(S) profiles further from the substrate, by ~10nm/kDa (31). The 
bulk Tg is recovered at ~250nm for all films in the 12-21kDa Mw range. The 
influence of Mw on the internal structure of the boundary layer appears more 
pronounced on the sublayer thickness than on the far-field boundary of the 
intermediate regime. This suggests that the overall boundary thickness depends 
more strongly on the spin casting shear stresses than on molecular dimensions. 

When the molecular weight is increased by crosslinking pre-cast PS-BCB 
films, the Tg(ô) profiles exhibit a similar qualitative behavior before and after 
crosslinking (57), indicating a preservation of the rheological anisotropy after 
crosslinking at 250°C, ~150°C above Tg. The crosslinking yields an overall Tg 

increase of 7±3°C; however, in contrast to the Mw dependence discussed above, 
no spatial shift is found in the Tg(8) profiles. Since crosslinking occurs after spin 
casting, the shear stresses that create the shifted Tg(S) profiles are not present. 
Hence, the Tg(S) profiles are impacted differently for each condition of increased 
Mw because of the sequence of treatments. 

The two phase model for rheological boundary layers has evolved to 
include interfacial interactions that lead to the formation of a less dense sublayer 
adjacent to the interface. The thickness of the sublayer is characterized, in part, 
by the molecular dimensions and the interaction potential at the interface. The 
coupled effects of shear-induced structuring during spin casting and anisotropic 
relaxation and transport constraints during annealing are responsible for the 
creation of an intermediate regime between the sublayer and bulk phase. The 
overall rheological boundary may extend up to two orders of magnitude beyond 
the polymer's persistence length, and the molecular restructuring within the 
boundary is thermally stable well above Tg. Finally, the impact of mobility 
constraints (e.g. crosslinking) on the structure within boundary layers depends 
on the sequence of the film preparation process, i.e. constrains incorporated 
before and after casting exhibit different rheological outcomes. 

Scanning Probes in Thermomechanical Data Storage 

With a precedence established for bulk-deviating behaviors in confined 
polymer systems, the development and optimization efforts of thin film 
technologies will be challenged to work within these interfacial constraints, or 
yet, to utilize the constraints as engineering design opportunities. Very specific 
material engineering may be achieved through an understanding of polymer 
dynamics at the polymer-substrate interface. Modified relaxational properties 
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and enhanced conformational stability may be achieved through control of the 
molecular weight, crosslinking density, and film thickness. In this regard, the 
characterization and control of interfacial boundary layers becomes increasingly 
important. 

As the LFM and SM-SFM techniques led, in part, to the discovery and 
visualization of rheological boundary layers, these nanorheological tools will 
continue to support the evolution of mesoscale technologies. Ultrahigh density 
(Tb/in2) thermomechanical data storage (/) is one such example that is 
particularly relevant to the discussion of scanning probes. Briefly described, data 
are stored thermomechanically with SFM cantilever type probes, and relies on 
the writing, reading, and erasing of nanometer sized datum-bit indentations in 
~50nm polymer films, pictured in Figure 8 

Figure 8: Thermomechanical data storage in thin polymer films(~50nm) must 
operate with the molecular constraints present in the interfacial boundary layer. 

The ideal polymer medium should be easily deformable for bit writing; 
however, the written bits must be stable against wear, thermal degradation, and 
dewetting. In addition, the polymer must allow reversible bit indentations, i.e. 
controlled backflow, for erasing and re-writing. Anticipating the effects of 
interfacial confinement on the thermo-mechanical properties within the 
rheological boundary pictured in Figure 8 presents one challenge to optimizing 
the polymer storage media. Ultimately, achieving the desired performance goals 
will require engineered polymeric media of tailored molecular structure in order 
to achieve the narrow range of physiochemical properties necessary for: low 
power consumption, high durability, and long shelf life. Development of this 
technology continues to benefit from various LFM and SM-SFM investigations, 
similar to many of the studies highlighted here. 
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Chapter 9 

Combined Atomic Force Microscopy and Sum 
Frequency Generation Vibrational Spectroscopy 
Studies of Polyolefins and Hydrogels at Interfaces 

Aric Opdahl and Gabor A. Somorjai 

Department of Chemistry, University of California, and Materials Sciences 
Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

AFM and sum frequency generation (SFG) vibrational 
spectroscopy experiments provide complementary information 
that can be used to relate the morphology and mechanical 
properties of a polymer interface to the molecular structure of 
the interface. The application of the two techniques to the 
study of polymer interface structure is presented, focusing on 
surface segregation and wetting behavior of polyolefin blends 
and on the interface structure and mechanical behavior of 
hydrogels exposed to various hydration conditions. 

Introduction 

This chapter emphasizes the incorporation of sum frequency generation 
(SFG) vibrational spectroscopy to AFM studies of polymer behavior at 
interfaces. In recent years, AFM has been proven as a versatile technique that 
can be used to map the surface morphology/topography and to probe the 

112 © 2005 American Chemical Society 
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mechanical properties of polymer interfaces in a variety of environments. In 
spite of this versatility, one of the major limitations of AFM is the lack of direct 
measurement of the molecular structure of the interface. Although chemical 
information can sometimes be inferred from the interface mechanical properties 
(elasticity, adhesion), or by experiments where the AFM tip is coated with a 
specific chemical functionality, AFM experiments in general lack chemical 
specificity. 

SFG spectroscopy experiments fill this void by providing information 
regarding the molecular structure of the interface. SFG surface vibrational 
spectroscopy is an optical technique that is highly sensitive to the chemical 
composition, orientation, and ordering of molecular groups at an interface. Like 
AFM., SFG spectroscopy experiments can be designed to probe polymer/air and 
polymer/liquid interfaces, making this a powerful combination of experimental 
techniques for in situ studies of interface phenomenon. 

Two sets of experiments that highlight the application of both AFM and 
SFG spectroscopy to the study of polymer interface behavior are presented in 
this chapter. The first focuses on surface segregation and wetting behavior of 
polyolefin copolymers and blends. In that example, chemical information 
obtained by SFG spectroscopy is connected to lateral morphology measurements 
made of the interface by AFM. The second example focuses on the interface 
behavior of hydrogels. That example highlights the versatility of both techniques 
for studying polymer/liquid interfaces and in connecting mechanical 
measurements of the interface made by AFM to chemical measurements made by 
SFG spectroscopy. 

Experimental 

SFG surface vibrational spectroscopy 

Excellent descriptions of SFG surface vibrational spectroscopy have been 
published by Shen1'2,3,4 and by Hirose5. The application of SFG surface 
vibrational spectroscopy to the study of polymer interfaces has recently been 
reviewed.6 In our experiments, SFG vibrational spectra of polymer/air and 
polymer/liquid interfaces were obtained by overlapping two laser beams at the 
interface and measuring the light generated from the interface at the sum 
frequency in the reflected direction. One of the input fields is a tunable infrared 
beam that is resonant with one or more vibrational modes of the species at an 
interface. The picosecond laser and OPG/OPA system we have used to generate 
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the visible beam (dty, 532 nm) and the tunable infrared beam (flfc, 2000 cm 1 to 
4000 cm"1) has been described elsewhere.7 

The interface specificity of SFG spectroscopy is a result of selection rules 
obtained under the electric-dipole approximation. The sum frequency signal, 
I(ω5), is proportional to the square of the nonlinear susceptibility of the material 
being measured, %b\ a 27 component tensor (Eq. 1). Under the electric-dipole 
approximation, the 27 components of jj/^are equal to zero for centrosymmetric 
materials. Materials that are centrosymmetric, or that are randomly oriented in 
the bulk, are not expected to generate large sum frequency signals. However, if a 
material assumes a preferred orientation at an interface - then symmetry is 
broken in the interface plane, and some of the components of jj^may be non­
zero. Measurement of is specifically sensitive to this type of ordering at an 
interface. 

ffo)«l*"T w 
The vibrationally resonant contribution to the nonlinear susceptibility, 

ns{^R)) l s
 e n * i a n c e ( ^ W ^ e n the infrared beam (ûfc) is tuned near a vibrational 

mode belonging to one of the molecular groups at the interface (û)q). The 
molecular hyperpolarizability, ci2), can be related to the product of the dynamic 
dipole and polarizabilities of a vibrational mode. Thus, the mode must be both 
IR and Raman active in order to be measured. The measured strength, Â » for a 

particular vibrational mode, q, is directly proportional to the number density of 
contributing molecular groups at the surface, and the orientation averaged 
nonlinear polarizability of those groups. 

y{2) = y ( 2 ) + η (â{2)\ = r ( 2 ) + Y A q <2) 

Surface vibrational spectra presented in this chapter were obtained in the 
CH (2700 cm"1 - 3100 cm'1) stretching region using the sswnsvisplR polarization 
combination. This polarization combination is most sensitive to molecular 
groups that have vibrational modes with a component of the IR transition 
moment oriented normal to the surface plane and a component of the 
polarizability tensor in the surface plane. SFG spectra were fit using Eq. 1 and 2 
in order to extract peak positions and amplitudes. The measured Â can be used 

to estimate the number density and orientation of the ordered molecular groups 
giving rise to the vibration in the interface region - if the components of 5 for a 

vibrational mode are known. Methods for estimating the magnitude of the 
components of àa for C-H vibrational modes are presented in references 2 and 5. 
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AFM 

Topographic and friction images, as well as measurements of mechanical 
properties, were collected using a commercial AFM capable of imaging large 
areas (100 μιη χ 100 μιη) and a homebuilt, walking-style AFM scanning head. 
The homebuilt AFM is completely enclosed within a. glass bell jar. Relative 
humidity (RH) in the bell jar can be varied by balancing the evaporation of water 
from a reservoir with a steady flow of nitrogen through the chamber. Decreasing 
the flow rate of nitrogen increases the experimental humidity, which is measured 
by a hydrometer placed within the chamber. 

Polymers 

Low and high molecular weight atactic polypropylene (aPP, M w -50,000 
and M w -200,000), aspecific polyethylene-co-propylene rubber (#EPR, M w 

-50,000; 42 mol% ethylene randomly incorporated), and isotactic polypropylene 
(/PP, M w -200,000) were synthesized by Basell Polyolefms Inc. Further 
description of the physical properties of these polymers is available in references 
7 and 8. Further description of the poly(hydroxyethyl)methacrylate (pHEMA) 
hydrogels, provided by Ocular Sciences, Inc. is given in reference 9. 

Surface segregation in polyolefin copolymers and blends 

This section summarizes SFG and AFM experiments designed to probe 
surface segregation and wetting behavior of polyolefin blends. The blend 
components include atactic polypropylene (aPP), isotactic polypropylene (/PP), 
and aspecific poly(ethylene-co-propylene rubber) (aEPR) 1 0 . In this polymer 
system, AFM experiments distinguish aPP and aEPR by their differences in 
viscoelastic properties, and are used to characterize lateral morphology (phase 
separation) at the interface. The iPP component is distinguished by its 
crystallinity. SFG experiments can be performed to determine the surface 
composition and configuration of the components at the interface. We have 
previously used this strategy to characterize the surface composition of bulk-
miscible biomedical polyurethane blends, and it was shown that the component 
with lowest surface energy migrated to the polymer/air interface.11 

Blends of aPP, /PP, and aEPR serve as mimics for the important 
commercial blend of isospecific PP/EPR. A practical problem of PP/EPR blends 
is that they typically have poor adhesive properties - this is a characteristic of 
many crystalline polyolefms. The adhesive properties of the PP/EPR surface, 
however, have been observed to vary depending on the bulk composition and the 
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processing conditions; therefore, it is important to understand how the surface 
composition is affected by both of these variables. Although polymer/air 
interfaces of bulk miscible (single phase) polymer blends are usually enriched in 
the component, which has the lowest surface energy, most polymer blends are 
immiscible (multi-phase). The surface morphology of immiscible blends is 
complex, and complete wetting (surface segregation) of the lower surface tension 
component is not always observed.12 

Atactic polypropylene (aPP)/air and aspecific poly(ethylene-co-propylene) 
rubber (aEPR)/air interfaces 

SFG spectra (ssp polarization) obtained from two of the blend components, 
aPP and aEPR, are shown in Figure 1. These spectra are specifically sensitive to 
the number density and orientation of ordered molecular groups in the interface 
region, and are uniquely sensitive to the polymer configuration at the polymer/air 
interface. In each of these spectra, the strongest resonant feature is at 2883cm"1 

and is assigned as the CH3(s) stretch from the methyl side branches.13,7 The 
feature at 2968cm'1 is assigned to the CH3(a) stretch from the side branch. The 
features at 2850cm'1 and 2920cm'1 are assigned as the CH2(s) and CH2(a) 
stretches, respectively, from the polymer backbone. 

Like molecules in liquids,3 polymers have generally been observed by SFG 
to preferentially orient the lowest surface energy structural unit at the 
polymer/air interface.6 The strong CH3(s) peak suggests that the lower surface 
energy methyl side branches have a tendency to order at polymer/air interfaces. 
In contrast, for hydrocarbon polymers without short side branches (e.g. 
polyethylene13 and polyethylene glycol (PEG)14) it has been observed that 
backbone C H 2 units preferentially order at the polymer/air interface. For both 
C H 2 and CH 3 molecular group, the features associated with the CH2(s) and 
CH3(s) vibrations will be strongest in the ssp spectra if the methyl groups are 
oriented upright (with Cj v axis normal to the surface plane). A large ratio of the 
CH3(s)/CH3(a) features peaks observed in the aPP and aEPR spectra is also an 
indication of an upright orientation. 

An important observation in the SFG spectrum of aEPR is the small 
reduction in absolute intensity of the peak associated with the CH3(s) vibration, 
as compared to its intensity in the spectrum of aPP. The aEPR copolymer is 
comprised of -60% propylene monomers randomly incorporated in the polymer 
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Figure L SFG spectra of (a) aPP/air and (b) aEPR/air interfaces (ssumsyispm 

polarization. (Reproducedfrom reference 10. Copyright 2002 American 
Chemical Society.) 
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chain, thus a given chain length has -60% as many methyl side branches as aPP. 
Since the SFG signal intensities scale as n2, the peak associated with the CH3(s) 
vibration from aEPR is predicted to be only -36% as intense as that from aPP 
(assuming the surfaces of both materials reflect the bulk concentration). That the 
measured aEPR CH3(s) peak is much larger suggests at least three possibilities: 
(1) a higher fraction of methyl side branches are ordered at the aEPR surface 
compared to the aPP surface (2) the methyl side branches are oriented with the 
Cj v symmetry axis more upright at the aEPR/air interface than they are at the 
αΡΡ/air interface, or (3) the methyl side branches are more tightly ordered for 
aEPR than they are for aPP. Analysis of the SFG spectra indicated that the most 
likely scenario is (1) and that ethylene-rich aEPR copolymers orient excess 
methyl branches at the polymer/air interface compared to aPP.7 

This result from aPP and aEPR can be put into perspective with SFG results 
obtained from other relatively simple polymers - polystyrene15,16,17,18, 
poly(hydroxyethyl)methacrylate,9 and polymethylmethacrylate19 where it has 
been observed that bulky low surface energy side branches tend to order at the 
polymer/air interface. In comparing these results to results from liquid interfaces, 
one must take into account a major difference between polymers and molecules 
in liquids - that the configuration of a polymer chain is restricted by the 
connectivity of chain segments along the backbone. 

Polymers do not have the conformational freedom that molecules in liquids 
have, and consequently the equilibrium surface structure likely reflects a 
compromise between ordering a particular structural unit at the interface and 
conformational restrictions imposed by the polymer chain. The aPP and aEPR 
SFG spectra suggest that the number of side branches oriented at the polymer/air 
interface may be limited by this types of restriction imposed by the chain 
architecture. 

αΡΡ/aEPR blends 

The surfaces of two amorphous blends of αΡΡ/aEPR are compared in this 
section - a bulk miscible and a bulk immiscible blend.10 SFG spectra obtained 
from a low molecular weight aPP (Mw 50,000)/aEPR blend (50:50 wt. percent) 
is shown in Figure 2a. The spectra were obtained immediately after casting from 
n-hexane and after an extended annealing period. Differential scanning 
calorimetry (DSC) results indicate that this blend is miscible in the bulk. 
Qualitatively, the SFG spectrum obtained from the blend surface after the 
extended annealing period is nearly identical to the spectrum obtained from the 
surface of aPP - indicating preferential segregation of aPP to the surface. Figure 
2b presents results obtained from an αΡΡ/aEPR blend where the molecular 
weight of the aPP component was increased from 50,000 to 200,000 - where 
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Figure 2.(a) SFG spectra of low molecular weight aPP/aEPR blend "as cast" 
(open triangle) and after annealing period (filled triangle), (b) SFG spectra of 

high molecular weight aPP (filled triangle), aEPR (open circle), and50:50 bulk 
immiscible aPP/aEPR blend (filled square). (Reproduced from reference 10. 

Copyright 2002 American Chemical Society.) 
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DSC results showed that the blend becomes immiscible in the bulk. The 
behavior for this blend is similar to the miscible blend. In both miscible and 
immiscible aPP/aEPR blends, SFG spectra indicate that aPP segregates to the 
blend/air interface at the monolayer level. 

For comparison, we have also characterized these surfaces by XPS.10Like 
SFG spectroscopy, XPS results obtained from the carbon valence band region 
also distinguish between aPP and aEPR based on differences in C H 3 content. In 
contrast though, the XPS experiements have a surface sensitivity that is 
determined by the mean free path of photoelectrons generated in the polymer 
film (in this particular case -5-7 nm - much deeper than the monolayer 
sensitivity of SFG experiments). XPS experiments were unable to detect 
significant surface enrichment of aPP in the bulk miscible aPP/aEPR blend. In 
connection with the SFG data, this suggests that the aPP surface enrichment 
layer in the miscible blend is very thin, and that the highest levels of aPP in the 
surface enrichment layer are restricted to the top 2-3nm of the film. In contrast, 
XPS spectra obtained from the bulk immiscible blend did show significant 
enrichment of aPP in the surface region, suggesting that the aPP enrichment 
layer for the immiscible blend is thicker than 5-7nm. Thus it is concluded that 
for aPP/aEPR blends, that aPP wets the surface of the blend and that decreasing 
the miscibility increases the thickness of the surface enrichment layer. 

AFM data support this conclusion. AFM images were used to monitor the 
wetting process in the aPP/aEPR blend. AFM images obtained from the miscible 
low molecular weight aPP/aEPR blends are homogeneous at all stages of 
annealing. AFM topography and lateral force images obtained from the surface 
of the bulk immiscible blend at various stages of the annealing process, are 
shown in Figure 3. Immediately after casting, the surface of the immiscible blend 
is rough. The lateral force image shows the presence of 'low friction' (dark) and 
'high friction' (light) phases. The aEPR has a much lower elastic modulus than 
the high molecular weight aPP component, thus the 'high friction' regions are 
assigned as aEPR. As the blend is annealed, the surface becomes smoother and 
the 'high friction' aEPR regions become covered by an aPP wetting layer. 

iPP/aEPR blends 

When isotactic polypropylene (iPP) is substituted for atactic polypropylene 
in the PP/aEPR blend, blend surfaces can be prepared that are enriched in iPP, 
enriched in aEPR, or that contain a phase separated mix of the two components. 
This is due to the crystalline nature of the isotactic component, which can trap 
morphologies formed in the melt into a nonequilibrium conformation. 
Distinguishing between iPP and aEPR by AFM is straightforward as the iPP 
component is crystalline and the aEPR component is soft and amorphous. Figure 
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Figure 3 AFM images of bulk immiscible αΡΡ/aEPR blend at various annealing 
stages.  J
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Figure 4. AFM topography and lateral force images of melt pressed iPP/aEPR 
blend. (Reproduced with permission from reference 8. Copyright 2004.) 

4 shows an AFM topography and corresponding friction image of the iPP/aEPR 
blend melt pressed between glass for 30 seconds and quenched to room 
temperature. The depressed regions (dark) in the topography image correspond 
to high friction (bright) regions in the friction image and have been assigned as 
aEPR. In this image, the depressions are an artifact caused by the tip pressing 
against the soft aEPR phase. Scanning with higher load, the tip presses deeper 
into the surface of the blend. 

When the blend is melt-pressed for longer times, the /PP and aEPR phases 
grow in size, but are both present at the surface after the pressing substrate is 
removed. When the blend is melted in open air, the surface appears crystalline 
by AFM. This suggests that /PP preferentially segregates to the air/polymer 
interface - consistent with the results obtained from the αΡΡ/aEPR blends. For 
the iPP/aEPR samples, the surfaces of the air melt surfaces are too rough to 
obtain high-quality SFG spectra from, however, XPS data and the AFM images 
suggest that the segregation of iPP is thick in this case. 
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After melt-pressing, the aEPR component can be enriched at the interface 
by exposing the blend to n-hexane solvent vapor. The aEPR component is 
soluble to n-hexane and the iPP component is not. The solvent swells the aEPR 
and draws it to the interface. This is seen in AFM images obtained from 
iPP/aEPR surface exposed to n-hexane vapor, which appear amorphous and are 
mechanically softer after treatment with n-hexane vapor. The aEPR has better 
adhesive properties than the tPP component, and in practical applications 
drawing the EPR component to the surface with solvent may improve the overall 
adhesive properties of the PP/EPR blend. 

Surface molecular structure and surface mechanical properties 
of hydrogels, and adsorption at the polymer/liquid interface 

Hydrogels have been used as soft contact lenses for vision correction for 
over 30 years. In spite of the many advances that have been made to improve the 
comfort and biocompatibility of contact lenses, the interfacial properties of 
contact lens hydrogels, including surface hydration, are not well understood.20 It 
is generally believed that high water content and high surface hydrophilicity are 
desirable properties, in order to increase the wettability of tear films.21 Surface 
water content is particularly important for poly(hydroxyethyl)methacrylate 
(pHEMA) based contact lenses, which tend to dehydrate and become glassy and 
rigid when they are on the eye.22 Additionally, when a contact lens hydrogel is 
placed on the eye, protein material adsorbs to the lens from the tear fluid, which 
eventually leads to discomfort for the wearer. 

AFM and SFG experiments can be designed to measure properties relevant 
to these types of problems at both the hydrogel/air and hydrogel/liquid 
interfaces.9,23,24,25 A schematic of the specially designed AFM sample holder 
used to study both types of interfaces is shown in Figure 5. AFM measurements 
were made on fully hydrated hydrogels at the hydrogel/water interface, fully 
dehydrated (no saline in the reservoir) hydrogels at the hydrogel/air interface, 
and on hydrogels exposed to controlled humidity air at the hydrogel/humidified 
air interface. SFG and AFM experiments were performed in a similar manner, 
but with SFG using flat hydrogel samples instead of curved contact lens 
hydrogels. The surfaces of two hydrogels were compared: (a) a neutral pHEMA 
hydrogel (38% wt water when fully hydrated) and (b) an ionic hydrogel 
comprised of a copolymer of pHEMA and methacrylic acid (55% wt water when 
fully hydrated). 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

9

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



I 
' 

I 
•

 
I 

» 
I 

•
 

I 
' 

I 
-1

00
 

-5
0

 
0

 
50

 
10

0
 

15
0

 
z-d

is
pl

ac
em

en
t 

(n
m

) 

Fi
gu

re
 5

. 
Sc

he
m

at
ic

 o
f h

yd
ro

ge
l h

ol
de

r 
us

ed
 fo

r A
FM

 e
xp

er
im

en
ts

, f
or

ce
 

di
st

an
ce

 c
ur

ve
s 

ob
ta

in
ed

 fr
om

 fu
lly

 h
yd

ra
te

d p
H

EM
A 

an
dp

H
EM

A+
M

A 
co

nt
ac

t 
le

ns
es

, 
an

d 
SF

G
 sp

ec
tr

um
 o

bt
ai

ne
df

ro
m

 b
ul

k 
hy

dr
at

ed
 pH

EM
A 

hy
dr

og
el

 a
t t

he
 

hy
dr

og
el

/a
ir

 in
te

rf
ac

e.
 R

ep
ro

du
ce

d 
w

ith
 p

er
m

is
si

on
 fr

om
 re

fe
re

nc
e 

9
. 

C
op

yr
ig

ht
 

20
02

 E
ls

ev
ie

r.
) 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

9

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



125 

Surface molecular structure and mechanical behavior of hydrogels 

An SFG spectrum obtained from the hydogel/air interface of a bulk hydrated 
pHEMA contact lens is shown in Figure 5. This spectrum contains features 
associated with the hydrophobic methyl branch and the hydrophilic hydroxyethyl 
branch. In contrast, SFG spectra obtained from dehydrated hydrogels at the 
hydrogel/air interface show significantly less contribution from the hydrophilic 
side branch while SFG spectra obtained from the 'swollen' hydrogel/water 
interface are generally featureless.9 This type of behavior was also observed for 
polystyrene that was exposed to toluene (solvent) vapor.26 Toluene is a solvent 
for polystyrene and will readily penetrate a polystyrene film at ambient 
temperature. SFG spectra obtained from the toluene liquid/vapor interface 
showing that in addition to coating the surface of polystyrene, toluene penetrates 
and disrupts the ordering of the underlying polystyrene film. The results for 
pHEMA suggest that, like the hydrophobic polystyrene/toluene interface, the 
hydrophilic hydrogel is not highly ordered at the hydrogel/water interface. 

AFM indentation (force vs. distance) curves collected from the surfaces of 
fully hydrated pHEMA and pHEMA+MA hydrogels are shown in Figure 5. For 
reference, a force vs. distance curve collected against a hydrophilic silica surface 
is also shown in Figure 5. These indentation curves measure the bending of the 
AFM cantilever as the AFM tip presses against the hydrogel surface and is then 
retracted from the hydrogel. The slopes of the approach and retract curves 
contain information related to the stiffness, elastic modulus, and viscoelastic 
relaxation of the hydrogel surface. 

A large (l-μιη radius of curvature) polystyrene AFM tip was used to 
produce the indentation curves shown in Figure 5. This tip applies lower 
pressure to the hydrogel than a conventional 20-nm radius of curvature tip. 
Qualitatively, the slope of the pHEMA+MA curve is smaller than the slope of 
the pHEMA curve. The lower slope obtained from the pHEMA+MA surface 
suggests a lower stiffness and elastic modulus for the pHEMA+MA hydrogel 
surface - consistent with the lower bulk modulus of this higher water content 
hydrogel. Applying the Hertz contact model, estimates of the elastic modulus for 
the fully hydrated lenses are consistent with the measured bulk values. 
Additionally, the adhesion (pull-off force) measured between the polystyrene 
AFM tip and the hydrogel surface is much higher for the neutral pHEMA 
hydrogel than it is for the ionic pHEMA+MA lens. In aqueous solution, this type 
of behavior is associated with hydrophobic interactions occurring at the interface 
between polystyrene and pHEMA. 2 7 
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Adsorption at the polymer/liquid interface 

To further understand hydrophobic interactions, we have used SFG 
spectroscopy to investigate the interface structure of other amphiphilic neutral 
polymers, polypropylene glycol (PPG), polyethylene glycol (PEG), and a 
triblock PEG-PPG-PEG copolymer, adsorbed on hydrophobic polystyrene 
surfaces at the solid/liquid interface.28 It is commonly believed that the driving 
force for the adsorption of macromolecules to hydrophobic surfaces in aqueous 
solution is the entropy change associated with the removal of ordered water from 
the hydration shell of the macromolecules and the substrates. ' In addition 
to aiding in the understanding of the high adhesion measured between 
polystyrene and pHEMA, these types of experiments are important for 
understanding the basic mechanisms of adsorption and denaturation of proteins 
at interfaces.33 

SFG spectra in the CH stretch region obtained from amphiphilic neutral 
PPG, PEG, and a PEG-PPG-PEG copolymer adsorbed on hydrophobic 
perdeuterated polystyrene(PS) and hydrophilic silica substrates from aqueous 
solution are shown in Figure 6a and 6b, respectively. The use of perdeuterated 
polystyrene removes contributions from the substrate in the C-H stretching 
region of the SFG spectra. 

When adsorbed on hydrophobic polystyrene surfaces, the SFG spectrum for 
PPG contains features around 2840, 2870, 2940, and 2970 cm"1, assigned to the 
CH2(s), CH3(s), C H 3 Fermi resonance (CH3(F)), and CH3(a) modes, 
respectively.34 PEG is more hydrophilic and has a higher solubility in water, 
compared to PPG. The spectrum of PEG adsorbed to polystyrene contains 
vibrational features around 2865 cm'1 and 2935 cm*1, corresponding to the 
CH2(s) and C H 2 Fermi resonance (CH2(F)) modes, respectively.35 These two 
SFG spectra suggest that adsorbed PPG and PEG molecules order at the 
hydrophobic polystyrene/water interface. The SFG spectrum for a triblock 
copolymer (PEG-PPG-PEG) adsorbed on hydrophobic polystyrene surfaces 
contains features similar to the spectrum obtained from PPG. This suggests that 
the more hydrophobic PPG center block orders, producing an SFG signal, 
whereas the more hydrophilic PEG end blocks are disordered when the triblock 
copolymer adsorbs on the hydrophobic polystyrene. 

To test the role that the hydrophobic solid surface plays in amphiphilic 
neutral polymer ordering, a similar set of experiments was conducted using bare 
silica substrates in place of polystyrene. Clean silica surfaces are generally 
regarded as hydrophilic because of the presence of surface silanol groups (Si-
OH) and can be prepared as described elsewhere.36 SFG spectra in Figure 6b 
show no spectral features for any of the polymers adsorbed at the silica/water 
interface, despite large amounts of polymer adsorption measured upon removal 
of the substrate from the solution. This indicates that when amphiphilic neutral 
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a. PS/water interface b. silica/water interface 

2800 2900 3000 2800 2900 3000 

Wavenumbertcm1) Wavenumber (cm1) 

Figure 6. SFG spectra (ssumsvispir) obtained at the solid/liquid interface of PEG, 
PPG, and PEG-PPG-PEG adsorbed to (a) a hydrophobic perdeuterated 

polystyrene surface and (b) a hydrophilic silica surface. (Reproduced from 
reference 28. Copyright 2003 American Chemical Society.)  J
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polymers like PPG, PEG, and PEG-PPG-PEG adsorb on hydrophilic surfaces, 
they do not preferentially orient their hydrophobic or hydrophilic moieties.37 

To demonstrate the role of water in the alignment of adsorbed polymers at 
the interface, a set of experiments was performed using deuterated methanol in 
place of water as a solvent. SFG spectra obtained from the hydrophobic 
polystyrene surfaces and hydrophilic silica surfaces in contact with 
PPG/methanol solutions contained no measurable features, indicating that 
polymers adsorbing on the substrates do not display ordering.38 Similar results 
were obtained for PEG and the triblock PEG-PPG-PEG copolymer. 

These results indicate that hydrophobic surfaces along with water as a 
solvent are required for the ordering of adsorbed amphiphilic neutral polymers. 
This may indicate that part of the high adhesion between pHEMA and 
polystyrene correlates to ordering of the polymer (and loss of water) at the 
pHEMA/polystyrene interface. Charged polymers do not show ordering at 
polystyrene. This can explain the lower adhesion between the hydrogel and the 
tip as well as the lower friction coefficient (obtained from friction vs. load lines9) 
measured for the ionic pHEMA+MA hydrogel compared to the pHEMA 
hydrogel surface. 

Humidity dependence of hydrogel surface mechanical properties 

In an ocular enviroment, the bulk of a hydrogel contact lens is hydrated and 
the surface of the lens is exposed to air (when the eye is open). This situation is 
mimicked by the experimental setup shown in Figure 5, where the hydrogel 
surface is exposed to a controlled humidity enviroment. In this experiment, AFM 
force-distance indentation curves were obtained over a range of rates for 
different set humidity values. The measurement of rate-dependent surface 
mechanics provides information concerning the viscoelastic properties and 
relative hydration of the hydrogel surface as a function of humidity. 

Figure 7 shows two AFM indentation curves obtained at different probing 
rates from the surface of a bulk hydrated pHEMA hydrogel at 75% relative 
humidity, using a conventional sharp (20-nm radius of curvature) silicon nitride 
AFM tip.23 For the curve obtained at a slower probing rate, the cantilever bends 
less (the slope of the approach curve is smaller), indicating that for slower 
loading rates, the AFM tip presses deeper into the hydrogel as the polymer 
chains relax. Relaxation of the pHEMA hydrogel surface can be qualitatively 
assessed by measuring the slope of the approach curve as a function of probing 
rate. Figure 7c shows the dependence of the approach curve slope on the probing 
rate for humidity values between 45% and 80%. 

At low humidity, there is little rate dependence in the indentation curves. 
The slopes of the indenting (approach) curves measured from bulk-hydrated 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
00

9

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



129 

175· 

ι • I I 
•300 -200 -100 0 100 200 300 

Distance (nm) 

Figure 7. AFM force vs. distance indentation curves obtainedfrom a pHEMA 
hydrogel exposed to 75% relative humidity. Indentation curve (a) was collected 
at 10 μm/s and curve (b) was collected at 0.063 μm/s. (c) Rate dependence of the 

indent curve slope for various humidity values. (Reproduced with permission 
from reference 23. Copyright 2003 Wiley.) 
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hydrogels at low humidity are similar to those measured from bulk-dehydrated 
hydrogels. As most contact lens wearers know from experience, bulk-dehydrated 
pHEMA hydrogels are glassy. This indicates that at ambient humidity values, the 
hydrogel/air interface region of the bulk-hydrated hydrogel is dry. At higher 
humidity values, the rate dependence of the indentation curves becomes more 
pronounced, as the rate of dehydration from the surface decreases and the 
surface region of the bulk-hydrated lens contains more water. However, the SFG 
spectrum in Figure 5 suggests that at the monolayer level, the pHEMA surface is 
not fully hydrated, even under saturated humidity conditions. SFG spectra 
suggest that, at the monolayer level, the surface is frilly hydrated only when it is 
in direct contact with water (at the hydrogel/water interface). 

Similar data was obtained from the surface of pHEMA+MA. 2 4 The surfaces 
of both pHEMA and pHEMA+MA hydrogels are dry and glassy at low humidity 
and become soft as the humidity increases. However, for intermediate humidity 
values the surface of pHEMA+MA was measured to be stiffer than the surface of 
the pHEMA lens. The pHEMA lens surface is softer and retains more water than 
the pHEMA+MA lens, even though the bulk contains less water. This suggests 
that the water in the interfacial region of the neutral hydrogel contains more 
strongly bound water than the ionic hydrogel does. This observation correlates 
with clinical trials suggesting that ionic hydrogels tend to dehydrate faster on the 
eye than neutral hydrogels. 

Conclusions 

SFG spectroscopy experiments are uniquely sensitive to the molecular 
structures of interfaces and are capable of observing restructuring that occurs as 
a result of changes in the environment. When information obtained from AFM is 
combined with that obtained from SFG surface spectroscopy, a more detailed 
understanding of events occurring at interfaces is obtained. The combination of 
SFG and AFM was used to study surface segregation and wetting behavior of 
polyolefin blends. In that example, SFG provided an average surface 
composition while AFM images were able to show the lateral structure of the 
surface. SFG was used to probe the surface molecular structure and AFM was 
used to measure the mechanical properties of hydrogel contact lens materials as a 
function of hydration. It was shown that the surfaces of pHEMA based contact 
lenses are likely to be dry under normal wearing conditions. 
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Chapter 10 

Multilayered Nanoscale Systems and Atomic Force 
Microscopy Mechanical Measurements 

H. Shulha, Υ.-Η. Lin, and V. V. Tsukruk* 

1Department of Materials Science and Engineering, Iowa State University, 
Ames, IA 50011 

*Corresponding author: vladimir@iastate.edu 

The atomic force microscopy approach developed for the 
microindentation of layered elastic solids was adapted to analyze 
nanoprobing of ultrathin (1-10 nm thick) polymer films on a solid 
substrate. This "graded" approach offered a transparent 
consideration of the gradient of the mechanical properties between 
layers with different elastic properties. Some examples of recent 
applications of this model to nanoscale polymer layers were 
presented. We considered polymer layers with elastic moduli 
ranging from 0.1 to 20 MPa in a solvated state. A complex shape of 
corresponding loading curves and elastic modulus depth profiles 
obtained from experimental data were fitted by the graded functions 
suggested. 

© 2005 American Chemical Society 133 
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Introduction 

The ability to probe surface mechanical properties with nanometer-scale lateral 
and vertical resolutions is critical for many emerging applications involving 
nanoscale (1-10 nm) compliant coatings for microelectromechanical and 
microfluidic devices where nanoscale details of surface deformations and shearing 
play a critical role in overall performance.1,2,3'4'5,6 Usually, a nanomechanical 
probing experiments exploits either atomic force microscopy (AFM) or 
microindentation techniques.7,8 A number of successful applications have recently 
been demonstrated including nanomechanical probing of spin-coated and cast 
polymer films, organic lubricants, self-assembled monolayers, polymer brushes, 
biological tissues, and individual tethered macromolecules. 9· 1 0· 1 1· 1 2» 1 3· 1 4» 1 5· 1 6· 1 7 The 
absolute values of the elastic modulus have been measured for various polymer 
surfaces in the range from 0.1 MPa to 20 GPa. 

Spatial (concurrent vertical and lateral) resolution on a nanometer scale 
unachievable by any other probing technique makes AFM nanomechanical probing a 
unique experimental tool. We believe that a further expansion of the AFM-based 
probing of ultrathin (below 10 nm) polymer films in a contact mode regime will rely 
on solving several fundamental issues including the evaluation of substrate effect 
and the elastic response for multilayered coatings. In this communication, we present 
our work to adapt known approaches developed for the analysis of microindentation 
experiments of the elastic layered solids to AFM experiments. The results of 
corresponding AFM probing of several types of nanoscale polymeric coatings on 
solid substrates representing two-layered structures are reported and discussed. 

A. General contact mechanics background 

General relationships between the normal load and the elastic indentation are 
suggested in classical Hertzian and Sneddon theories, with more complex cases 
analyzed with the Johnson-Kendal-Roberts approach. Ι 8 ' 1 9 · 2 0 · 2 1 · 2 2 As considered, 
indentation depth is a function of the applied force (normal load) P, tip geometry 
(radius R or parabolic focus distance c), as well as the mechanical and the adhesion 
properties of the contacting bodies (Figure 1). The normal load for AFM 
nanomechanical probing experiments conducted is calculated as Ρ = kn- Ζαφ, where 
kn is the vertical spring constant of the cantilever deflected in vertical direction by 
Zdefl- The above mentioned R (or c) and kn as well as the Poisson's ratio, v, are 
considered to be initial system parameters, which must be known, measured, or 
calibrated before the nanomechanical analysis. 

The most general relationship between indentation depth, &, and normal load, P, 
in the course of indentation experiment can be presented in the very general form as: 
18-22 
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P = ahb (D 

where a and b are specific, model-dependent geometrical parameters (e.g., b = 3/2 
for both Hertzian and parabolic Sneddon's contacts). 

Figure 1. A two-spring model for the analysis of the loading curve for the parabolic 
tip - plane surface contact. 

On the other hand, the Sneddon's model suggests a specific and practical 
analytical relationship between the surface stiffness, dP/dh and Young's modulus, 
Ε', in the form: 

(2) 

where E' is the composite modulus. 
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From dP/dh dependence obtained from microindentation experiment and the 
calculated/measured contact area variation for a specific shape of the indentor 
(specific analytical expressions are suggested for circular, pyramidal, and parabolic 
shapes), one can evaluate an absolute value of the elastic modulus. For a routine 
estimation of the elastic modulus value for small indentation depths, the Hertzian 
model of a sphere-plane contact type is applied. 

B. Mechanical models for multilayered elastic solids 

There are several methods for the evaluation of the elastic modulus of thin films 
on solid substrates, which include microindentation and bending experiments. 
23,24,25.26.27,28,29,30,31,32 M Q f Q w | | Qf a p p l i c a b i l i t y m d limitations. A 
model, which considered the elastic deformation of the layered solids with a certain 
transfer of the mechanical load between adjacent layers, was proposed for the 
analysis of microindentation data. 3 3 , 3 4 A general key point of this approach was the 
suggestion to represent the composite compliance of two-layered solids (e.g., such as 
a film-substrate system) as a superposition of individual compliances in the general 
form: 

where Ef, Es are elastic moduli of the film and the substrate, t is the total thickness 
of the film, h is the indentation depth, and tfis a parameter defining contributions of 
different layers. This approach introduces a new measure of a level of the transfer of 
the mechanical deformation between layers represented by a specially selected 
function, the transfer function, e'M. This transfer function depends upon the total 
thickness of the layer, indentation depth, and the properties of the inter-layer 
interactions as reflected by the parameter a. The transfer function for the elastic 
layered solid has an initial small value for very small, initial deformations (h « t) 
and increases for larger deformations (h < t). 

Below, we will show that a generalized approach that starts with a simple 
definition of the depth profile as a smooth function with gradual localized changes 
provides a means for the "visualization" of the transfer function and its concise 
interpretation for complex layered solids with two- and tri-layer architectures. 
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Model for Layerd Systems 

A. Graded functions 

Here we represent a model developed for multilayered system. Details and 
derivation can be found elsewhere.35 The model proposed here is based on simple 
initial assumptions on the gradient properties of the layered systems and very basic 
arguments. It combines all major features suggested separately in several approaches 
mentioned above, and leads to a relatively simple equation for the description of the 
elastic modulus gradient for two-layered systems in the form: 

g' Ε ι 
l + expi-ûri^-E 0)(h~h 0)/(E 0h 0)) (4) 

where E0 and EI are two levels of the elastic modulus for a two-layered system, h0 is 
a point where the modulus equals half of the difference between the two layers, 

Ε (AQ ) = (EQ — Ex ) / 2, and a is a coefficient of proportionality. 

Overall, the depth profile of the elastic modulus for a two-layered system can be 
described as a superposition of the initial level and variable contribution for the two-
layered system (4) as: 

E(h) = E0+E'(h) (5) 

Modulus profile in this form can be directly used in equation (2) for fitting 
experimental data for the elastic response at a variable indentation depth. 

For the important case of a compliant film on a stiff substrate, only two unknown 
variables can be varied to fit experimental data (the elastic modulus of the top layer 
and parameter d) assuming that the elastic properties of the substrate are known. 
Usage of the proposed approach allows for the analysis of different layered 
structures. General profile of elastic modulus distribution as described by equation 
(4) is presented in Figure 2. Two different levels of the elastic modulus are separated 
by a transition zone with a gradient of the elastic properties. 
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Figure 2. The interfacial zone, T, is defined for this profile as discussed in the text. 

The variation of the elastic modulus in a wide range creates very different profiles 
including a virtually uniform distribution for a layered system with a small 
difference in elastic moduli (Figure 3). It is worth noting that here and below in 
Figures 3-5, the absolute values of the elastic modulus and the indentation depth 
were selected only for illustrative purposes, can be very different for different 
layered models, and are not to be used for the comparison between different layered 
models. 

Figure 3. Influence of the elastic modulus of the topmost layer on the total depth 
distribution of the elastic modulus of the two-layered solid (Ει = 80000MPa). 
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90000! 
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Depth, nm 

Figure 4. Influence of the transition parameter a on the overall shape of a 
hypothetical two-level depth profile of the selected elastic moduli (E0 = 85000MPa 
and Εχ = SOOOMPa). 

The width of this transition zone between two layers is determined by the 
parameter a through the transition function. A high value of this parameter 
corresponds to a very sharp interfacial zone resulting in a step-like shape of E'(h) 
(Figure 4). Decreasing or-value results in a gradual broadening of the step-function 
with the formation of a virtually continuous gradient for a very low value of 
a (Figure 4). 

For practical purposes, instead of "non-transparent" parameters a, we introduce 
the thickness of the transition zone as the major fitting parameter as illustrated in 
Figure 2. We calculate the "effective" thickness of the transition zone, Γ, as a 
distance between two points representing the intersections between two levels of 
elastic moduli and the slope to the fitting curve in the point where the value equals 
the average of the above mentioned moduli. This parameter has direct physical 
meaning as a measure of the sharpness of the transition zone between layers (see 
Figure 2 for the definition of the thickness of the transition zone). A reasonable 
physical value of this parameter and its correlation with expected or known 
structural gradients (e.g., controlled by processing, deposition, or synthetic routine) 
are important verifications of the concept and the fitting procedure as will be 
discussed below. 
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Using this expression, even more complicated a tri-step graded function can be 
simulated to analyze the surface structure with a complex profile of stiff on 
compliant on stiff type (Figure 5). By the variation of the transition zone gradient, 
this step-function can be converted from a sharp step function to a smooth function 
with a minor depletion in the middle. On the other hand, by changing the level of the 
elastic modulus for the intermediate layer, this function can be converted to the tri-
layer function with ascending or descending elasticity (Figures 5). 

Figure 5. a) The variation of the transition parameter a in a hypothetical tri-layered 
system with selected values of elastic moduli (E0 = 50000MPa, Ej = SOOOMPa and 
E2 = 45000MPa). Decreasing a results in the broadening of the transition zone and 
disappearance of the sharp steps, b) Influence of the elastic modulus of the 
interlayer on the depth distribution of the elastic modulus of the tri-layer system 
presented above (E0 = 50000MPa and E2 = 25000MPa). 
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Β. Issues with nanomechanical probing. 

Here, it is important to mention several other critical contributions, which could 
affect force-distance data and are not accounted for in the model discussed here. 
First, strong adhesion between the AFM tip and surface can disturb the initial 
portion of loading curves and result in significant overestimation of the elastic 
modulus level at small indentation depth. We analyzed this contribution in our 
previous publication 3 6 and demonstrated significance of the adhesion hysteresis and 
initial non-zero contact area for very compliant polymeric materials with high 
adhesion (e.g., polar rubbery layers with the elastic modulus below 2 MPa and 
surface energy much higher than 20 mJ/m2) in air. For these materials, an application 
of the Hertzian model resulted in manifold overestimation of the elastic modulus for 
small indentations. A complete Johnson-Roberts-Kendall model should be applied 
that makes consideration significantly more complex and requires additional non-
trivial measurements. However, for compliant materials with modest adhesion and 
higher stiffness, this overestimation is limited to a few initial several data points and, 
thus, the approach discussed here can be applied. 

Second, a viscous contribution (time-dependent mechanical properties) can be 
critical in defining an overall shape of loading curves for viscoelastic polymeric 
materials. As we discussed earlier, this phenomenon would result in a concave shape 
of the force-distance curves, which, in fact, is sometimes observed.27,40 This 
contribution can be treated by applying Johnson's recent development 3 7 as was 
discussed in separate publications. 2 7 3 8 Third, the surface roughness of the layers 
studied here is extremely low, thus, virtually eliminating any significant scattering in 
the first few data points observed for rough surfaces. 

Experimental Data for the Selected Layered System: Polymer 
Brushes in Fluid 

Here, we present a recent example of application of the approach described here 
to a complex case of a very complaint polymer layer grafted to a solid substrate and 
placed in selective solvent. AFM experiments were done according to the 
experimental procedures described elsewhere.39,40 Spring constants were selected in 
the range from 0.1 to 0.4 N/m depending on sample elasticity and measured 
according to described technique.41 Tip radius was measured with a gold 
nanoparticle reference standard.42 Experimental force-distance data (cantilever 
deflection versus piezoelement displacement) collected in the force-volume mode 
were processed by MManalysis software package developed in our laboratory with 
an added option for the multilayered analysis. 4 3 
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Polymer brush layers are composed of macromolecules chemically grafted to a 
solid silicon substrate through a mediating functionalized self-assembled monolayer 
(Figure 6). 4 4 In the case considered here, a binary polymer brush layer was prepared 
from rubbery poly(acrylic acid.) (PAA) and glassy poly(styrene) (PS), both with high 
molecular weight, grafted to a silicon wafer by the "grafting to" approach as 
described elsewhere.45,46,47 An array of force-distance curves was collected for the 
surface areas of 0.7 χ 0.7 μηι. Surface topographical images were obtained before 
and after the experiments to confirm that deformations were elastic. 

An example of the force-distance curve for the binary polymer brush (PS/PAA) 
placed in a good solvent for PAA (water) is presented in Figure 7. Under this 
solvent, polymer chains were highly swollen and possessed very low elastic modulus 
as expected for polymers in a good solvent48 Under these conditions, force-volume 
probing with very low normal forces generated an array of force-distance curves 
with a complex shape showing two regions with different slopes. 

Figure 6. a) A general sketch of Y-shaped polymer brush layer with polymer chains 
tethered to the solid substrate via SAM.45 b) Chemical formula and molecular model 
of PS/PAA brush. 47 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
01

0

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



143 

-2-1 , . , . , ρ , r-
0 1 2 3 

Load, ηΝ , Ν 

ν) 

Figure 7. a) An experimental average loading force distance curve obtained for the 
system under water on suffer surface in Y-shaped binary brush layer.46'47 b) Fitting 
the experimental loading curve (circles) by the two-layered model (solid line). 

Accordingly, the loading curve with the indentation depth reaching 8 nm 
displayed a complex shape, which deviated significantly from normal Hertzian 
behavior expected for a uniform elastic material (Figure 7). Individual force-distance 
curves had similar shapes with higher level of noise removed by the averaging of a 
significant number of experimental curves. 

The best fitting of the loading curve and the depth profile can be obtained by 
using a very low elastic modulus value of 9 MPa for initial deformations not 
exceeding 6 nm. This very compliant region is replaced with rising elastic resistance 
for larger indentation depth caused by the presence of the underlying solid substrate 
(Figure 8). But it is worth to note that the stable compression of the hard solid 
substrate can not be done with this soft cantilever according to the previous 
estimates.49. That is why the experiment was conducted on the depth that did not 
exceed the height of the molecular in the swollen state and the brush was considered 
as two-layered system. 
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Figure 8. Fitting the experimental data on the depth distribution of the elastic 
moduli of polymer layer in water (circles) with the twoAayered model (solid line). 

Conclusions 

We suggest that the approach proposed, if applied carefully and properly, can be 
used for the analysis of multilayered elastomeric materials with an appropriate 
thickness of different layers and efficient load transfer between layers and between 
layers and substrates under conditions of purely elastic deformation. The approach 
has limitations related to its eligibility only for purely elastic, completely reversible 
deformations without any contribution from plastic deformation, viscoelastic 
phenomenon, strong adhesion, and high friction. We demonstrate that despite these 
limitations, the approach proposed can be successfully applied toward complex 
surface layers including polymer layer swollen in solvents with potentially complex 
distribution of the elastic properties. 
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Chapter 11 

Probing Single Polymer Chain Mechanics Using 
Atomic Force Microscopy 

Pamela Y. Meadows, Jason E. Bemis, Sabah Al-Maawali, 
and Gilbert C. Walker 

Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

Abstract 

Polymer and protein adsorption play important roles in processes such as the 
fouling of ships to determining the biocompatibility of surfaces. By 
understanding the mechanics involved in polymer-surface interactions, new 
insight can be obtained into designing surfaces that resist biofouling. With the 
atomic force microscope's (AFM) unique ability to measure small magnitudes of 
force (< 20pN) as a function of tip-sample separation, it has become an essential 
tool for studying ligand-receptor adhesion forces, polymer elasticity, and the 
folding kinetics of many biological systems. In the review presented here, we 
will investigate the elastic properties of polystyrene-b-poly-2-vinylpyridine (PS­
-P2VP) chains from spun-cast films,1 characterize the polydispersity of 
poly(dimethylsiloxane) (PDMS) surfaces,2 and estimate the stability of an 
adhesion promoting protein (fibronectin, FN) as a function of protein surface 
density.3 

148 © 2005 American Chemical Society 
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Introduction 

Single Polymer Chain Elongation by Atomic Force 
Microscopy1 

Studies of PS-P2VP adhesion to an AFM probe were examined and 
modeled. Adhesion models between two surfaces such as Johnson, Kendall, and 
Roberts theory (JKR)4 could not be used since the macroscopic models fail to 
describe the adhesion of surfaces linked by a single or multiple polymer chains. 

Figure 1 shows a typical force plot obtained for PS60800-P2VP46900 (the 
numbers after the block name indicate the molecular weight of each individual 
block in units of Daltons). As the tip contacts the surface, one or more polymer 
chains can physisorb to the tip. Once the AFM piezo retracts from the surface 
(A), the polymer chains become elongated as can be seen in Β and C of Figure 1. 
Here, the AFM probe experiences elastic tension due to the attached polymer 
chain, giving rise to the increase in force. At point C, the polymer chain breaks 
free from the tip, resulting in a return to zero tip deflection (D). The length (58 
nm) and force (180 pN) at point C characterize the behavior of the extended 
polymer chain; data between points A through C are fit by theoretical models 
(dotted and solid lines). 

0.05,—, , . , , , , — , 

-0.2 L L 
10 20 30 40 50 60 70 

Tip-sample separation [nm] 

Figure 1: A force plot obtained for the extension of PS60800-P2VP46900 
with tip illustration of polymer dynamics occurring during forced extension. 

The solid line is a WLC fit to the data giving parameters of 5.75 Â 
(persistence length), 0.90 (extension ratio), and α χ2 of 1.52. The dotted line 
represents a FJC fit with 5.86 À obtained for the Kuhn length, 0.96 for the 

extension ratio, and αχ2 of 1.45. (Reproduced with permission from reference 
1. Copyright 1999) 
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Two principal models5 used to explain the entropie elasticity of polymer 
stretching events are the freely jointed chain (FJC) and the wormlike chain 
(WLC) models. In the FJC model, the force-distance dependence is described 
by Equation 1 where L*(R) is the inverse Langevin function, L*(R) = β, with the 
Langevin function L(R) = coth(P) - 1/β. 

F = 
V 

(1) 

Here F represents the tension between two points in units of nN, k is the 
Boltzmann constant (aJ/K), Τ is the temperature in units of Kelvin, and A k is the 
Kuhn length in units of nm. R represents the unitless extension ratio and can be 
defined as the fraction of the polymer's contour length that is extended. In the 
WLC model, the force-distance behavior is described by Equation 2 where q is 
the persistence length in nm. 

F = | — 
4 ; 4(l — /?) 4 

(2) 

Figure 1 demonstrates a fit of the polymer elastic response to both the FJC 
model (dotted line) and the WLC model (solid line). The major difference in the 
fitting of the data by these two models occurs in the low force, low extension 
region (25 to 45 nm). However, due to the noise in the data and as Table 1 
demonstrates with the χ 2 values, neither model can be assigned as the better fit. 
The analysis of the distribution using these models can be seen in Table 1. 

Table 1: Fitted Parameters for the WLC and FJC Models 

WLC FJC 

Polvmer median mean y2 median mean χ 2 

persistence Kuhn 
length. Â leneth. Â 

PS7800- 3.0 ± 2 . 6 0.70 ±0.15 3.6 ±2 .7 0.74 ±0 .17 
PVP10000 
PS13800- 2.4 ±2 .1 0.41 ± 0.26 3.0 ± 4.0 0.49 ±0 .35 
PVP47000 
PS52400- 2.9 ± 11.3 0.40 ±0.18 4.0 ±11 .6 0.42 ±0 .18 
PVP28100 
PS60100- 4.5 ± 14.0 0.72 ± 0.44 5.8 ± 10.5 0.70 ±0 .44 
PVP46900 

Evidence of Single Molecule Measurements 
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It is now important to determine whether the single rupture force plots seen 
in Figure 1 represent the extension of a single polymer chain or the extension of 
multiple chains. Using Equation 3, it is possible to estimate the chain diameter 
that is being elongated with the AFM tip. 

(3) 

Here D represents the chain diameter, q is the persistence length obtained from a 
WLC fit, k is the Boltzmann constant, Τ is temperature, and Ε represents the 
Young modulus which has a value of 3 GPa for polystyrene. Analysis shows the 
molecular diameter to be 2.5 ± 0.5 Â which suggests that either a single chain or 
chains in series are being extended. 

We can eliminate the extension of chains in series as a probable event by 
looking at the polymer contour length obtained from the AFM measurments. 
The mean length of polymer extension obtained with AFM is plotted versus the 
chain length (estimated from the covalent radii of carbon, the carbon-carbon 
bond angle, and the number of monomers in the chain) in Figure 2 (solid line). 
As the chain length increases, the probability of entanglement increases, and 
therefore, the length to which the AFM probe can extend the polymer from the 
surface is smaller as well. Also in Figure 2, an estimate of the contour length of 
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Figure 2: A plot of four block copolymers ofPS-P2VP of varying molecular 
weights. The solid line is a plot of the rupture length obtained from AFM 
measurements versus the chain length. The upper dashed line is the chain 
contour length between the tip and surface estimated from the extension 
ratios from the WLC fit. (Reproduced with permission from reference 1. 

Copyright 1999) 
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the chain between the tip and surface is plotted versus the chain length (dashed 
line). The contour length estimation was made using the extension ratio 
obtained from the WLC fits. Since the estimated contour length is significantly 
less than the length estimated from the molecular weight, we can exclude the 
case that chains in series are being extended from the surface by the AFM tip. 
Further evidence for single molecule measurements comes from the persistence 
length of 3 to 4 Â. Data obtained from X-ray and neutron scattering have 
obtained values on this same order,6 providing further evidence that the single 
rupture force plots involve the extension of a single polymer chain. 

Multiple Elastic Responses Can Indicate Single Molecule Measurements 
Figure 3 illustrates a less frequent case where multiple elastic ruptures are 

observed when the tip retracts from the polymer covered surface. The origin of 
these ruptures could arise from multiple chains breaking free from the tip or 
multiple attachments of a single polymer chain rupturing from the AFM probe. 
To determine whether the multiple ruptures correspond to a single molecule or 

0.05 

20 40 60 80 100 120 140 160 
Tip-sample separation [nm] 

Figure 3: Force plot of PS60800-P2VP46900 displaying multiple elastic 
responses. A) The multichain, multipersistence length WLC model (solid line) 
with the dashed lines representing the individual chain responses gives the 
following values for persistence length ( from left to right): 1.9, 12, 22, 63, 
21, and 4.7 A. The χ2 is 1.09. B) The single chain, single persistence length 

WLC model gives a persistence length of0.44nm with α χ2 of 1.96. 
(Reproduced with permission from reference 1. Copyright 1999) 
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multiple polymer chains, the data were fit by several models. In Figure 3A a 
multichain, multipersistence length model was used while the data in Β was 
modeled by a single chain with a single persistence length. As noted in the 
caption, the multichain model yielded higher persistence lengths. The data were 
also fit to a multichain, single persistence length model (not shown), giving a 
persistence length of 5.7 Â and a χ 2 of 2.54 which is greater than the single 
molecule, single persistence length model. Because of the correct persistence 
lengths and molecular diameters obtained with the single chain model compared 
to the multichain models, it can be concluded that the multiple ruptures observed 
in Figure 3 are more likely to arise from multiple polymer attachments of a 
single chain to the AFM tip rather than the extension of multiple polymer chains. 

Polydispersity of Grafted Poly(dimethylsiloxane) Surfaces 
Using Single-Molecule Atomic Force Microscopy2 

Synthesis of polymers through polycondensation or free radical mechanisms 
produce molecules of various molecular weights and hence lengths.7"9 The 
polydispersity index (PI) is used to describe the chain length distribution of the 
polymer solution and can be expressed by Equation 4. 

PI = MwIMn (4) 

Here Mw is the weight average molecular weight (g/mol) where M n is the 

number average molecular weight. If the solution is monodisperse, the 
polydispersity index will have a value of 1. Gel permeation chromatography 
(GPC), light scattering, and vapor pressure osmometry have been used to 
quantify the polydispersity of polymer solutions, but few methods exist that 
quantify the molecular distribution at surfaces.7,9 Here, we use an AFM to study 
poly(dimethylsiloxane) (PDMS) and its molecular distribution on hydroxyl 
terminated silicon surfaces. Molecular weights of 3000 and 15000-20000 were 
studied with contour lengths of 11 and 50-80 nm respectively. 

Figure 4 and Table 2 show the distribution of polymer chain lengths 
obtained with varying volume ratios of PDMS and CH2CI2 as obtained by AFM 
extension measurements and the WLC model. Data obtained from GPC can also 
be seen in Figure 4. The shift of the distribution toward higher contour lengths 
with increasing peak widths as the PDMS:CH2Cl2 volume ratios increase 
indicates a preferential adsorption of longer chains at higher volume ratios. At 
the most dilute PDMS:CH2C12 ratio, the AFM data correlate well with analysis 
performed using GPC. 
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Figure 4: AFM distributions of the contour length obtained 
for different PDMS.CH2CI2 volume ratios along with the 
results from GPC. (Reproduced with permission from 
reference 2. Copyright 2001.) 

Table 2: Peak Heights and Widths at Different PDMS:CH2C12 Volume 
Ratios using Gaussian fits 

PDMS:CH2CI2 
Peak Positions at Peak Widths PI 

Volume Ratios Highest (nm) 
Probabilities (nm) 

0.005 40.0 63.2 1.56 
0.04 52.7 85.4 1.56 
0.11 69.9 119.7 1.47 
0.16 101.0 152.7 1.4 

The observance of preferential adsorption of higher molecular weight polymers 
at higher concentrations is consistent with other studies that analyzed the 
remaining unreacted solution.7"9 This observation is illustrated qualitatively in 
Figure 5 using Flory-Huggins theory7 where the entropy of mixing is plotted 
versus the polymer chain length. Longer chains are more likely to react at the 
surface since their entropy of mixing per mass is lower than shorter chains. 

From the AFM results for the contour lengths, an estimation of the polymer 
molecular weight can be made using Equation 5 where the molecular weight of 
one siloxane monomer is 74 and 0.28 nm is the length of one monomer. 
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Figure 5: A plot of the entropy of mixing as a function of 
polymer chain length using Flory-Huggins theory.7 The lines 
indicate peak positions of the AFM results for contour lengths 

of PDMS at different PDMS:CH2Cl2 ratios. (Reproduced 
with permission from reference 2. Copyright 2001.) 

M . =
 l- (5) 

1 0.28 

The polydispersity index can then be calculated using Equation 4 after 
calculating the weight average molecular weight and number average molecular 
weight using Equations 6 and 7. 

Μη=^ΣΜ' (6) 

Σ*<2 

The PI obtained from the AFM stretching experiments (1.56) was close to the 
value obtained from GPC solution measurements (1.62) at lower PDMS:CH2C12 
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ratios. Thus, there is significant potential for AFM to analyze contour lengths of 
macromolecules at surfaces. 

Single Molecule Force Spectroscopy of Isolated and 
Aggregated Fibronectin Proteins on Negatively Charged 

Surfaces3 

Much emphasis has been placed on understanding protein adsorption on 
surfaces. Failure of many implant materials arises because of protein adsorption 
to surfaces which then results in a cascade of reactions, some of which involve 
cellular adhesion, activation, and formation of thrombi. Surface chemistry, 
topography, protein concentration, solvent viscosity, and ionic strength are just a 
few factors that have been observed to regulate protein and cellular adhesion. In 
the work presented here, we use an AFM to obtain information about an 
adhesion promoting protein's stability on negatively charged surfaces in the hope 
of gaining insight on a surface's effect on protein adsorption. 

Mechanical Behavior of Single, Isolated Fibronectin Molecules on a Mica 
Substrate 

Images of the prepared surfaces were collected in intermittent contact mode 
followed by molecular pulling experiments in region-specific surface areas. 
Figure 6 shows two images obtained in water purified to 18ΜΩ·αη resistivity, 
one of a control surface and one with fibronectin (FN) deposited for 5 minutes at 
a concentration of ^g/mL. Phosphate buffered saline (PBS), although 
resembling physiological conditions, could not be used because protein 
desorption prevailed, resulting in tip contamination. 

Figure 6: Images showing before (left) and after (right) protein deposition 
on mica. The larger molecules in the right image represent single molecules 

of fibronectin. (Reproduced with permission from reference 3. Copyright 
2003.) 
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As can be seen in Figure 6, the proteins adopt a more compact conformation 
with a height exceeding 8 nm. In a rough approximation, a single FN molecule 
adopting a spherical conformation should have a height close to 10 nm, 
indicating the proteins in Figure 6 are not aggregated but rather single FN 
molecules which were then selected for extension measurements. 

To ensure that only single, isolated molecules were probed using 
uncontaminated tips, we first collected images of the surface and collected our 
force-extension measurements on selected regions of the surface. Force plots on 
bare regions of the substrate were then obtained with less than 0.1% of the force 
plots showing stretching events, indicating the ruptures in previous force plots 
had not been due to a contaminated tip. High-resolution topographic imaging 
was also performed after pulling experiments, demonstrating the tip had not 
become contaminated. These images also provided proof that the selected 
proteins had remained adhered to the substrate during probing. 

Figure 7 displays the results from the extension of single, isolated FN 
molecules on a mica surface. As can be seen in this Figure, the difference in 
length between successive ruptures was calculated using the points of the 
cantilever's maximum extension. When neglecting the last rupture, indicative of 
protein-tip rupture, a most probable length of 9.5 ± 0.5 nm was obtained. This 
length does not correlate with literature reports (25.1 ± 0.510 or 28.5 ± 4.0 nm11) 
for Type III domain unfolding events, a domain type found in fibronectin. 

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80 90 
Tip-Sample Separation (nm) Δ Length (nm) 

Figure 7: (Left) A force plot obtained for a single, isolated FN molecule on 
mica. The lines at the cantilever's maximum extension represent how the 
length between successive ruptures was calculated. A histogram of this 
length can be seen on the right with a peak position of 9.5 ±0.5 nm using a 
Lorentzian fit. (Reproduced with permission from reference 3. Copyright 
2003.) 
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Possible explanations for this short length could be the result of interdomain 
interactions, domain intermediates, or a specific protein-surface interaction. 
Interdomain interactions were eliminated as a candidate by repeating the 
experiment using 1M guanadinium hydrochloride (GdmHCl), a reagent 
documented to minimize these forces.12 More extended protein conformations 
were observed in the surface images, and a most probable length of 14.5nm was 
obtained. This slightly longer length is consistent with the dénaturant extending 
the protein on the surface, but it is still much shorter than the value obtained for 
domain unfolding. We could not eliminate the possibility of an intermediate 
giving rise to the short length since salt deposition prevailed when using 4M 
GdmHCl. However, as will be discussed later, the length observed in our single 
molecule measurements most likely result from a specific surface protein 
interaction and not the 10 nm intermediate predicted from molecular dynamics 
simulations.13 

Mechanical Behavior of Fibronectin Aggregates 
Because domain unfolding events were not observed in our single molecule 

experiments, we explored the possibility that the isolated proteins had undergone 
partial denaturation due to their surface adsorption. Several groups14 have 
observed that an increase in protein concentration stabilizes neighboring proteins 
and prevents their denaturation, perhaps by protecting the domains from 
interacting with the surface. Figure 8 shows the results from our aggregate 

0 50 100 150 200 250 300 

Tip-Sample Separation (nm) 
Figure 8: (Left) A force plot obtained for aggregates of FN on mica with the 
right panel showing a distribution of the lengths between successive ruptures. 
A peak position of 26.2 ±0.6 nm, indicative of Type III domain unfolding 
events was obtained. (Reproduced with permission from reference 3. 
Copyright 2003.) 
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studies. We now see a peak shift from 9.5 ± 0.5 nm to 26.2 ± 0.6 nm, a length 
agreeing with literature reports for Type III domain unfolding events, suggesting 
aggregation is needed for protein stabilization. 

Estimating Protein Stability Using Atomic Force Microscopy 
The energy landscape a molecule traverses during its forced extension can 

be modeled. Several theories have been developed, perhaps the most widely 
used being the Bell-Evans approach,15 which allows information about the 
transition state and the barrier kinetics to be obtained. The basis of the Bell-
Evans model involves the rupture force showing a dependence on the rate at 
which the force was applied to the system, i.e. the loading rate (r). As Equation 
8 demonstrates, there is a logarithmic dependence of this rupture force (F) on the 
loading rate. 

r w Λ 
(8) 

^ kBTt 

F =-2—In k° k 

Here xp represents the distance from the free energy minimum to the transition 
state, and k o f f is the rate of unfolding under zero applied force (F). When 
collecting data over a range of loading rates, a plot of rupture force versus the 
ln(r) will reveal linear regions, each region corresponding to a barrier overcome 
by the system during its forced extension. Complications can arise though with 
Equation 8 when studying flexible polymers and proteins since these systems do 
not display linear elastic properties. However, other groups16 have shown a 
linear dependence of the rupture force versus the logarithm of the loading rate 
when unfolding proteins. Figure 9 shows two of the results obtained in our 
studies. 

Panel A represents single molecule studies, excluding the last rupture in the 
force plots which again represents protein-tip detachment, and Panel Β 
represents force plots containing only a single rupture. The Bell-Evans model 
gives parameters nearly identical for these two analyses indicating that our single 
molecule experiments with a length between ruptures of -9.5 nm involves a 
specific protein surface interaction and does not represent a domain intermediate 
being observed. Furthermore, domain unfolding events show only one barrier 
being overcome in their forced extension and subsequent unfolding (data not 
shown). 

It is also worth noting that the values obtained for the distance from the free 
energy minimum to the transition state projected along the direction of applied 
force (xp) using the Bell-Evans approach are unrealistic for the second linear 
region in Figure 9. A more realistic barrier position, height, and reaction kinetic 
information could be obtained using a newer model reported in the literature by 
Hummer and Szabo (data not shown).17 
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Figure 9: Force vs. loading rate plots for single molecules of FN on mica. 
Plot A includes all ruptures except the final one while Plot Β contains only 
force plots with a single rupture, indicative of protein-tip detachment. Values 
obtained from the Bell-Evans model for Χβ, and AG(0) are as follows: (Left): 
0.20 ± 0.05 nm, 16.8 ± 0.6 kcal/mol; 0.021 ± 2E-3 nm, 14.7 ± 0.28 kcal/mol 
and (Right): 0.21 ± 0.095 nmt 16.2 ± 1.0 kcal/mol and 0.020 ± 1.2E-3 nm, 
14.6 ± 0.18 kcal/mol. Because of the similarities between these plots, it is 
most likely that the single molecule studies were probing a specific surface-
protein interaction. (Reproduced with permission from reference 3. 
Copyright 2003.) 

Therefore, when FN is adsorbed on negatively-charged surfaces, AFM has 
demonstrated that aggregation is essential for domain unfolding events to be 
observed. Plots of the length between successive ruptures, rupture force, and 
loading rate plots confirm that isolated, single molecules on the surface are 
already partially denatured prior to their extension by AFM. 
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Chapter 12 

Application of Probe Microscopy to Protein 
Unfolding: Adsorption and Ensemble Analyses 

Richard Law, Nishant Bhasin, and Dennis Discher* 

Biophyscial and Polymer Engineering Lab, Chemical and Biomoleculer 
Engineering, University of Pennsylvania, 112 Towne Building, 

Philadelphia, PA 19104 

Single molecule force probe microscopy enables precise 
mechanical measurements on polymers and proteins that have 
been first adsorbed to a substrate. Extensibility is indeed 
central to biological function for many proteins such as the 
spectrin superfamily of cytoskeletal proteins that consist of 3-
helix repeated structures. Here we present recent ensemble­
-scale analysis of force probe measurements on several spectrin 
constructs in the context of initial efforts to account for 
surface adsorption effects. Saturable adsorption of protein is 
first demonstrated and used to extract a surface interaction 
energy for spectrin on mica. Surface probing with 1000's of 
AFM-contact extensions show sawtooth patterns that peak at 
relatively low forces (< 50 pN) and with one or more (tandem) 
repeat unfolding events. ID kinetic modeling of protein 
unfolding processes in competition with desorption show that 
surface adsorption effects delimit experimental datasets by 
introducing extension-terminating processes related to 
adsorption energies. In sum, protein adsorption may be a 
prerequisite for extensible unfolding of proteins by AFM, but 
desorption is readily modeled by simple expressions that fully 
capture ensemble-scale statistics of these types of single 
protein unfolding experiments. 

162 © 2005 American Chemical Society 
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Introduction 

Atomic force microscopy has been widely used in various single molecule 
studies including biotin-avidin bond-rupture force measurements (1), the elastic 
response of double and single-stranded DNA molecules (2), the extensibility of 
random flight biopolymers (3), and the unfolding of various multi-domain 
proteins (4-8). In general, the measurements involve extending molecules that 
are either on or near a surface (e.g. mica), enabling the characterization of 
stretching and perhaps transition forces such as unfolding. Results reveal an 
energy landscape that underlies these processes in ways that are not otherwise 
accessible via other techniques. Protein unfolding, in particular, increasingly 
explains cell-scale phenomena ranging from stress-facilitated cell adhesion 
attachment (9) to cytoskeletal viscoelasticity (10,11). Extensible unfolding of 
single proteins by AFM was initially reported to yield similar kinetic parameters 
to solution unfolding by dénaturants (12), but subsequent mutagenesis studies 
have suggested different pathways, hence different kinetics (13). Not considered 
to date, however, has been the relationship(s) of forced unfolding to protein 
adsorption and substrate interactions. 

Spectrin family proteins have multiple tandem repeats of extensible three-
helix folds and are thus highly suitable for AFM measurements of extensible 
unfolding. Forces to unfold are known to be relatively low (3,4) but still 
compete successfully with forced desorption. Moreover, the spectrin network 
that crosslinks actin filaments in the red cell is well-known for its resilient 
elasticity (14), although the sub-molecular basis for network softness is not 
completely clear. The high homology between α-actinin's four repeat rod 
domain and at least the four repeat, actin-binding ends of red cell αϊ- or βΐ-
spectrins strongly suggests contiguous helices between tandem erythroid 
repeats. Such helical linkers are intriguing in their implications for spectrin 
extensibility and red cell elasticity, because force-propagated unfolding from 
one repeat to the next might explain both thermal-softening (15) and strain-
softening of the intact erythrocyte network (11,16). 

Here we applied the AFM method of single molecule mechanics to purified 
red cell cd- or βΐ- spectrin monomers. The goal is to study unfolding pathways 
in sufficient statistical detail to begin commenting on competition with 
adsorption/desorption. Although the work focuses on spectrin, the aim is to 
further develop general characteristics of single molecule AFM measurements in 
order to facilitate future experimental work with different proteins and different 
surfaces or AFM tips. Following adsorption studies, full analyses of the 
thousands of force spectrograms for each protein are done by first categorizing 
each according to the number of peaks as well as the sawtooth patterns' peak-to-
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peak lengths and force amplitudes. From scatterplots of force versus length, a 
common force scale for unfolding both single and multiple (tandem) repeats is 
clarified together with single and multi-chain unfolding events. Relative 
frequencies of unfolding states or pathways are also explored in order to begin 
simple modeling with explicit inclusion of substrate adsorption effects. 
Experimental results compare well to simulations that are extended to longer 
spectrin chains as generally found in nature. 

Experimental Methodologies 

Protein Preparation 

The four N-terminal repeats of the 17 domain erythroid βΐ-spectrin ( β ^ ) 
and the last four repeats of αΐ-spectrin (ai8.2i) (Table 1) were expressed 
recombinantly and prepared as described (17). Two and three repeat truncations 
of these two constructs were also studied. Monomer was purified by gel 
permeation chromatography in phosphate-buffered saline (PBS) and kept on ice 
for AFM studies. Purified a- or β-spectrin constructs exist only as monomers in 
solution. Immediately before use, any protein aggregates were removed by 
centrifugation at 166,000g at 2°C for 1 hour; dynamic light scattering was used 
to verify monodispersity prior to experiments. 

An AFM experiment began by adsorbing 0.03-0.1 mg/ml protein (50 \£L 
drop) for 15 min at room temperature onto either freshly cleaved mica. The 
surface was then lightly rinsed with PBS and placed without drying, under the 
head of the AFM; all measurements were carried out in PBS. Lower protein 
concentrations generated minimal AFM results; higher protein concentrations 
showed higher unfolding forces, proving consistent with the conclusions below 
which indicate that domains in multiple, parallel chains will be forced to unfold 
all at once. Fluorescence imaging of labeled spectrin demonstrated 
homogeneous adsorption to the surface, and AFM imaging after scratching the 
surface further showed that no more than a monolayer of molecules covered the 
substrate (8). Fluorescence adsorption to various surfaces was done before the 
A I M experiments by using an ammonolysis reaction to label protein with the 5-
(and-6)-carboxytetramethylrhodamine, succinimidyl ester. Free dyes were 
separated from labeled proteins using centrifugation filters and chromatography. 
The labeled proteins were allowed to adsorb to mica under the same 
experimental conditions for AFM as described above. 
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Dynamic Force Spectroscopy 

Two AFMs were used with similar results: (i) a Nanoscope Ilia Multimode 
AFM (Digital Instruments, Santa Barbara, CA) equipped with a liquid cell and 
(ii) an Epi-Force Probe from Asylum Research. Sharpened silicon nitride (SiN3) 
cantilevers (Park Scientific, Sunnyvale, CA) of nominal spring constant kc = 10 
pN/nm were commonly used, with equivalent results obtained using 30 pN/nm 
cantilevers. Icc was measured for each cantilever by instrument-supplied 
methods, and additional calibrations were performed as described previously 
(8). Experiments (at ~23°C) were typically done at imposed displacement rates 
of 1 nm/msec as well as at 0.5 and 5 nm/msec. For any one speed, thousands 
(eg. 6000-7000) of surface to tip contacts were generally collected and later 
analyzed with the aid of a custom, semi-automated, visual analysis program. 
For a many hour experiment, initial results compared very favorably with results 
obtained near the end of the experiment. 

Results and Discussion 

Surface adsorption effects in protein unfolding 

Protein adsorption and desorption are key processes in AFM experiments 
on extensible unfolding of proteins. For the AFM tip to successfully pick up 
and unfold the protein, the protein must adsorb to both the substrate and the 
AFM tip. To investigate spectrin adsorption, we performed a fluorescence 
adsorption study on the four repeat βι_4 and the two repeat βι.2 constructs. The 
intensity or adsorbed mass for various concentrations of the labeled proteins was 
measured using fluorescence microscopy. Figure 1 plots the adsorbed 
mass/intensity versus concentration and shows that β ^ , the smaller sized 
construct, adsorbs less to the substrate compared with the larger sized βι. 4. The 
graphs fit very well to the saturable Langmuir adsorption isotherm. The 
adsorption constant Κ for β Μ was found to be smaller (0.09 mg/ml) than that for 
βι.2 (0.5 mg/ml) indicative of stronger interactions in adsorption of βι_4 with the 
substrate. 

Protein adsorption factors include molecular properties of the protein, 
microenvironment (e.g. buffer, salt), substrate properties (charge), and time 
allowed for adsorption. Since the last three factors were the same for both 
constructs, the adsorption differences reflect molecular differences in protein 
size, structure, charge, etc (18). The larger sized β Μ construct obviously has 
larger surface area for contact with more subunits to interact with the mica 
substrate, providing some rationale for the smaller Κ (tighter interactions). 
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Table 1 Percentage of spectrograms with analyzable 
unfolding curves (i.e Npk > 3) out of 6000-7000 contacts. 

Construct Spectograms with NPk ̂  3 

820-21 4.9% 
βΐ-2 2.8 % 

βΐ-3 3.0% 

βΐ-4 8.3% 

16000H H i - 2 

Concentration (mg/ml) 

Figure 1. Adsorbed mass, a, versus bulk concentration, c. Both the βι^ and βι.2 

were pre-labeled with the 5-(and-6)~carboxytetramethylrhodamine~succinimidyl 
ester, yielding the same ratio of dye: protein mass. The intensity (adsorbed 

mass) of the labeled protein was measured using fluorescence microscopy, βχ.2, 
the smaller size protein adsorbed less to the mica substrate compared with the 
larger size β\^. The experiments were fit by Langmuir adsorption isotherms, a 

= Ac/(K+c), yielding Κ = 0.09 mg/ml and 0.5 mg/ml for β\^ and β\.2 

respectively. AFM extension of protein was done near c ~ K. 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
01

2

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



167 

Sawtooth patterns of force extension spectrograms 

Here surfaces coated with two, three-, and four-repeat constructs of spectrin 
monomers (Figure 2A) were probed using sharpened AFM tips, with similar 
surface concentrations of protein studied by using bulk concentrations of 0.2 
mg/ml of p!_2 and 0.1 mg/ml of βι_4 construct (i.e. ~K or less). Subsequent 
approach and retract curves under the AFM tip are sometimes very distinctive. 
The sawtooth patterns from tip retractions shown in Figure 2B are recognized as 
unique to protein unfolding since other materials such as polymers, DNA, and 
RNA all reportedly show simpler, monotonie, stretching patterns (19-21). AFM-
imposed extension of two, three, and even four domain constructs of spectrin 
yield similar forced unfolding patterns. The exponentially increasing portions of 
the asymmetric force-extension curves are fit well by the worm-like chain 
(WLC) model for entropie elasticity and correspond, as is typical in such 
experiments, to extension of an unfolded domain up to the point where another 
(hitherto folded) domain in the chain unfolds. 

Figure 2B shows two representative extension curves from room 
temperature experiments; one with five peaks (/Vpk = 5) showing nearly constant 
length intervals and the other with four peaks (Npk = 4) showing one extra long 
length interval. Despite the difference in the number of peaks, both force 
'spectrograms' yield similar total extension length before desorption from tip or 
substrate. The one extra long length interval appears to be twice the length of 
the other intervals and indicates tandem unfolding events (i.e. two or more 
repeats unfolding simultaneously) (4). More extensive analyses of many such 
curves consistently show the factor of two. The last spectrogram in Figure 2B 
illustrates how a 4 peak spectrogram is analyzed. The first peak and the height 
of the last peak are ignored in the experimental analyses as desorption events, 
and peak forces and peak-to-peak (/Pk-Pk) lengths were analyzed as illustrated. 
The total unfolding length is the sum of all the / p k_ p k, and this sum is found to 
never exceed the molecule's total contour length (4). 

The finding that two repeat constructs, a2o-2i and βι. 2, can be extensibly 
unfolded by AFM appears particularly noteworthy. Unfolding of two domains is 
surprising in that a minimal amount of polypeptide is available for adsorption to 
both tip and substrate. Regardless of construct length, the force-extension 
spectrograms here reproduce several key features already found for a range of 
monomeric spectrin chains (4,20). First, the heights of the force peaks are again 
found to be less than -50 pN which is clearly much smaller than the 150 - 300 
pN forces originally reported for titin under similar rates of protein extension 
(0.01-10 nm/msec) (3). The force-scale for spectrin unfolding appears 
independent of substrate effects since similar forces had already been obtained 
with spectrin physisorbed to both gold and mica substrates (4); similar results 
are also found with amino-silanized glass (positively charged) even though 
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A 
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Figure 2. Forced extension and unfolding of single molecules by AFM. (A) A 
single chain is shown adsorbed to both an AFM tip and a rigid substrate. 

Folded ribbon structures are those ofa-actinin's rod domain (Ylanne et al, 
2001). As a folded chain is tensed and a domain unfolds, the applied force 
relaxes and the chain extends, producing one sawtooth in a pattern of force 

relaxation. The right shows one such repeat mostly unfolded and sketched as 
suggested by implicit-solvent molecular dynamics simulations ofPaci and 

Karplus (2000). (B) Sketch of an Npk = 4 spectrogram. The first peak and the 
height of the last peak are ignored in experiment analyses as desorption events. 
Peak forces and peak-to-peak lengths that are analyzed are indicated. The total 

unfolding length is the sum of all the indicated li.j. 
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protein adsorption is about 5-fold larger than on mica (22). Given the relatively 
low isoelectric points of these spectrin constructs (i.e. net negative charge) (17), 
the AFM results appear consistent with forced unfolding rather than strictly 
forced desorption. One caveat on this is the fact that all experiments to date 
have used silicon-nitride AFM tips (though with various kc). 

Ensemble analyses of AFM extension 

To assess the relative frequencies of unfolding pathways versus competitive 
stochastics of the desorption process, it is critical that unbiased analyses be 
applied. This is appropriate because these AFM methods of protein extension 
are intrinsically random. For a 'successful' contact, an AFM tip comparable in 
radius to the size of an entire protein must come into contact with unseen 
molecule(s) pre-adsorbed to the substrate (Figure 2A). The contact occurs, of 
course, at an unknown position or domain on the molecule. Second, in pulling 
the AFM tip away from the substrate, the molecule or molecules should bridge 
the gap between tip and substrate, but a long enough molecule could also form a 
loop that maintains two points of contact with either substrate or tip. Even at 
low protein concentrations, looped chains seem unavoidable for sufficiently long 
molecules. Third, since a molecule is only physisorbed to the AFM tip (and the 
substrate also in the present studies), continued pulling will stress physisorbed 
attachment(s) and tend to disrupt them as modeled later. Desorption could 
certainly occur before all possible domains between tip and substrate have been 
conformationally distended or unfolded. Marszalek et al. (23) allude to some of 
these effects in pulling on polysaccharides that, like proteins, exhibit 
conformational transitions under force. With mixtures of polysaccharides, they 
point out that: "On the average, 1 out of 10 trial contacts between the AFM tip 
and the substrate results in a force spectrogram that is unambiguously 
interprétable. In the other 9 trials we picked up no molecules at all (the most 
common case) or we picked up too many molecules of similar length that 
produced a complicated, uninterpretable spectrogram." Polysaccharides tend to 
give less complicated, monotonically increasing spectrograms than multidomain 
proteins, so an analysis of more rather than less data can be a challenge. 
However, we show here that a thorough analysis can also provide important 
insights into both the existence and frequency of novel, less frequent, states and 
pathways of protein unfolding as well as desorption limits. Arguably, unless 
one knows ahead of time what force spectrogram is expected, any other 
selective sorting of single molecule data can introduce significant bias. 

Peak distributions from force-extension curves 

To characterize and categorize the data from a given experiment consisting of 
thousands of force-extension events, a first statistical analysis involved 
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generating an /Vpk distribution (Figure 3). Distributions of N p k offer insight into 
the unfolding pathways of the protein under force (i.e. partial or multi-step 
unfolding) as well as highlight the random nature of AFM experiments, 
including terminal desorption. Percentage occurrences for each N p k are 
indicated in each bar of the histograms of Fig. 3. AFM force contacts in PBS 
alone yield predominantly N p k = 0 (99.6 %) with a small few /Yp k = 1 (0.4 %) 
curves. The presence of protein is thus clearly indicated by any extension 
curves whenever /Vpk > 2. Correlating the N p k distributions with the number of 
domains D in a given spectrin construct, we have found that for a given 
construct with D domains, the maximum number of peaks, max(/Vpk), increases 
linearly with D as: 

max(Npk) = D + 2 (1) 

Each repeat thus gives exactly one or fewer peaks. Proteins that unfold in multi-
steps (partial) would have a stronger increase with D than in Equation 1. The y-
intercept of Equation 1 shows that curves with /Vpk = 2 correspond to protein 
detachment from the surface (first peak) and then subsequent detachment from 
either the tip or the surface (last peak). The first peak is usually the most 
symmetric and the single peak in buffer alone (Fig. 3A) further supports the idea 
that the first peak represents initial desorption of the chain or tip rather than 
unfolding. Based on these general interpretations of Eq. 1, only N p k > 3 are 
analyzable unfolding events, and these are given as cumulated percentages in 
Table 1. At the low protein concentrations used (~ Κ or less), these events are 
seen to be a minor percentage (<10%) of total contacts. In the context of 
molecular interactions, it has been established that experiments are 
predominantly in the single molecule limit when the frequency of events is 25% 
or less (24). The percentages in Table II are well within this limit and thus 
appear consistent with the analyzable sawtooths being predominantly (though 
not exclusively) single molecule experiments. 

Unfolding lengths and force distributions 

The peak-to-peak unfolding lengths, / p k . p k , and unfolding force peak 
distributions (Figure 4) provide the most succinct summary of the thousands of 
force-extension sawtooth patterns that constitute an experiment. The peak-to-
peak unfolding length histograms are bimodal with principal means differing by 
a factor of (exactly) 2.0. The major peaks in the length distribution were fitted 
with sums of Gaussians that reflect proportional contour lengths for single 
repeats (Table 2) through sums of multiple Gaussians using /(.-proportioned 
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Figure 3. Number of peaks, Npkt per extension in (A) PBS buffer alone without 
any protein, or(B) with pre-adsorbed spectrin constructs containing 2, 3y or 4 

repeats. Each experiment involved 5000 contacts between AFM tip and 
substrate. For PBS alone, more than one peak was never seen. For spectrin, 

exponential decays of the form m~Npk generally fit the multi-peak results between 
1 < NPk < max(Npk) with the indicated values for m. This figure is courtesy of 

Law etal. (4). 

Table 2. Primary structure properties of spectrin constructs (aa = 
amino acid). Domain and total contour lengths, / 0 and Lc respectively, 

have been calculated with a peptide length of 0.37 nm 

Domain Number Contour, Domain Number Contour, 
ofaa lo (nm) ofaa lo (nm) 

o2l 111 41.0 βΐ 120 44.3 
o20 114 42.1 β2 114 42.1 
al9 107 39.5 β3 109 40.2 
al8 109 40.2 β4 106 39.1 
extra 9 3.3 extra 2 0.7 

Total, Lc 166.1 166.4 

AVERAGE 41.5 41.6 
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Figure 4. Histograms of peak-to-peak unfolding lengths and forces for sawtooth 
extensions of (A ) fii.2-spectrin and (B) β^-spectrin. The upper two bimodal 

histograms show results for NPk < max(NPk). The major peaks were fitted with 
sums ofGaussians that reflect proportional contour lengths for single repeats 

(see Table 2). The minor peaks were likewise fitted but with contour lengths of 
tandem repeats. The overall sum of all the Gaussians is indicated by the heavy 

black line; a factor of about two between the major and minor peaks is 
apparent. The lower two histograms show results only for Npk = max(NPk) and 

are found to be mostly enveloped by the major peaks, i.e. single repeat peaks, of 
the upper histograms. The lowest two histograms show the unfolding forces for 
sawtooth extensions. The bimodal histograms were fitted with two Gaussians of 
the same width, and the overall sums of the Gaussians are indicated by heavy 

black lines. This figure is courtesy of Law et al. (4). 
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means (8). With D = 2 (Figure 4A) for example, single repeat unfolding was 
accounted for in JVpk = 3 spectrograms by summing two equal-height Gaussians 
with means constrained by the ratio lcl I lc2; tandem repeat unfolding was 
accounted for by simultaneous fitting of a third Gaussian. For D = 2 and Afpk = 
3, the bimodal fit yields a major peak at 22 nm and a more minor peak at 42 nm. 
The minor peaks were likewise fitted but with contour lengths of tandem 
repeats. The major peaks in the unfolding distributions correspond to unfolding 
a single repeat, the freely-fitted factor of 2.0 in mean length between the first 
and second peaks provides a strong indication of unfolding a tandem pair of in-
series repeats. In addition, the Npk = 6 monomer histogram shows that the 
majority (90%) of the / p k . p k fall within the major envelope of single repeat 
unfolding events, consistent with Npk = 6 corresponding to four single repeat 
events plus initial and final desorption events. The few events outside of the 
single repeat envelope evidently reflect over-extension of the cumulated slack 
that develops toward the end of a long extension before final desorption 
terminates the spectrogram (25). 

Since the lengths of the three helices in repeats are known from crystal 
structures to be 4-5 nm or 12-15 nm per repeat, average unfolding lengths of 22-
24 nm are only about 2 / 3 of the adjusted mean contour lengths; 41 nm contour 
lengths (Table I) and thus indicate an unfolded domain is not greatly stretched 
from a random coil or molten globule state before the unfolding of the next 
domain occurs. Implicit-solvent molecular dynamics simulations of Paci and 
Karplus (26) also suggest helices may persist in unfolding as sketched in Fig. 2A 
(27). Such a result is consistent with both broader distributions and lower forces 
for unfolding spectrin in comparison, for example, to titin whose unfolding 
lengths approach theoretical contour lengths at 5-10-fold higher forces. For 
spectrin, however, the freely-fitted factor of nearly 2.0 between the major and 
minor length peaks also provides a strong indication of 2/3-unfolding for a 
tandem pair of in-series repeats. 

Force distributions, cumulated from the heights of the force peak patterns of 
Figure 2B are also bimodal with Gaussian means differing again by about a 
factor of ~2. The bimodal histograms were fitted with two Gaussians of the 
same width. The major Gaussian fit most likely reflects the force to unfold a 
single repeat or a tandem repeat within a chain, since the force required for 
tandem unfolding appear to be the same as that required to unfold a single repeat 
(as explained further below). The minor Gaussian fit at twice the force reflects 
the unfolding of two chains. To verify this, scatterplots of Figure 5A, pair a 
given unfolding length with the appropriate unfolding force. These plots clearly 
suggest that the factor of 2 in force reflects unfolding in either two chains, or a 
loop in a chain rather than unfolding tandem repeats versus single repeats. 
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Figure 5. Protein unfolding scenarios from the scatterplot analysis. (A) 
Scatterplots of unfolding force versus unfolding length. Dividing lines are 

obtained from the intersection between the major and minor Gaussians of force 
and length distributions and thus represent a stringent if simplistic separation of 
unfolding processes or states. The fraction of data points within each of the four 

quadrants is indicated as a percentage of total data points together with the 
quadrant-average force in parentheses. This figure is courtesy of Law et al. (4). 
The four unfolding scenarios represented in the scatterplots are illustrated in 

(B). Interpretation of these states were made in terms of unit unfolding length, I, 
and unit unfolding force, f, of a single repeat The lower two quadrants 
correspond to single chain unfolding, whereas the upper two quadrants 
correspond to double chain unfolding of both single and tandem repeat 

unfolding. 
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Scatterplots of force-length pathways 

By pairing a given unfolding length with the appropriate unfolding force 
from force-extension curves in Figure 2B, scatterplots shown in Figure 5A prove 
most revealing of the multiple unfolding processes that underlie the 
experiments. The scatterplots are divided into four quadrants or states from the 
bimodal Gaussian intercepts of Fig. 4 and each state represents a different 
unfolding scenario. All of the four quadrants contain a significant number of 
unevenly distributed data points. The relative probability, average forces, and 
lengths were calculated for each quadrant. As with the bimodal distributions for 
length (Figure 4), the two left-most quadrants differ in average length from the 
two right-most by a factor of two. This ratio again corresponds to the unfolding 
of single versus tandem repeats. 

Forces in the upper two quadrants of the scatterplots are also seen to be 
essentially 2.0-fold higher than the forces in the lower two quadrants. The force 
scale of the upper two quadrants further corroborates the unfolding on either two 
separate chains or a loop of a single chain that spans the gap between tip and 
surface as hypothesized in the previous discuss based on the bimodal force 
distribution. Again, since previous solution studies indicate monomeric chains 
and a lack of self-association (17), loops are also unlikely to be self-interacting, 
i.e. repeats in one 'leg' of the loop should respond independently of repeats in 
the other leg'. The unfolding scenarios for each of the four quadrants are 
illustrated in Fig. 5B. 

Comparing the scatterplots of the four repeat βι. 4 and the two repeat βι_2 

constructs, differences in the overall data quantity and the percentages of data 
points in each quadrant are clear. The four-repeat βι_4 shows many more data 
points and more frequent two-chain unfolding (35% versus 12%) compared to 
the two-repeat construct. These disparities could be attributed to adsorption 
effects described earlier (Figure 1) and/or subtle structural differences that affect 
the unfolding patterns for both constructs. Since spectrin is known to have a 
persistence length of at least several nanometers (e.g., Lee and Discher (21)) and 
each triple helical repeat is likely to be stiff, the two domain construct of length 
-10-15 nm is undoubtedly stiffer and less likely (with bending resistance) to 
form a loop compared to the four domain construct. Conversely, longer chains 
are expected to give more loop results. 

The relative probabilities of states indicated in Fig. 5 are also revealing. As 
expected from the low protein concentrations used in these studies, the number 
of times that two chains (or a loop of one chain) are pulled upon is small in 
comparison to a single chain. The lower frequency of tandem repeat unfolding, 
in either one chain or two, is also consistent with rudimentary statistical 
expectations. Given four domains to unfold, no more than two pairs can unfold 
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per chain, and so a relative occurrence of about 2:1 single:tandem repeat 
unfolding is a reasonable first guess. The scatterplots suggest that this simple 
estimate applies. Nonetheless, in defining a free energy difference by taking the 
logn of probability ratios and multiplying by kBT, all such differences are 
calculated to be less than -1 kBT. Since accessible transition states define the 
critical points of choice for a system to follow one pathway or another, the <kBT 
difference implies that both single and tandem repeat unfolding have very 
similar transition state energies. 

Simulations of unfolding with desorption 

To simulate 'domain-by-domain' unfolding of individual domains in a 
specific multi-domain protein, each domain needs to resist unfolding up to a 
characteristic force. Sustained force accelerates the process by lowering the 
energy barrier between the native and unfolded state and also tends to make the 
stretched state more stable. This unfolding process in spectrin can be further 
transmitted through successive domains due to the cooperative behavior of the 
helically linked tandem structure. In addition to such intra-protein interactions, 
the entire process occurs because the protein adsorbs to the surface (and tip) by 
attractive interactions that can also clearly be disrupted by force (Figure 2B). 

In order to model the mechanical stability of (1) the protein domains and (2) 
the surface attractions, both are assumed to have a free energy profile described 
as a function of a single spatial coordinate in extension. One-dimensional energy 
landscapes of folding/unfolding are then used in kinetic Monte Carlo methods 
already developed for forced unfolding (3,4). The probability of unfolding for 
each of the domains is calculated at each time step in a simulation using Punfoiding 

= At /t\ with At specified (to keep Ρ unfolding < 1) and t dependent on force per 
the "Bell" factor exp( -fxu/kb T) (28). xu is a predetermined length scale for 
spectrin unfolding (=1.2 nm) (4). Desorption of the chain was similarly modeled 
with a separate length scale, * d e s . The argument (-fx) has the general rolé of 
decreasing the energy barrier under force. Each domain starts in a native state 
and transforms to an unfolded state(s) depending on the transition probabilities 
calculated at every subsequent interval for extension. Tandem unfolding is also 
sampled stochastically. A sample simulation starts with picking up several 
domains (dh i = 1...D) and a random number generator picks one of the */,· 
domains for a transition while competing with chain desorption. 

Parameters j c d e s (= 0.9 nm) and a common force-free rate for either 
unfolding or desorption OQ (= 4xl0"6 msec'1) were adjusted until the simulated 
sawtooth patterns yielded frequency ratios that match the respective experiments 
for β Μ spectrin (Fig 6A). Figure 6B shows the simulated frequency plots of N p k 

> 2 for various spectrin constructs analogous to Figure 3B. The N p k distributions 
consistently show a decay with Npk that are again fit to ~m'Nvk. The factor m 
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Figure 6. Νpk frequency per extension from Kinetic Monte Carlo Simulation 
versus experiment. (A) Results for the frequency ratio (occurrences with Npk> 

3 )/( occurrences with 3 peaks plotted for βι_4 protein). (B) Npkfrequency plots for 
each protein show decays of the form m'Npkanalogous to Fig. 3B. (C) Plot of m 

versus number of domains fit with a single exponential. 
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provides a measure of the m-fold fewer ways of achieving one more unfolded 
domain (single and tandem) spanning the gap between tip and surface. 

The factor m undoubtedly reflects a random desorption process, but it also 
clearly shows a trend with the total number of domains D (Figure 6C): m 
decreases exponentially from -5 to ~2 as D increases from 2 to 8. This decrease 
in m with D provides a simple measure of the increased number of ways of 
unfolding domains when more domains, or degrees of freedom, are present. A 
simple calculation also suggests this: with D = 2, there are at most three 
unfolding pathways since unfolding can involve one tandem repeat event or, in 
lieu of this, two single repeat events. With D = 4, in contrast, there are not only 
four possible single repeat events but also a combination of these with three 
tandem repeat events. 

Finally, one can estimate a characteristic desorption force based on xdGS and 
the Langmuir adsorption isotherm fits of Figure 1. Fitted Κ (in M) for both βι. 2 

and βι. 4 in Figure 1 are used to calculate free energies for protein adsorption via 
AG = -kT log K. Respective calculations for β\.ι and /f M yield characteristic 
forces for desorption of / d e s ~ | AG\ /xdfts = 21 pN and 25 pN. These forces are 
comparable to chain unfolding forces, and thus indicate why desorption 
competes stochastically with unfolding. Additionally, a slightly higher force of 
desorption for βι_4 versus βι. 2 is consistent with a very reasonable frequency for 
full unfolding of β^ . 

Summary 

As shown here, single molecule force probe microscopy enables precise 
mechanical measurements on a protein such as spectrin with as few as two 
domains or repeats (-230 amino acids). The protein must first be adsorbed to a 
substrate prior to contacting with the AFM tip, and while reproducible and data-
rich experiments - rather than statistically starved experiments - are done at 
surface concentrations well below saturation of fluorescently labeled protein, 
saturable coverage can be clearly demonstrated. This is ultimately used to 
extract a surface interaction energy for spectrin on mica that can be used to 
understand desorption forces. Once the protein is physisorbed, AFM probing 
with thousands of contact extensions provides an impartially analysed set of 
sawtooth patterns in which the first peak (probably) and the last peak (certainly) 
are desorption peaks. Force peaks between the first and last for spectrin occur at 
relatively low forces of <50 pN at the typical extension rates of 1 nm/msec used 
in these types of experiments. The length between these peaks is bimodal with a 
factor of exactly two between means, which indicates that tandem repeats unfold 
in addition to single repeats. Despite the multiple pathways of forcibly unfolding 
these spectrin constructs, each repeat clearly contributes a maximum of one 
peak. This is deduced from ensemble-scale distributions of the number of peaks 
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seen in the thousands of sawtooth patterns collected for each construct. These 
experiments are nonetheless "designed to fail": successful unfolding of repeats 
is rare (<10% for three or more peaks indicative of unfolding) and certainly well 
within upper limits for single molecule success rates. However, scatterplots of 
force and length demonstrate sufficient sampling because of a significant but 
separable fraction of two chain results. Furthermore, through 1-D kinetic Monte 
Carlo modeling of protein unfolding in competition with desorption processes, 
surface adsorption effects are shown to delimit the datasets in a predictable way. 
In sum, protein adsorption is certainly a pre-requisite for extensible unfolding of 
proteins by AFM, but desorption is readily modeled, we have show here, by 
simple expressions that fully capture ensemble-scale statistics of these types of 
forced unfolding experiments on single proteins. 

Future experiments might focus on the structural state of the protein after it 
has adsorbed to the substrate. Circular dichroism methods, for example, might 
be useful for such assessments, but the sawtoothed spectrograms here and 
elsewhere already provide a relatively clear indication of a folded state. More 
challenging and interesting is structurally assessing the process of contacting the 
protein with an AFM tip and extending it while the protein is still in contact at 
the ends because this almost certainly alters the folded state of the protein at the 
contact points. Assessing the structure of these adsorbed portions appears far 
more challenging to assess. Simple models of desorption, as here, offer at least 
some insight into the energetics involved. 
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Chapter 13 

The Use of Atomic Force Microscopy 
in Characterizing Ligand-Receptor (α5β1 Integrin) 

Interactions 

Efrosini Kokkoli and Anastasia Mardilovich 

1Department of Chemical Engineering and Materials Science, University 
of Minnesota, Minneapolis, MN 55455 

A biomimetic system was used to study interactions of the α5β1 

receptor with its ligand with an atomic force microscope 
(AFM). Bioartificial membranes, which display peptides that 
mimic the cell adhesion domain of the extracellular matrix 
protein fibronectin, are constructed from peptide-amphiphiles. 
A novel peptide-amphiphile was designed that contains both 
GRGDSP (Gly-Arg-Gly-Asp-Ser-Pro, the primary recognition 
site for α5β1) and PHSRN (Pro-His-Ser-Arg-Asn, the synergy 
binding site for α5β1) sequences in a single peptide 
formulation, separated by a spacer. The strength of the 
PHSRN synergistic effect depends on the accessibility of this 
sequence to α5β1 integrins. The interaction measured with the 
immobilized α5β1 integrins and GRGDSP peptide-amphiphiles 
is found to be specifically related to the integrin-peptide 
binding. It is affected by divalent cations in a way that 
accurately mimics the adhesion function of the α5β1 receptor. 
The dissociation of single α5β1-GRGDSP pairs under loading 
rates of 1-305 nN/s revealed the presence of two activation 

182 © 2005 American Chemical Society 
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energy barriers in the unbinding process. The high-strength 
regime above 59 nN/s maps the inner barrier along the 
direction of the force. Below 59 nN/s a low strength regime 
appears with an outer barrier and a much slower transition rate 
that defines the dissociation rate (off-rate) in the absence of 
force (koff

o=0.015 s-1). 

Introduction 

The ability of cells to bind various membrane and extracellular matrix 
(ECM) proteins through integrins expressed on cell membranes provides signals 
that affect the morphology, motility and survival of cells (7,2). Better 
understanding of the molecular mechanisms of integrin-ligand interaction could 
therefore illuminate several important cell functions. Integrins are membrane 
glycoproteins with two noncovalently associated subunits, designated α and β. 
The combination of α and β subunits determines the specificity for extracellular 
ligands as well as intracellular signaling events {3,4)· Although it is unknown 
how these subunits associate, it is thought that they exist in different 
conformations according to their activation status: either inactive, where they are 
unable to bind ligand, or active, where they are capable of binding their ligand 
(3). In addition, a cell responds to its environment in part through its ability to 
regulate the function of integrins by modulating their activity. Both divalent 
cations and monoclonal antibodies have been used as stimuli to investigate the 
dynamic regulation of integrin-ligand binding (3). 

In general, ligand binding occurs through recognition by the integrin of a 
short amino acid sequence from the ligand (5). The prototype for these integrin 
binding sites is the Arg-Gly-Asp (RGD) sequence that is present in fibronectin, 
fibrinogen, vitronectin, and other adhesive proteins (5,6). Short peptides 
containing the RGD sequence can mimic the cell adhesion domains of proteins 
in two ways: when they are coated on a surface they promote cell adhesion, 
whereas in solution they can saturate the capacity of the receptor to bind cell 
adhesion ligands. 

This study presents a way to design a biologically active membrane-like 
surface in which ligand accessibility and template composition is used as a 
means to control the interaction with immobilized α 5 βι integrins. Bioartificial 
membranes, supported on solid substrates, displaying peptides that mimic the 
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cell binding domain of the ECM protein, fibronectin, are constructed from 
mixtures of peptide-amphiphiles and polyethylene glycol (PEG) amphiphilic 
molecules. Peptide-amphiphiles feature Q 6 dialkyl ester tails, a Glu (glutamic 
acid) linker, a -(CH2)2- spacer and a headgroup that incorporates the bioactive 
sequence (7). The tail serves to align the peptide strands and provide a 
hydrophobic surface for self-association and interaction with other hydrophobic 
surfaces. 

The two sequences used in this study are found in the ECM protein, 
fibronectin: the tenth type III module, GRGDSP (the primary recognition site for 
α 5 βι) , and the ninth type III module, PHSRN (the synergy binding site for α 5 βι) . 
These two sequences are separated by 30-40 Â in fibronectin (S). We have 
designed a new sequence - PHSRN(SG)3SGRGDSP (referred as PHSRN-
GRGDSP in the remaining of the text) - that contains both the primary and the 
synergy adhesion-mediating sequences of fibronectin in a single peptide 
formulation. A linker (SG)3S is used to link these two bioactive sequences in a 
specific spatial orientation. The theoretical length of this linker is calculated 
using two different approaches and was found to be approximately 30 Â; 26 Â 
when calculated using 3.7 Â per amino acid residue (9), and 32 Â when 
calculated using standard bond lengths and angles. Serine (S) and glycine (G) are 
used here because they are small, uncharged amino acid residues with serine 
being hydrophilic and glycine hydrophobic. Thus, the goal in designing the 
linker was to mimic as closely as possible the distance and the hydrophilicity 
between the PHSRN and GRGDSP sequences in the fibronectin molecule. 

A mixture of the peptide amphiphiles and PEG lipid molecules is deposited 
on a surface by the Langmuir-Blodgett technique. An AFM is used to provide 
high resolution images and direct adhesion measurements. We have also 
monitored the single-molecule interaction of (Χ5βι -GRGDSP pairs under a range 
of loading rates to investigate the presence of multiple transitions in the 
unbinding pathway. The spontaneous dissociation (off-rate) reaction rate was 
also calculated for the α 5βι from the force spectroscopy experiment, as this is a 
parameter of prime interest for any biological ligand-receptor system, and results 
are in agreement with off-rates reported for α 5 βι integrins. 

Our results demonstrate that our biomimetic system can give an insight into 
the biophysical character of unbinding processes between α 5 βι receptor-
GRGDSP ligand pairs and allow us to understand how different environmental 
conditions and multiple peptides can enhance the performance of functionalized 
interfaces. 
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Preparation and Characterization of Bioartificial Membranes 

l,2-Distearoyl-sn-glycero-3-phosphatidylethanolamine (DSPE) and the PEG 
chains with molecular weight of 120 covalently linked to DSPE (PEG120) were 
obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). (Ci6)2-Glu-C2-
KAbuGRGDSPAbuK, (C16)2-Glu-C2-GRGESP, (C16)2-Glu-C2-PHSRN, and 
(Ci6)2-Glu-C2-PHSRN(SG)3SGRGDSP, were synthesized as described 
elsewhere (7). For simplicity these peptide-amphiphiles will be referred as 
GRGDSP, GRGESP, PHSRN, and PHSRN-GRGDSP respectively, in the rest of 
the text. 

The pure amphiphiles were dissolved at approximately lmg/ml in a 99:1 
chloroform/methanol solution. The solution was stored at 4°C and heated to 
room temperature prior to use. We used the Langmuir-Blodgett (LB) technique 
to create supported bioactive bilayer membranes. LB film depositions were done 
on a KSV 5000 LB system (KSV Instruments, Helsinki, Finland). All the 
depositions were done at a surface pressure of 41 mN/m, which is well below the 
collapse pressure of 60 mN/m. The deposition speed for both the up and down 
strokes was 1 mm/min. The first step in producing a supported bilayer membrane 
was to make the mica hydrophobic with a layer of DSPE in the upstroke. The 
second layer with the peptide-amphiphiles was deposited in the down stroke. The 
resulting supported bilayer membranes were transferred into glass vials under 
water. Care was taken to avoid exposing the surfaces to air, as they rearrange to 
form monolayers and trilayers (70). 

AFM characterization of the LB films was done with a Digital Instruments 
Nanoscope III system equipped with a fluid cell for tapping mode (Digital 
Instruments, Santa Barbara, CA). Images were obtained in tapping mode under 
water using standard 100 μιη V-shaped silicon nitride AFM cantilevers with 
pyramidal tips (Digital Instruments). 

α 5βι Immobilization 

Purified human α 5 βι integrins were purchased from Chemicon International 
(Temecula, CA). The integrins were dialyzed overnight at 4°C against solution 
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A, pH 7.2, containing 20 mM TrisHCl (Sigma), 0.1% Triton X-100 (Sigma), 
ImM MgCl 2 (Aldrich), ImM MnCl 2 (Aldrich) and 0.5 mM CaCl 2 (Aldrich). 
The integrins were removed from the dialysis membrane, diluted to 5 μg/ml in 
solution A, aliquoted and stored at -80°C. The integrin immobilization was 
performed on the AFM cantilevers as described elsewhere (11,12). 

A F M 

Surface force measurements were performed using a commercial AFM, a 
Nanoscope III (Digital Instruments, Santa Barbara, CA), in contact mode in 1 
mM MnCl 2 solution (unless stated otherwise), at a loading rate, defined as the 
spring constant of the cantilever times the velocity of the piezo, of 59.8 nN/s, 
using standard 200 μπι V-shaped silicon nitride AFM cantilevers with pyramidal 
tips (Digital Instruments) of nominal radius 5-40 nm and nominal spring constant 
0.06 or 0.32 N/m. Data were recorded as the two surfaces, the sample surface 
and the probe tip, were brought into contact and then pulled apart. The adhesion 
force or the "pull-off force is defined as the minimum force required to separate 
two surfaces. All adhesion force measurements were carried out at room 
temperature and at pH of MnCl 2 solution of 6.4 - 6.5. In order to minimize the 
drift effects, the AFM was warmed up for at least half an hour before an 
experiment. AFM force data were converted to force-distance curves using the 
DI-AFM software (Nanoscope III). 

For the single-molecule experiments three different kinds of V-shaped 
silicon nitride AFM cantilevers were used with nominal spring constants of 0.01, 
0.03 and 0.06 N/m (Digital Instruments, Santa Barbara, CA and Thermo­
microscopes, Sunnyvale, CA). The loading rate was varied, by changing both the 
spring constant of the cantilever and the velocity of the piezo, from 1-305 nN/s. 

Results and Discussion 

Figure 1 shows a schematic representation of the experimental system used 
in this study. 
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Figure J. Schematic representation of the experimental system, not drawn to 
scale. Two different antibodies were used to immobilize and activate purified 

human α5βι integrins on the AFM tips. Bioartificial membranes were deposited 
on mica surfaces. Forces were measured in a liquid environment with the AFM. 

Specificity was confirmed in two ways: by varying the ion concentration 
(Figure 2) and by using inactive sequences, such as GRGESP peptide-
amphiphile and PEG120 (Figure 3), as negative controls. The role of divalent 
cations in integrin function is demonstrated by the lack of ligand binding upon 
removal of cations by chelating agents (13). Furthermore, divalent cations such 
as Mn 2 + , M g 2 + and Ca 2 + have distinct effects on integrin function in vitro. 
Generally, Mn 2 + confers high affinity binding properties on isolated integrins, 
whereas Ca 2 + inhibits ligand binding, with Mg 2 + playing a stimulatory role but to 
a lesser extent than Mn 2 + (3). The effect of M n 2 + and Ca 2 + ions on the 
immobilized α 5βι integrins is shown in Figure 2. The same tip was used for all 
these measurements. M n 2 + ions increase the adhesion of the immobilized Osfii to 
the GRGDSP ligands, whereas Ca 2 + ions decrease it. Decrease of integrin 
activity is shown by addition of EDTA, that chelates cations. To show that this 
effect is reversible at the end of the experiment the AFM cell was flushed with 5 
mM MnCl 2 and the adhesion that was measured was the same magnitude as the 
one present at the beginning of the experiment for the same concentration. 
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Figure 2. Effect of divalent cations on the specific binding of α5βι - GRGDSP 
(12). The same tip was used for these measurements. Each column is the 

average of25-35 measurements. The error bars show standard deviations and 
reflect the fact that the number ofpairs that interact every time the two surfaces 

are brought into contact can vary from one measurement to another. 
(Reproducedfrom reference 12. Copyright 2004 American Chemical Society.) 

The RGD motif in fibronectin is the critical recognition site for α 5 βι, but the 
synergy site, PHSRN, is also required for high affinity binding (14). This high 
affinity binding was tested with bioartificial membranes that had 50%GRGDSP 
50%PHSRN peptide-amphiphiles and surfaces that had mixtures of the new 
sequence PHSRN-GRGDSP and PEG120. AFM images of these surfaces 
verified that they are well mixed. The PEG120 has a much shorter headgroup 
compared to the PHSRN-GRGDSP headgroup and thus was used as an effective 
way to provide more space for the PHSRN-GRGDSP peptide-amphiphile to 
bend and expose more of the active sequence at the interface (72). Our results in 
Figure 3 demonstrate that the specific recognition of the immobilized receptor 
was significantly increased for a surface that presented both the primary 
recognition site (GRGDSP) and the synergy site (PHSRN). α 5 βι integrins do 
not bind to PEG120 and GRGESP amphiphiles which also confirms specificity. 
Figure 3 shows measurements from two different tips and as can be seen 
experimental measurements are reproducible. 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
01

3

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



189 

Figure 3. Adhesion measurements between immobilized α5βι integrins and 
different surfaces in 1 mM MnCh solution. Each column is an average of 30-40 
measurements on each surface. The error bars show standard deviations and 

reflect the fact that the number of pairs that interact may vary from one 
measurement to another. 

Finally the effect of the loading rate on the single-molecule interaction of 
α 5 β! integrins was investigated. For this, force histograms were collected at 
loading rates of 1-305 nN/s (77). 

The possibility of membrane failure via extraction of peptide-amphiphiles 
was investigated by comparing our data to the forces measured for the extraction 
of lipids from lipid bilayers (75). For comparable rates of 1-10 nN/s the force 
required to extract a lipid is 30-44 pN (75) whereas the unbinding force of a 
single a5pi-GRGDSP pair is 16-19 pN. Therefore, under these conditions lipid 
anchoring is stronger and the integrin bond will unbind first. 

The unbinding force versus the loading rate for single oc5Pi-GRGDSP bonds 
is plotted in Figure 4. The force spectrum revealed two regimes with different 
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Figure 4. Rupture force, Fcribfor a5firGRGDSP bond versus the loading rate, rf, 
(11). The error bars represent the standard deviations in each force histogram. 

A total of4000 individual forces have been analyzedfor this graph. 
(Reproducedfrom reference 11. Copyright 2004 American Chemical Society.) 

slopes, within the range of loading rates that was examined. Thus, we were able 
to determine that the a5Pi-GRGDSP complex overcomes two transitions, an 
inner and outer barrier, during its dissociation (11). The spontaneous 
dissociation (off-rate) reaction rate, k0/, was also calculated for the ο^βι from 
the force spectroscopy experiment, as this is a parameter of prime interest for 
any biological ligand-receptor system, and was found to be £ o /=0 .015 s"1 (11). 
A dissociation rate constant of 0.01 s"1 has been reported between fibronectin 
and the fibronectin receptor (α 5 β!) on fibroblast cells in solution (16). A 
kOff°=0.0l2 s*1 was recently shown from single-molecule AFM measurements 
between K562 cells, that express the α5βι integrins, and human plasma 
fibronectin (17). Thus, the £ o /=0 .015 s"1 reported here from a biomimetic cell-
free system that consists of pure immobilized α 5β! receptors and GRGDSP 
peptide ligands is in excellent agreement with the recently reported value of 
0.012 s"1 measured from AFM cell-protein interactions and the value of 0.01 s"1 

from solution cell-protein measurements. 

Conclusions 

We have engineered a novel biomimetic system that allows us to study the 
mechanistic details of the unbinding processes of α5βl-GRGDSP pairs and use 
this complex to understand how different conditions and multiple peptides can 
enhance the adhesion of α 5 βι. For example, stronger adhesion can be achieved if 
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the surface is functionalized with peptides that mimic both the main recognition 
site (GRGDSP) for integrins and the synergy site (PHSRN) of the cell adhesion 
domain of fibronectin. 

The specificity of the α 5βι integrin for the GRGDSP ligand was established 
by varying the concentration of divalent cations, by using chelating agents and 
an inactive peptide-amphiphile (GRGESP) or PEG120 as a negative control 
experiment. It was shown that Mn 2 + and Ca 2 + had a distinct effect on the 
immobilized integrins. As in the case of integrins that are part of a cell 
membrane, Mn 2 + increased the adhesion of the immobilized α 5 βι for the 
GRGDSP peptide-amphiphile, Ca 2 + decreased it and loss of integrin activity was 
shown by adding the chelating agent EDTA. 

The strength of the o^-GRGDSP single bond varied between 15 and 109 
pN for loading rates 1-305 nN/s. The adhesion measured after surface separation 
cannot be attributed to membrane failure as the force required to pull lipids from 
the bilayer is significantly higher than the forces measured with this system for 
comparable loading rates. Under these conditions lipid anchoring is stronger and 
the integrin bond will unbind first. Dynamic force spectroscopy revealed that the 
a5Pi-GRGDSP dissociation is characterized by two barriers. The outer barrier is 
governing the rate of spontaneous dissociation in solution while the inner one 
becomes rate-limiting in the presence of much higher loading rates. The off-rate 
was calculated to be 0.015 s"1, which is in agreement with solution and AFM cell 
measurements for α 5 β! integrins. Thus our experiments show that our 
biomimetic system can accurately predict the solution off-rate parameter, one of 
the main determinants of the affinity of the integrin-ligand system. 
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Chapter 14 

Following Processes in Synthetic Polymers 
with Scanning Probe Microscopy 

Jamie K. Hobbs1,*, Andrew D. L. Humphris2, and Mervyn J. Miles2 

1Department of Chemistry, University of Sheffield, Sheffield S3 7HF, 
United Kingdom 

2H.H. Wills Physics Department, University of Bristol, Tyndall Avenue, 
Bristol BS8 1TL, United Kingdom 

The use of a temperature controlled stage, combined with 
electronic control of the effective quality factor of the atomic 
force microscope cantilever to allow faster scanning, has 
enabled real-time measurements of spherulitic growth at the 
lamellar scale over the full range of crystallisable temperatures 
in polyhydroxybutyrate-co-valerate (PHB/V). A possible 
future route to considerably increased scan-rates has also been 
explored, and imaging rates approaching the millisecond level 
have been obtained. 

One of the key advantages of scanning probe microscopes (SPM) compared 
to other real-space techniques with similar resolution is the ability to follow 
processes in real-time in a wide range of different environments. For polymeric 
materials this ability to follow the kinetics of a process, such as a phase 
transition, is particularly important, as the long relaxation times of long chain 
molecules frequently leads to multiple metastable states, so equilibrium 
considerations are often unhelpful. 

194 © 2005 American Chemical Society 
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Over recent years the applications of SPM and in particular atomic force 
microscopy (AFM) have increased significantly with the development of high 
stability temperature stages that allow many more processes, of both scientific 
and commercial interest, to be accessed. Particular attention has focussed on 
polymer crystallization (1-4) and melting (5), although recently other transitions 
such as phase separation and de-wetting (6) have been studied. 

In all cases, it is clearly necessary to obtain multiple images of the same area 
during the time period over which the process occurs, that is, the time to collect 
an image has to be significantly shorter than any time-scales of interest within 
the process under investigation. AFM is a relatively slow technique - data points 
are collected in series to build up an image, and each individual image typically 
takes a minute or more to collect - so in many cases the critical timescales are 
unobtainable. There are two principle factors controlling the speed at which 
images can be collected. Firstly, the cantilever on which the AFM probe is 
mounted has to respond to changes in interaction. When working in intermittent 
contact, this timescale (the relaxation time, τ) is controlled by the quality factor 
of the cantilever (its 'Q') such that T=2Q/cûb where COQ is the resonant frequency -
a low Q cantilever will respond more rapidly than a high Q cantilever with the 
same resonant frequency. It has been shown by Sulchek et al (7) that using an 
electronic feed back loop to reduce the effective Q of a cantilever can allow 
somewhat faster image-rates to be obtained. In this article we will primarily 
discuss the combination of such an electronic Q-damping system with high 
stability temperature control to allow the lamellar scale crystallization of a 
spherulite forming polymer to be followed over the full range of crystallization 
temperatures from the glass up to close to the melting temperature. The second 
factor limiting imaging speed in conventional AFM is the mechanical nature of 
the scan stage. We have recently developed a novel scanning probe microscope 
capable of scanning 1000 times faster than conventional methods (8). A brief 
outline of this new technique will also be given. 

Temperature Controlled AFM 

Temperature control stages for atomic force microscopes must fulfil several 
requirements. Firstly, the piezoelectric scan-stage must not be allowed to reach 
extreme temperatures, as there is a risk of either de-poling or, through thermal 
shock, of damaging the ceramic. Secondly, if intermittent contact mode is to be 
used, a drive mechanism that is stable over a wide temperature range must be 
used. Thirdly, the sample itself must be held stably, which means that the control 
over temperature must be sufficient to prevent drift that will degrade the image. 
Finally, temperature gradients across the sample need to be kept to a minimum. 

We have developed a simple system for use with a Veeco Dimension 
microscope that fulfils these requirements, and has been described in some detail 
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elsewhere (9). A schematic is shown in figure 1. There are two advances in this 
system with respect to those that we have used previously. Firstly, a peltier 
device placed in contact with the underside of the Linkam optical microscope 
heater allows temperatures down to 0°C to be obtained (lower temperatures 
cause the formation of condensation on the glass windows). In this set-up, the 
peltier is used in a manner more akin to a cold-finger, being run at constant 
current and providing a low temperature against which the conventional heater 
can control at sub-ambient temperatures simply through heating. This method 
was found to give very stable temperature control. 

to current driver 

heat shield 

peltier, cold side up 

Linkam beater 

cantilever substrate 

magnetostrictive actuator 
Figure 7. A schematic showing the cantilever and heater system used for 

temperature controlled AFM. 

The second new feature is that a magnetostrictive actuator is used to drive 
the cantilever, rather than coating the cantilever in a ferromagnetic material. The 
magnetostrictive material used, Terfenol D, is capable of strains similar to those 
obtained with piezoelectric materials such as PZT. The reason for this 
modification is that, by removing the need for magnetic coating, the instrument 
becomes significantly easier to use, while maintaining the advantage of the 
magnetic drive that there is no need for electrically (and therefore thermally) 
conducting links to be made to anything in direct contact with the cantilever. By 
using a voltage to current converter, the standard drive signal given by the Veeco 
controller is still used, so there is no other degradation in the usability of the 
system when compared to the standard microscope. 

We have found that using the above set-up allows us to access temperatures 
in the range 0-190°C with no noticeable change in image quality. As an example 
of such high stability imaging at elevated temperature, during a temperature 
ramp, figure 2 shows a series of images taken with this system of polyethylene 
lamellae being heated up to, and through, the melting point. The sample is being 
heated at 0.5°C/min. This causes a drift in position of the sample relative to the 
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Figure 2. A series of phase images showing the gradual melting of an oriented 
polyethylene structure, taken during heating at 0.5°C/min. (a) at 126.8°C, (b) at 
130.9°C, (c) at 132.8°C, (d) at 134.3°C, (e) at 135.7°C, (f) at 137.6°C The scale 

bar represents lOOnm. 

scanner in a direction from bottom left to top right, at a rate of 2.7nms_1, 
resulting in a slight distortion in shape of the objects imaged* All the images 
were collected scanning from bottom to top and at the same heating rate, giving 
a constant distortion in shape, allowing comparisons between the images to be 
made with confidence. 

It is worthwhile making a few comments on the new insights that can be 
gained from these images into the melting and high temperature re-organisation 
of the polymer. The sample was made by dragging a hot razor blade across the 
molten polymer at a temperature of 140°C and then quenching to room 
temperature. This preparation method gives highly oriented 'shish-kebab' 
structures with a largely extended chain backbone, formed during the initial 
extension of the sample with the razor blade, and lamellar overgrowths what 
grow during cooling. Quenching the sample means that these overgrowths will 
have grown over a range of temperatures, with the ends of the lamellae having 
grown at the lowest temperature and therefore being least stable. From the 
figure, we can see several instances where short, infilling lamellae melt out 
(circled in figure 2b and 2c). This melting out of the shorter lamellae seems to be 
accompanied by a gradual thickening of the remaining lamellar population. 
However, the lamellar thicknesses measured (65nm in figure 2a, compared to 
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78nm in figure 2c, from the 2D FFT of the whole image) are rather thicker than 
expected, most probably due to a combination of tip broadening (this should not, 
in fact, influence the peak-to-peak distances measured by this method) and 
surface effects during crystallization reducing the density of lamellae that grow. 

Further heating of the samples leads to more melting back from the ends of 
the lamellae, and apparently further thickening of the remaining lamellar 
population. Measuring thicknesses of these now isolated lamellae is more 
difficult however, as tip convolution becomes more important, as well as the 
possibility of the tip shape changing over time through interaction with the 
adhesive polymer melt. In the last two images shown there is more widespread 
melting of the remaining lamellae, surprisingly leaving small blocks of material 
isolated in between the two oriented backbones. This observation is in contrast 
to some of our other observations of melting of shish kebab crystals, and is most 
probably due to the very high densitiy of lamellae initially along the backbone, 
as evidenced by its nodular texture. Finally the oriented backbones are left 
virtually isolated in the melt. Other data (not shown) has shown that these 
oriented structures are stable up until around 145°C. 

From the data set shown in figure 2 it is clear that high quality images can 
be obtained during continuous heating of the sample. However, in order to 
obtain data such as this, the rate of scanning must be pushed to its limit, and even 
then the heating rate is rather limited. In the images shown there are vertical lines 
on the left hand side of the images, caused by the scan-tube starting to resonate 
as it is shocked during the rapid change of direction at the end of each scan line. 
This is one of the limitations on scan speed, and can be slightly alleviated by 
introducing a "rounding" to the scan line, which provides a more gradual change 
in velocity at the end of each scan line. As discussed above, the second main 
limitation on scan speed is the response of the cantilever. In the next section the 
use of electronic control of the resonance characteristics of the cantilever is 
discussed briefly, and is then applied to the study of polymer crystallization. 

Active control of the cantilever resonance for faster scanning 

When imaging, the microscope feedback loop adjusts the location of the 
cantilever in the ζ axis so as to maintain an approximately constant amplitude. 
As the cantilever is scanned over the surface, the interaction it feels changes due 
to changes in topography and material properties. However, as it is necessary to 
work in dynamic mode when imaging these soft materials, there is energy stored 
in the oscillations of the cantilever, and it takes some time for it to react to a 
change in its environment. This time, which will depend on the relaxation time 
(or settle time) of the cantilever, is dependent on the mechanical properties of the 
cantilever and on its environment. The relaxation time of a cantilever is 
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proportional to its Quality factor, so in order to scan fast we require a cantilever 
with a low Q. However, force sensitivity increases with increasing Q, so there is 
a compromise to be made between high scan speeds and reduced sample 
damage. We have found that it is useful to electronically tune the resonance of 
the cantilever, using a feedback technique described in detail elsewhere (10,11). 
However, in that earlier work, the main objective was to increase the Q for use in 
a liquid environment. Here we have followed the example in (7,12) and reduced 
the quality factor of the cantilevers so as to reduce its 'settle time' and hence 
allow faster scanning. 

The ActivResonance Controller from Infinitesima Ltd was used to control 
the effective quality factor of the cantilever. As this is still a relatively new 
technique, a brief outline of the method will be given. The response signal of the 
cantilever, as monitored by the split-photodiode, is phase shifted in the 
ActivResonance Controller by -90° so as to be in phase with the velocity 
dependent component of the cantilevers response (i.e. the component that is 
altered by changing the damping applied to the cantilever). This phase-shifted 
signal is then amplified and fed back into the drive signal for the cantilever. So, 
the new cantilever drive signal now contains a component that depends on the 
response of the cantilever, and which is the mathematical equivalent of 
increasing the effective damping of the cantilever, i.e. of reducing its Q-factor. 

Typically the Q of the silicon cantilevers used (nominal spring constant 
SONm"1, resonant frequency ~250kHz) is of the order 300. We found that 
reducing this to approximately 100 resulted in the optimum effective cantilever 
properties for both sensitivity and scan-rate. This value was only optimised for 
the silicon cantilevers used in this study, and it is envisaged that if cantilevers 
with a considerably higher spring constant were used, it would be necessary to 
maintain a higher Q for the sake of force sensitivity. However, this optimum 
value does not depend on the natural Q of the cantilever, and is rather used as an 
additional control parameter during imaging which can be optimised for the 
particular combination of surface roughness and sample 'softness' under study. 
The sample we have used is a biodegradable thermoplastic, 
polyhydroxybutyrate-co-valerate (PHB/V), a statistical copolymer with 24% 
valerate. The relatively high copolymer content considerably reduces the 
crystallization rate, giving a peak growth rate of only around 50nms"\ as shown 
in figure 3. However, the temperature dependence of growth rate follows the 
familiar bell-shaped curve, and dense, often banded, spherulites are formed over 
the whole crystallization range studied. This makes it an ideal material for a 
study such as this. In the following, all images are collected at 256x256 pixels. 

Figure 4 shows a pair of images of the growth front of a spherulite of 
PHB/V, one taken with the ActivResonance Controller feedback electronics 
switched off, and the other with them switched on and the effective quality factor 
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0.06 

0.04 h 

0.02 h 

20 70 120 
Temperature, °C 

Figure 3. The variation in growth rate with temperature for 
polyhydroxybutyrate-co-valerate. 

reduced by a factor of three. The sample was prepared as described in (13) and 
was imaged under ambient conditions. 

These two images were both collected at the limit at which the scan-stage 
can be used without excessive degradation of the image due to ringing - as it is, 
the left hand side of each image suffers considerably from the direction change 
of the scanner. The image obtained with an electronically reduced Q shows 
significantly better definition, particularly at the end of the lamellae, where the 
crystalline regions meets the melt. For the purpose of following the kinetics of 
the process, this is the most important part of the images, so any improvement 
has value. 

Figure 4. Two AFM phase images of a PHB/V spherulite growth front (a) taken 
without electronic control of the effective Q, Q-300, and (b) taken with an 
effective Q-100 several minutes later on the same sample. The inserts show 

0.5μτη zooms of the lamellar growth front, from which the improved definition in 
(b) is clearly visible. Both images collected at a line rate of27.47 Hz. The scale 

bar represents 500nm. 
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Figure 5. A series of phase images of the lamellar growth front of a spherulite of 
PHB/V crystallizing at room temperature. The images were collected 

consecutively at 11.7 second intervals. The effective Q of the cantilever was set 
to 90, the natural Q was 245. The scale bar represents lOOnm. 

Figure 5 shows a series of images taken consecutively during crystallization 
under ambient conditions, each image collected in 11.7 seconds. The fine 
lamellar structure of the growth front is clearly visible. 

Figure 6a shows a cross-section of part of the growth front, showing that the 
lateral resolution is still at the pixel level. The width of the lamellae of PHB/V is 
~5nm, which is in good agreement with the measurements taken from these 
images. From the images shown here, the growth rates of individual lamellae can 
be measured over several frames. In a previous study of this same material ( 13) 
we showed that the growth rate of individual lamellae was not a constant, as 
predicted by most polymer crystallization theories, but rather varied with time. 
However, in that work, we were only able to measure the rate of growth of a 
single lamellar over two or at most three images. Figure 6b shows the growth 
rate of the lamella marked A in the figure 5, in which the measurements were 
taken over the series of six images shown. As in that previous work, the growth 
rate varies over time. Measurements of several lamellae show variations in 
growth rate from 2 to Brims"1, which is in good agreement with the less direct 
measurements made in our previous study of this same material (13). Great care 
was taken to ensure that these measurements were not influenced from any 
possible artefacts due to the serial nature of the data collection or any possible 
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differences between consecutive scans by comparison with static objects. 
However, the fact that the rate of lamellar growth varies from crystal to crystal is 
irrefutable by simple inspection of adjacent lamellae over several images. 

10 

I 0.2 0.4 
® IS 
α 

(Ο 
0 

• 

• • 

. • 

(a) (b) 

30 
Time, s 

60 

Figure 6. 6(a) shows a cross-section taken from a software zoom of part of 
figure 5b, the line along which the section is taken being indicated by a line in 

the small inset figure. The widths of the sharp peaks that represent single 
lamellae is ~6nm (measured at half height). 6(b) shows the rate of growth of a 

single lamella taken from the images in figure 5. 

Figure 7 shows a series of images of PHB/V growth taken at different 
temperatures from close to the glass transition temperature up to close to the 
melting temperature. The increased imaging speeds enabled by use of damping 
of the effective Q of the cantilever allow sufficient time resolution to make a 
study such as this useful. 

Despite the high scan rates, the image quality is still sufficient to clearly 
discern the individual lamellae. One of the possible by-products of reducing the 
effective Q is to reduce force sensitivity and, potentially, increase the damage to 
the sample surface. However, it is clear from close examination of the growth 
structure of areas that have been imaged during growth, and areas that have not, 
that the low effective Q has not led to an increase in damage to the sample. We 
have not carried out a quantitative analysis of the change in force sensitivity with 
changing effective Q, and would expect there to be some reduction. The key 
point here is that, for the current application, the faster scan-rates enabled by use 
of a reduced effective Q have allowed new insights into the crystallization 
behaviour of the polymer to be gained. 
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Figure 7. A series of phase images showing the lamellar growth front of 
spherulites of PHB/V taken at the temperatures marked on each image. 

Different samples were used for each measurement. (a) and (b) were taken 
without electronic control of the Q. (c)-(i) were taken with electronic control of 
the Q. (a) and (b) 32.8s/image, (c)14s/image, (d), (e), (h) and (i) 16.3 s/image, 

(f)> (g) 1 Us/image. The scale bar represents lOOnm. 

We have obtained multiple images of a single lamella crystallizing over the 
peak in the spherulite growth rate vs. temperature curve, and over a wide range 
of temperatures from close to the glass transition temperature, up to close to the 
melting temperature. Although a detailed analysis of the new insights into 
polymer crystallization that can be obtained are beyond the scope of the current 
article, several broad observations can be made. 

There is clearly no sudden change in the crystallization behaviour, but rather 
a gradual increase in spacing between the individual lamellae as temperature is 
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increased. This is accompanied by an increase in distance behind the furthest 
forward crystallizing point at which the density of lamellae approaches its final 
value. Both of these observations can be explained by a reduction in the density 
of branching with an increase in the crystallization temperature. This behaviour 
will be quantified in detail elsewhere. 

Examination of the edges of lamellae that are growing flat-on in the surface 
of the sample shows these to be rough at all temperatures. The length scale of 
this roughness changes with temperature, becoming progressively smaller as the 
crystallization temperature is reduced and the lamellae become narrower. This 
has implications for any nucleation theory that might be used to explain polymer 
crystal growth. 

Ultra-high speed imaging using a resonant scanner 

The electronic adjustment of the effective quality factor of the AFM 
cantilever has allowed us to obtain an increase of imaging speed of a factor of 
two or three. However, many processes of interest occur over considerably 
shorter timescales, and in order to construct a scanning probe microscope with a 
sufficiently high scan-rate to follow these processes, more fundamental limits 
have to be overcome. 

In a new approach, described in detail in (8), we have shown that it is 
possible to use the resonance of a microscanner as a method for mechanically 
positioning a probe. Here a brief outline of the technique will be given. In order 
to bypass the other fundamental limit to scan-rate encountered by conventional 
SPM, namely the time it takes to measure an interaction with the surface, we 
have used a near-field optical technique akin to photon scanning tunnelling 
microscopy (PSTM) to obtain image contrast. The probe is an etched optical 
fibre coated with aluminium. The sample is mounted on a glass coverslip that is 
then placed onto a glass prism using index matching fluid. A laser is focussed 
through the prism onto the sample, so as to totally internally reflect from the top 
surface of the glass coverslip/sample. Thus a very intense near field is formed 
above the sample that contains information about the local changes in optical 
properties of the sample. If the probe is brought into the near-field, the 
nanometric aperture acts to transmit this optical information to a photomultiplier 
(see (8) for more details) and thus, by scanning the probe above the surface, a 
high resolution optical map of the sample can be formed. 

The probe is attached to a quartz crystal tuning fork with a fundamental 
resonance of 32kHz. The tuning fork is driven at its resonant frequency, but, 
rather than the amplitude being kept at several nanometres as in conventional 
shear-force microscopy, it is increased to several microns. Thus each resonant 
sweep of the cantilever traverses a line across the sample surface of several 
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microns and forms the fast scan axis of the instrument. As the resonant frequency 
is 32kHz, the fast scan line rate is approximately four orders of magnitude higher 
than in a conventional SPM. The slow scan axis is formed by moving the 
microresonant scanner in a direction perpendicular to its oscillation using a 
conventional piezo, at a rate of up to 60Hz. Using this technique we have been 
able to collect a near-field optical image of part of a PHB/V spherulite in 8.3 
milliseconds. Figure 8 shows an example of such an image with a schematic 
diagram of the experimental set-up. The optical image has a lateral resolution of 
between 50 and lOOnm and is of a similar quality to that obtained using 
conventional, slow, SNOM (not shown - for an example see (8)). 

To channel photoi 

Aluminium coate 
tapered optical fi 

Figure 8. (a) is a schematic diagram (not to scale) showing the principle 
components of the resonant scanning SNOM. (b) shows a near-field optical 

image collected with the microscope, which is of comparative quality to those 
obtained imaging in the conventional manner. The scale bar represents Ijum. 

The sample probe separation is maintained at an approximately consant 
value by using the average optical intensity as a feedback parameter. As no 
adjustment of height can be carried out over the timescale of one scan-line, to a 
first approximation the probe addresses a plane above, and approximately 
parallel to, the sample surface. In fact, the motion of the probe is parabolic, but, 
as the resonator is very long compared to the scan area, the difference in surface 
probe separation due to this trajectory is only a couple of nanometres (depending 
on the actual scan area) and is unlikely to have a significant impact upon 
resolution when compared to surface roughness. If the surface is very rough, the 
average probe-sample separation will be quite large, as the plane mapped out by 
the probe must be above the highest feature, and so the average resolution will 
be worse than on a flatter sample. This limitation not withstanding, we have 
found that the aperture size and sample geometry tends to constrain resolution 
before the novel scanning method. 
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Conclusions 

We have shown that, by using a relatively simple method for electronically 
reducing the effective settle-time of an AFM cantilever, it is possible to obtain 
significant increases in scan-rate that can allow new processes to be followed in-
situ using AFM. However, a more fundamental re-assesment of the technology is 
required if more substantial increases in scan-rate are to be obtained, and we 
have shown one possible route in this direction, allowing imaging rates four 
orders of magnitude faster than in conventional SPM to be obtained. 
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Chapter 15 

Conformation of Polymer Molecule via Atomic Force 
Microscopy 

Sergiy Minko1, Anton Kiriy2, Ganna Gorodyska2, 
Roman Sheparovych1, Robert Lupitskyy1, Constantinos Tsitsilianis3, 

and Manfred Stamm2 

1 Department of Chemistry, Clarkson University, Potsdam, NY 13699 
2Institute for Polymer Research at Dresden, Hohe Strossel, 01069 Dresden, 
Germany 

3Department of Chemical Engineering, University of Patras, Patras, 
Greece 

We discuss single polymer molecule experiments performed 
with Atomic Force Microscopy. Applying the segment­
-segment repulsive forces (long range electrostatic repulsion of 
charged units) and external mechanical forces (shear forces in 
a flow of liquid) polymer chains can be deposited on the solid 
substrate in extended coil, warm-, or rod-like conformations 
useful for the analysis of molecular characteristics and 
architecture of the polymer molecules with AFM. In the case 
of strong segment-substrate interactions the conformations of 
the deposited molecules in many details retain the solution 
macroscopic conformation during rapid deposition and 
solvent evaporation (trapped chains). 

© 2005 American Chemical Society 207 
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Introduction 

The high resolution AFM is used to extract the information of special 
distribution of atoms and bonds in assembles of molecules constituting periodic 
structures rather than for single adsorbed molecules (1-3). The study of single 
polymer molecules with AFM represents an exceptional case, when AFM can be 
applied due to the large dimension (length) of polymer molecules (4,5). Due to 
the extremely high sensitivity of the AFM instruments in z-direction the polymer 
chain deposited on a flat surface can be easily identified even in the case of a 
hydrocarbon backbone (6-9) if the surface roughness is not larger than the size of 
the constituting units of the polymer chains (typically 0.2-0.5 nm). The special 
case is represented by giant polymer molecules such as molecular brushes or 
polymers with bulky side groups recently reviewed by Sheiko and Môller (4). 

Thus, if the contour length of the polymer chain is larger than the tip 
diameter (typically for molecular weight of polymer > 20 000 g/mol) the 
conformation of the adsorbed polymer chain can be visualized with AFM and the 
observed details of the conformation can be used for the study of polymer 
molecules. The contour length of the polymer molecule obtained from the AFM 
experiment can be used for the quantitative evaluation of molecular weight and 
molecular weight distribution (10,11). Kinetic experiments (monitoring of the 
conformational changes by continuous scanning of the sample) allows for the 
study of the chain mobility on the solid surface. Most of these experiments do 
not require special functions and special approaches in processing and 
interpretation of primary AFM data. 

Sample preparation is the critical point of the experiments. The 
conformation and behavior of the single polymer molecule which appear in the 
AFM image is strongly affected by the sample preparation history and the 
interactions with the substrate. Thus, the success of the experiments and the 
correct extraction of useful information from the experiments depend to a great 
extent on how the sample preparation modifies the conformation. From this point 
of view, AFM experiments with single molecules are very close to those with 
SEM and TEM (12-14). AFM has advantages, first of all, because of the 
possibility to visualize the adsorbed molecule in situ under liquid. The potential 
possibility to damage/modify the conformation with a tip is very often 
overestimated. In many cases the effect of the tip on the observed structure can 
be regulated and controlled via changing the scanning conditions. However, the 
effect of the substrate surface and solvent evaporation (for "dry" AFM 
experiments) is not very predictable. The correct manipulation with those 
external stimuli allows for the fruitful use of AFM in the single polymer 
molecule experiments. 
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Trapped or in equilibrium state? 

Polymer molecules deposited from solution onto the solid substrate may 
appear either in the trapped conformation or in the conformation sometimes 
referred to the equilibrium adsorbed state. Then the rapid evaporation of solvent 
can result either in the trapped conformation or the conformation which is 
damaged by three-dimensional (3-D) collapse or capillary forces on the border 
line of solvent droplets resulting in buckling and twisting of chains (4). Thus, 
there are many steps during sample preparation when the conformation can be 
strongly changed by external conditions applied in the procedure. 

Polymer adsorption appears in the literature as a two-step process. The first 
step is the diffusion-limited adsorption, when the number of adsorbed molecules 
increases with the square root of time (15). Chains enter into contact with the 
surface and adsorb, retaining their solution conformation. The second step is 
slow reconformation of the adsorbed chains, when the chains become 
progressively flatter (16). Changes occurring during a long period of time of 
equilibration in adsorbed layers were found to be very slow and have a 
complicated, nonequilibrium character (17-21). Reconformation characteristic 
time of the adsorbed chains differs from seconds to hours depending on 
interactions in the particular system. The polymer molecule can be kinetically 
trapped by the substrate, and changes in conformation can be detected after a 
long period of time. This particular case is of special interest for investigations 
of conformations in solution. In this case, the polymer chain is adsorbed on the 
substrate surface, retaining its solution conformation in many details, and its 
two-dimensional (2-D) size correlates with the dimensions of the chain in 
solvent. 

We have found conditions providing this particular case of frozen chain 
conformations, when the dimension of polymer molecule in solution is very 
close to this value for polyelectrolyte (PE) molecules deposited on mica 
substrate (22-24). PE molecules are of special interest for AFM single molecule 
experiments because of the extended conformation of the chains affected by 
electrostatic repulsion between charged monomer units. The charge density and 
the electrostatic interactions can be tuned by the change of pH and ionic strength 
resulting in the change of conformations. Thus, PE are attractive objects for 
AFM experiments. 

In Figure 1, we outlined the experimental illustration of two different cases 
of a change of the molecular conformation of poly(methacryloyloxyethyl 
dimethylbenzylammonium chloride) (PMB, M„= 480 kg/mol; Mw=720 kg/mol) 
chains adsorbed on mica substrate. PMB is highly charged polyelectrolyte 
(polycation) in aqueous solution that possesses the extended coil or worm-like 
conformation. For simplicity, we characterize the size of the adsorbed coils by 
the value L which is measured as a long length axis of the structures visualized 
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f L = 82nm 

1 

J I I . . . 
0 100 200 100 200 

Long axis length, nm Long axis length, nm 
Figure 1. Adsorption ofPMB molecules on solid substrate: outline of two 

possible cases when molecule (a) with the characteristic size L adsorbed and 
trapped with dramatic change of conformation (b) or with very small change of 

dimensions (c) and experimental representative AFM images of the 
conformations on negatively charged (potential -28 mV) (d) and at IEP of mica 

(e), respectively; histograms showing the differences of the average L after 
adsorption for both cases φ and (g), respectively. 

(Reproduced from reference 22. Copyright 2002 American Chemical Society.) 
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with AFM (22). The PMB chain of characteristic dimension L\ approaches the 
mica surface and appears in the dry state as a wormlike coil with the size Li or L 3 

when adsorbed at pH 3 and pH 7, respectively. Figure Id and e show 
representative AFM images of the adsorbed chains, while in Figure If and g we 
present corresponding histograms obtained from measurements of 150 molecules 
(from about 15 different images). We may conclude that Li < L3. At pH 3, the 
mica surface is only slightly negatively charged, while a much larger negative 
charge at pH 7 enhances screening of the intrachain Coulombic repulsion in 
PMB, which appears in the more coiled conformation in good agreement with 
the theoretical prediction of adsorption of hydrophobic polyelectrolytes on 
oppositely charged surfaces (25). Thus, we performed the experiments near the 
IEP of mica at a pH ranging from 2 to 3, assuming that in this case the surface 
introduces minimal changes in PE molecular conformations. 

We found very good correlation between L 3 and L\ values comparing results 
of light-scattering experiments with AFM data for PE molecules of different 
length and for different ionic strengths (22) of PE solutions which gave evidence 
that the molecular conformation was not substantially changed during adsorption 
and following drying. 

Similar experiments we performed with the star-like block-copolymers 
constituted of 7 polystyrene (PS) (Mw=20 kg/mol) and 7 poly(2-vinylpyridine) 
(P2VP) (Mw =56.5 kg/mol) arms (PS7-P2VP7) emanated from the same core 

Table 1. Comparison of the Molecular Radius (R) of PS7-P2VP7 Heteroarm Star 
Copolymer in Solution and onto the Mica Surface after the Rapid Deposition 

radius, nm 

solvent dynamic light 
scattering, RH 

gel permeation 
chromatography /?Gpc 

AFM 
RAFM 

THF 15 18 ± 5 

toluene 31 4 0 ± 5 

water, pH 2 
(micelles) 

85 97 ± 2 0 

Reproduced from reference (24). Copyright 2003 American Chemical Society 
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Figure 2. AFM topographic images (a, b, g, h) and cross sections (ct d, i, j) of 
PSrP2VP7 adsorbed from acid water (pH2, HCl): in salt-free condition (a,c) 
and in the presence of I mMofNa3P04 (b,d). Schematic representation of the 

unimolecular micelle formed in acid water: in solution (e); in adsorbed state φ. 
3D image (g) and cross section (i) of micelles with different aggregation number 

formed at pH 3.5 AFM images (h) and cross section (j) of multimolecular 
micelles adsorbed from acid water (pH 4.2, HCl) (Reproduced from 

reference 24. Copyright 2003 American Chemical Society.) 
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(Figure 2). Again, we study the rapidly deposited star-like molecules (24). In 
Table 1 we compare sizes of the single molecules evaluated with different 
methods in solution with the size of the outer shell of the molecules obtained in 
the AFM experiments. The quite good agreement demonstrates that in this case 
the change of conformation on the surface is slow and it is not strongly changed 
during the deposition time. 

Figure 3. PMB molecules adsorbed on the mica from salt-free solution at 
polymer concentration 0.01 gA(a,b) and 0.02 g/l (c,d) for 5 second (a); 30 

second (b); and 3 minutes (c, d). 

Strongly opposite results were obtained for the case of polyanions. Sodium 
salts of polyacrylic acid and polystyrenesulfonic acids deposited on mica in 
similar experiments were observed in hypercoiled confoiormations. The 
interaction with the substrate was not enough strong to trap the molecules in 
extended conformations. Even in the case where the chains were stretched by 
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shear forces in a flow of water and dried we observed a fast transition from the 
extended into hypercoiled conformations upon a short exposure of the sample to 
water. 

Study of adsorption 

AFM experiments for study of polymer adsorption can be extended to the 
assemblies of molecules when the adsorption process runs until many single 
molecules and the groups of the molecules on the surface are visualized. At a 
longer time or at a larger concentration of the molecules on the surface they start 
to overlap and interact with each other. In Figure 3 we present the example of 
the adsorption of PMB molecules on mica surface for 3 min. The images allow 
us to observe the conformations of individual chains until the some limiting 
surface concentration is approached. At this concentration because of the poor 
lateral resolution we can not follow an individual polymer chain in the assembly. 
However, the images help to study conformations in the concentrated adsorbed 
layer. 

Reconstruction of the conformation in solution 

Conformations of the trapped polymer molecules reflect to some extent the 
conformation in solution. Although, the tiny details of the conformation are lost 
due to the adsorption and solvent evaporation, however some important details 
of the macroconformation may be extracted from the investigation of the trapped 
polymer chains. For example, the coil-globular transition in solvent can be very 
precisely investigated with AFM experiments (4). This transition is usually 
observed as dramatic conformational changes when the conformation switches 
from a coil-, worm-, or rod-like chain conformation to the compact globule 
conformation when dimensions of the chains change in 10-100 folds. Such 
substantial conformational alterations are frozen and observed in the trapped 
chains. 

In Figure 4, we present the series of experiments when we study the 
stepwise coil to globule transition (CGT) of PMB molecules in aqueous 
solutions by adding Na 3P0 4 (22). In salt-free solutions, the polymer molecules 
appear as extended coils (Figure 4a). Added salt dramatically changes molecular 
conformations and the fine morphology of the PE chains. Images in Figure 4b-n 
clearly show intramolecular segregated areas. Two pronounced differences from 
salt-free solution can be found on the images: the polymer coil starts to segregate 
into small beads nicely observed in the zoom image in Figure 4e,g; the beads 
segregate into big clusters. The height of the beads is several times larger than 
the height of the backbone. We assume according to the DRO model (26) that 
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Figure 4. AFM images of PMB single molecules depositedfrom aqueous 
solutions: reference, no salt (a) and with addedNa3P04: 4.2 nM(b); 6 mM(c 
and e); 8.4 mM (d and β; 8.7 mM (i); 12 mM (j); 18 mM (m). Cross sections 

from AFM images: (g) corresponds to (e); (h) corresponds to φ; (k) 
corresponds to (i); (I) corresponds to Q); (n) corresponds to (m). (Reproduced 

from reference 22. Copyright 2002 American Chemical Society.) 
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the beads are formed due to the PE intrachain segregation induced by the 
screening effect of the added salt and due to the enhanced attraction induced by 
condensed salt ions. Each step of adding salt results in the increase of the size of 
beads and the decrease of their number, as well as the decrease of the necklace 
length. 

The changes of macroconformations in solution can be successfully 
reconstructed and used for the investigations of the polymer molecules of a 
complicated architecture. The experiments with heteroarm star-like block-
copolymer PS7-P2VP7 give the convinced evidence for that (24,27). 

Figure 5. 3D (a) and 2D (b) AFM images, cross section (c), and schematic 
representation (d) of Pd-metallized unimers. (Reproduced from reference 24. 

Copyright 2003 American Chemical Society.) 

It was previously shown that at a relatively high concentration (0.3 g/L) PS7-
P2VP7 undergoes intermolecular micellization in acid water (pH 1-2) with the 
aggregation number equal to 8 (28). In contrast, at extremely low concentrations 
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(0.005 g/L of PS7-P2VP7) micellization occurs as an intramolecular process. In 
these conditions the PS7-P2VP7 star copolymer survives in the nonassociated 
state and forms stable unimolecular micelles. Figure 2 shows representative 
AFM images of mica-deposited uniform star-shaped core-shell structures formed 
upon dilution of PS7-P2VP7/THF solution with acid water (pH 2). Such a 
morphology reflects very pronounced intrasegregation of the star copolymer in 
acid water (29). PS chains collapse due to hydrophobic interactions and form a 
compact core whereas protonated P2VP arms adopt an extended conformation 
due to the Coulomb repulsion and form a shell (Figure 2e). We may conclude 
that the AFM image represents an "off print" of the solution conformation when 
the molecules were adsorbed and trapped by the substrate. After the rapid 
evaporation of water the structure was formed due to the collapse in the Z-
direction (Figure 2f). The experimental value of the collapsed PS core volume is 
about 219 nm3, which corresponds to the calculated value (245 nm3). 

To improve AFM resolution of P2VP arms, we employed a recently 
developed approach to decorate polyelectrolyte chains with metal clusters. This 
method consists of the ion-exchange reaction between protonated (P2VPH+)C1" 
and Na2PdCl4 and the following reduction of Pd with dimethylamine borane 
(1124,27,30,31). After metallization PS7-P2VP7 deposited on the Si wafer from 
acidic aqueous solution with fully extended P2VP arms appears in very good 
resolved star-shaped conformations (Figure 5). Metallization of the adsorbed 
PS7-P2VP7 molecules allowed us to get better insight into the structure of the 
unimolecular micelles. Specifically, we found the considerable increase of the 
height of the cores occurred upon metallization (from H = 2.9 nm before 
metallization to H = 7-12 nm after). Ion-exchange reaction of palladium 
tetrachloride dianion serves a selective and efficient probe on polycations, and 
thus, such an observation clearly indicates that pyridine units are localized in the 
shell and in the core of the micelles (Figure 5d). This contrasting method will be 
discussed below. 

It is well documented that the critical micelle concentration (cmc) of 
similarly designed PS6-P2VP6 copolymers in toluene is near 0.7 mg/mL and that 
at concentrations below cmc PS6-P2VP6 forms inverse unimolecular micelles 
(32). AFM experiments confirm that for PS7-P2VP7 immediately after addition 
of toluene (good solvent for PS arms and bad solvent for P2VP arms) into the 
PS7-P2VP7/THF solution, intramolecular segregation occurs rather than 
aggregation. Unimers initially formed upon addition of toluene are poorly 
segregated particles consisting of swollen cores (D = 44 ± 5 nm) and small shells 
(D = 55 ± 5 nm). A full reconformation of the unimers occurs within 1 h. Star­
like structures with well-definite PS arms (about 30 nm in length) in the shell and 
P2VP arms collapsed in the core were observed (24). The core diameter is D = 
36 ± 10 nm, about twice of the PS core that is observed for the unimolecular 
micelles in water. The latter is consistent with the composition of the copolymer 
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(WP2PV/WPS « 2). Moreover, the P2VP core volume calculated from AFM data is 
VAFM = 813 nm3, which is slightly higher than the volume of P2VP blocks 
calculated from the degree of polymerization (Vp2vp,caic = 698 nm3). That 
provides evidence for the formation of the inverse unimolecular micelles upon 
addition of toluene. 

Intermolecular interactions 

Chain-chain interactions in solution resulting in a strong alteration of the 
conformation or in an association of polymer chains can be investigated with 
AFM using the same concept. We assume that the rapid deposition and solvent 
evaporation freezes the macroconformations of the interacting polymer chains 
and structures of the aggregates. 

Unimolecular micelles PS7-P2 VP 7 were found to be stable in dilute solutions 
at pH 2 for at least several days. At pH 3.5 about 20% of PS7-P2VP7 molecules 
undergo association, leading to multimolecular micelles, whereas most of 
molecules remain unassociated (unimers) with slightly compressed shells. Figure 
2 shows clearly the coexistence of micelles and unimers with significant 
differences on their size. At pH 4.2, the association phenomena lead to 
multimolecular micelles (Figure 2h,j). The size of the PS cores (H = 17 ± 1; D = 
22 ± 5) has been increased significantly as compared to unimolecular micelles. 
The association is also reflected in an increase of the diameter of the shell (D = 
137 ± 35) if more P2VP chains are accumulated in the corona, resulting in larger 
stretching due to the excluded-volume effect. The formation of micelles at pH 
4.2 (Figure 2h,j) may be attributed to the fact that a considerable part of P2VP 
exists in nonprotonated state, altering the hydrophobic-hydrophilic balance of 
the copolymer and therefore destabilizing the unimers, inducing association. 

Chemical contrasting 

Single polymer molecules were visualized on an atomically flat mica 
surface (9,22-24). Although these PE are invisible on a Si-wafer due to the high 
roughness of the substrate, they can be resolved after decoration of the deposited 
chains with Pd clusters (11,27,31). Metallization of PE causes the strong 
contraction of chains (2-3 times decrease of the contour length) even if the 
chains were strongly trapped by the substrate. The local collapse of the chain 
was induced by interaction with the bivalent ion PdCl4

2". 
We developed a contrasting procedure which allows us to improve 

substantially the resolution of a single molecule experiment with no changes of 
the conformation of adsorbed polymer molecules (33). In our approach, we use 
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the deposition of either hexacyanoferrate (HCF) anions or negatively charged 
clusters of cyanide-bridged complexes as contrasting agents (Figure 6). This 
method allowed us to increase the thickness of the resulting structures up to 3 nm 
and, consequently, to provide visualization of polymer chains on Si-wafers. After 
AFM-measurements, the contrasting agents were then removed also without 
distortion of the molecule conformation. 

For example, both PMB and P2VP molecules deposited onto the Si-wafer 
are not resolved in the tapping mode (Figure 6b). Although PS7-P2VP7 

molecules adsorbed onto mica from acid water (pH 2) solution display a clear 
core-shell morphology (Figure 6e), only the core of unimers with the height of 5 
nm can be resolved on the Si-wafer (Figure 6f). We were successful in 
visualizing all of these polymers on the Si-wafer substrate with the following 
staining procedure. The polymer molecules were deposited on the freshly 
cleaved mica or Si-wafers from a very diluted (0.0005 mg/mL) acid solution (pH 
2.5-3). The drop of the examining solution was set on the substrate for 60 s, and 
afterward it was removed with a centrifugal force. The samples were then stained 
upon exposure for 3 min to an HCF acid solution bath. The sample was rinsed in 
water and dried for the AFM experiment. Figure 6c,g presents AFM images of 
PMB and PS7-P2VP7 molecules contrasted with HCF. In all cases, we observed 
an 0.6-0.7 nm increase of heights of resulting structures, that roughly 
corresponded to the size of the HCF-anion (Figure 6a). We found a strong effect 
of pH on the contrasting process. No attachment of HCF-anions was observed at 
pH higher than 4, that is, above the isoelectric point of the Si-wafer (pH 3.8). We 
may speculate that at the large pH the negatively charged Si-wafer suppresses the 
interaction of the polycations with HCF-anions. The statistical analysis of the 
molecular diameter from AFM images of the PS7-P2VP7 unimers before the 
contrasting on mica and after the contrasting on the Si-wafer provides evidence 
that the contrasting procedure introduces no changes in the conformation (Figure 
6h,j). Similarly, we detected no changes of the dimensions of PMB molecules 
upon staining with HCF. We found that deposited HCF can be removed without 
changes of the molecular dimensions of PE simply upon rinsing the sample with 
either acidic (HCl, 5%) or basic (NH3, 3%) water solution for several minutes. 

Molecular Characteristics 

AFM single molecule experiment can be employed as a direct analytical method 
to estimate molecular characteristics (constitution) of polymer molecules such as 
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Figure 6. Scheme of the contrasting of adsorbed polycations (a), AFM 
topography images (b,c), and a cross-section (d) of Ρ MB, and AFM images of 
PS7-P2VP (e-g) molecules before (b,e,f) and after (c,g) contrasting with HCF 
(Z-range 5 nm). All images are on Si-wafers, but (e) is on mica. Histograms of 

molecular diameter distribution for PST-PSVP7 adsorbed onto the mica, with no 
contrasting, are shown in (h), and those onto the Si-wafer after contrasting with 

HCF are shown in (j). (Reproducedfrom reference 33. Copyright 2003 
American Chemical Society.) 
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a contour length, molecular weight, degree of branching. This option is of 
special importannce in the case of branched macromolecules with a complicated 
architecture (block-copolymers, star-like copolymers, molecular brushes, etc), 
when traditional methods (light scattering, GPC) can not deliver reliable or 
complete data on the molecular characteristics. Recently, AFM was successfully 
used for the quantitative analysis of polymer molecules (10,22-24). 
For example, we have evaluated the dimensions of PMB molecules (22): 
number average Zn= 319 nm and weight average Zw= 454 nm contour length, and 
polydispersity index / w / / n =1.4 obtained from the statistical analysis of 150 
structures on 18 AFM images. The estimated from these data values for number 
average molecular weight Mn= 360 000 g/mol and weight average molecular 
weight M w= 512 000 g/mol, and polydispersity index PD =1.5 were very close 
to the results of traditional methods. Static and dynamic LS, ultracentrifugation 
method, and GPS have shown quite strong scattering of the data between 
different methods (Mn= 480 000 g/mol, Mw= 720 000 g/mol, PD= 1.4) which is 
a typical situation for large charged polymer molecules in aqueous solution. 
In the other example we investigate molecular architecture of the PS7-P2VP7 

molecules (24). The P2VP arms decorated with Pd clusters or contrasted with 
HCF clusters are clearly observed in the AFM images and can be counted. The 
AFM images for the first time visualized the second generation of the P2VP 
arms, which were growing up from the active sites located on the core of the PS 
star polymer precursor. Although the first generation of the PS arms was 
characterized (number of arms) by light scattering from the molecular weights of 
the star copolymer and the arms, the characterization of the P2VP arms was 
performed only due to the visualization. The average number of P2VP arms was 
counted directly from the AFM images to be 7 ± 1.26, which was in excellent 
agreement with the number of PS arms found by light scattering. This result 
gives unambiguous evidence that the number of the chemically different arms is 
equal. At the same time, that is very exciting example how AFM visualization 
can be used for analysis of polymer architecture. 

Conclusions 

Our brief analysis of recent experiments with single polymer molecules and 
assemblies using AFM visualization delivers convincing arguments for the 
fruitful application of this approach in polymer science. The initial skepticism 
based on the doubts that deposited polymer molecules appear in unpredictable 
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conformations affected by numerous parameters of the polymer adsorption and 
solvent evaporation have to be exchanged with the understanding of the role of 
the sample history. Yes, the sample history effects the conformation. However, 
that is exactly the strongest side of the experiments. Our results show that quite 
important information about polymer conformations can be recovered using the 
sample history. The further extension of the method requires analysis of the 
external stimuli affected conformational changes of the deposited polymer 
molecules as well as a comparison of the conformations in solution and on the 
surface at different conditions of the sample preparation and treatment. 
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Chapter 16 

Solving Practical Problems in the Plastics Industry 
with Atomic Force Mircroscopy 

Francis M . Mirabella, Jr. 

Dilute Solution Properties and Polymer Physcis Department, Equistar 
Technology Center, 11530 Northlake Drive Cincinnati, OH 45249 

Introduction 

The plastics industry has undergone revolutionary changes, since the first 
applications of long-chain molecules as commercial materials. The driving force 
to the development of plastics as an alternative to metal, wood, glass, natural 
rubber and paper has been the invention of complex systems, which rival or 
surpass these other materials in strength/weight ratio, stiffness, toughness, 
clarity, etc. The characterization of complex polymer systems involves 
microstructure analysis such as molecular weight, copolymer composition, 
stereoregularity, monomer sequence distribution, etc. Microstructural variables 
are determined by such methods as nuclear magnetic resonance (NMR), infrared 
spectroscopy (IR), differential scanning calorimetry (DSC), size exclusion 
chromatography (SEC), etc. 

224 © 2005 American Chemical Society 
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Although microstructural variables are a useful component of the information 
required for predicting the properties of complex polymer systems, they are 
insufficient information for predicting physical and mechanical properties. It is 
necessary to characterize the solid-state morphology of such systems in order to 
accurately predict these properties, since the morphological structure has a 
profound effect on the micro-mechanical behavior of polymer systems. Atomic 
force microscopy (AFM) has distinguished itself as a central technique for the 
characterization of polymers1, especially multi-phase polymer systems. 

In these studies both topographic and phase-contrast data were obtained from the 
AFM in order to infer the phase-structure information. The phase-structure 
information developed from AFM data was used to explain the mechanical 
behavior of these systems. Detailed discussion of the AFM operational modes, 
origin of and instrumental basis for topographic and phase imaging, practical 
considerations, etc. can be found in the review by Chernov and Magonov.1 

Experimental 

A F M 

A Digital Instruments (Veeco Instruments, Inc., Santa Barbara, CA) 
NanoScope® IIIA/Dimension 3000 large sample AFM, with phase extender was 
operated in air using TappingMode™ to capture height and phase images. 

Sample Preparation 

Pellet samples were compression molded and quenched in cold tap water. 
Plaques were cut from the injection moldings to fit into the ultra-microtome 
chuck. The natural and microtomed surfaces observed in the AFM were rinsed 
with methanol and dried in a compressed air stream to remove surface debris, 
oils, dirt, etc. 
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Microtomy 

Compression molded samples were cut in a Leica Utracut UCT® ultra-
microtome with a EMFCS™ cryo-stage (Leica Mikrosysteme GmbH, Vienna, 
Austria). An initial cut was made with a glass knife in order to produce a flat 
face on the sample. Subsequently a diamond knife was used to microtome the 
finished smooth face on the sample. Samples were held at cryogenic 
temperatures of -50°C to -90°C during microtoming, depending on sample 
brittleness. AFM was done on this smooth face. 

Comparison of Techniques 

The electron microscopy techniques, scanning electron microscopy (SEM) and 
transmission electon microscopy (TEM), have dominated the high magnification 
and high resolution characterization of polymer systems for five decades.2 A 
comparison of the electron microscopy techniques to AFM will be discussed in 
this section in order to point out some of the advantages of AFM over other 
techniques. A comparison of sample preparation and observational differences in 
SEM and TEM to AFM will be given. 

SEM 

Preparation of SEM samples is tedious. SEM requires microtoming of the 
sample to reveal a flat surface. Gold coating of the surface is always required for 
polymers to prevent charging of the non-conducting polymer surface. If "phase" 
information (phase information includes distinguishing of crystalline, amorphous 
structure and domain structure in multi-phase polymers, etc.) is desired, etching 
of the sample is required to differentiate domains. There are several problems 
which are often associated with these and other aspects of sample preparation for 
and operation of SEM. Etching can cause surface modification, beyond that 
desired to reveal phase information. The degree of etching is uncertain, 
sometimes requiring multiple etching trials (e.g. solvent choice, time, 
temperature and agitation method, such as sonication). If the etching is 
incomplete the image may be corrupted.2 Etching typically destroys internal 
structure, e.g. crystalline material, which resides inside etchable domains, e.g. 
rubbery domains dispersed in a hard, polymer matrix2. Although SEM samples 
are gold coated to minimize charging, the occurrence of "halos", due to 
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charging, around certain domains, such as depressions of relatively large depth 
in the surface, causes great difficulty in the measurement of particle dimensions. 
This problem is often the case with samples in which soft domains have been 
etched out of a hard matrix. Topographic features are often not observed in 
SEM, especially if these are small in height. Thin films often can burn through, 
even when gold coated. 

TEM 

Preparation of TEM samples is extremely tedious. Sections typically must be 
microtomed, which are uniform and in the thickness range of about 20-40 nm. 
The cutting, collecting, transfer and mounting of such sections is extremely 
tedious and requires a high degree of technical expertise. If features are to be 
distinguished, staining with a heavy metal such as Ru or Os is required. Such 
staining is uncertain, as to level of contrast, and often must be repeated several 
times to reach desired contrast. Also, staining with heavy metals is tedious and 
dangerous. Further, staining may cause surface modifications, which are not 
anticipated or detected. 

AFM 

AFM has many advantages, related to sample preparation, over SEM and TEM. 
AFM typically requires no sample preparation or only microtoming of the 
sample to reveal a flat surface. The simple rinsing of the surface, e.g. with 
methanol and drying with compressed air, often dramatically improves the image 
quality by the removal of surface debris collected on the sample during 
microtomy.2 Rinsing of natural surfaces, which have undergone no sample 
preparation, is also effective for removing debris, oils, etc. One of the most 
useful applications of AFM is to the characterization of the phase-structure of 
multi-phase polymer systems. For example, the domain structure of a high 
impact polypropylene (IP) and thermoplastic olefins (TPO) may be readily 
observed in samples prepared for AFM by simply microtoming a flat surface, or 
in some cases, by observing the natural surface. The morphology of a TPO is 
shown in Figure 1. The composition of the TPO was about 75%wt. of isotactic 
polypropylene (PP) and 25%wt, of ethylene/propylene rubber (EPR). The EPR 
typically contains about 20-30%wt. of ethylene, which yields a rubber with 
essentially zero crystallinity. The soft, "rubbery" domains, composed of the 
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EPR, in the hard, crystalline isotactic polypropylene matrix may be clearly 
observed in Figure 1. Further, the internal structure of the rubbery domains, 
which are etched out (and, therefore, destroyed) for observation by SEM, is 
normally preserved in samples prepared for AFM. That is, crystalline domains 
inside the dispersed "rubbery" domains in the TPO are readily observed in the 
phase image in Figure 1. The crystalline domains inside the rubbery EPR 
particles are known to be composed of crystalline polyethylene (PE), which 
resides inside the EPR domains due to the phase thermodynamics operational in 
these systems.3 

Figure 1 -AFM topographic (left image) and phase contrast (right image) 
photomicrographs of a TPO (thermoplastic olefin). The sample was 

compression molded and a flat face microtomed for AFM observation. 
Reproduced with permission from reference 2. Copyright 2005 Taylor and 

Francis Group. 

Figure 2 shows three AFM phase contrast micrographs of another TPO. The 
lowest magnification (top) image shows the overall phase structure of the phase-
separated system in which the lighter areas are crystalline and the darker areas 
are noncrystalline. The center image shows a detail of several noncrystalline 
EPR particles surrounded by the crystalline PP matrix and PE crystalline 
material inside the EPR particle. The highest magnification (bottom) image 
shows a close-up view of the interface between the PP matrix and an EPR 
particle with PE crystalline material in the central area of the EPR particle. 
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Figure 2 -AFM phase contrast photomicrographs of a TPO (thermoplastic 
olefin). Top image Wjum, center image 3jum and bottom image ljum square. The 

sample was compression molded and a flat face microtomed for AFM 
observation. 
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Morphology/Mechanical Property Correlations in Multiphase 
Polyolefin 

Atomic force microscopy was used to characterize a series of multi-phase impact 
polypropylene (IP)/high density polyethylene (HDPE) blends. The composition 
of the IP was about 80%wt. of isotactic polypropylene and 20%wt, of 
ethylene/propylene rubber (EPR). The EPR typically contains about 20-30%wt. 
of ethylene, which yields a rubber with essentially zero crystallinity. The 
IP/HDPE blend compositions are presented in Table 1, along with the observed 
mechanical property data. 

The IP/HDPE blends exhibited a monotonie decrease in stiffness (flexural 
modulus) and a maximum in impact strength (notched Izod) with increasing 
HDPE content, as shown in Figures 3 and 4. The mechanical properties behavior 
of these blends was taught in a patent4, however, the morphological and 
micromechanical explanation of the phenomenon have not been provided. 

The AFM of the virgin IP in Figure 5 shows typical morphology with a minor 
fraction of a dispersed ethylene/propylene rubber (EPR) phase (dark, dispersed 
particle domains) dispersed in a continuous polypropylene phase (bright 
continuous region). The EPR is thermodynamically incompatible with the 
isotactic PP and, therefore, the PP and EPR form a two-phase system. The EPR 
particles have an included sparse population of crystalline polyethylene matrix 
phase (bright region inside dark EPR particle domains), which is typical of 
reactor-grade IP's.3 The crystalline polyethylene is thermodynamically 
incompatible with the polypropylene and the EPR, but prefers to reside as a 
separate phase inside the EPR domains. 

The addition of up to about 10%wt. HDPE in the IP resulted in the EPR domains 
becoming volume-filled with HDPE, as shown in Figure 6. This system resulted 
in the highest impact strength, accompanied by only a modest decrease in 
stiffness (see Table 1). At higher loadings of HDPE the capacity of the EPR 
domains to contain the HDPE was exceeded and this resulted in a shift of the 
phase structure toward a three-phase system in which the HDPE formed a 
separate, third phase, within the PP matrix phase. These systems exhibited 
decreased impact strength relative to 10%wt. HDPE loading. As loading of 
HDPE increased above 10%wt., the progressive disappearance of the HDPE 
from inside the EPR domains indicated this shift from a two-phase to a three-
phase system. At a loading of 40%wt. HDPE, the essentially complete removal 
of the crystalline polyethylene phase from the dispersed EPR particles may be 
observed in Figure 7. Since the crystalline polyethylene material is absent from 
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20 25 
%wt. HDPE in IP 

Figure 3 - Flexural modulus versus HDPE content in IP/HDPE blends. 
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Figure 4 - Notched hod impact strength versus HDPE content in IP/HDPE 
blends. 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
01

6

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



232 

Figure S - AFM topographic (left image) and phase contrast (right image) 
photomicrographs of the virgin IP. The sample was compression molded and 

a flat face microtomed for AFM observation. 

Figure 6 - AFM topographic (left image) and phase contrast (right image) 
photomicrographs of the 10%wtHDPE/90%wt. IP blend. The sample was 

compression molded and a flat face microtomed for AFM observation. 
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the EPR domains, it is apparent that the HDPE has formed a separate, third 
phase. The HDPE phase apparently coexists with the polypropylene matrix 
phase, however, since the polyethylene phase is hard and crystalline, as is the 
polypropylene matrix phase, the third, polyethylene phase is not apparent in the 
phase image of Figure 7. 

The presence of the HDPE in the EPR particles results in an increase in impact 
strength and a decrease in stiffness. The addition of the lower modulus HDPE is 
clearly responsible for the decrease in stiffness. The increased impact strength is 
due to more complex factors, some of which include: 

• The HDPE inside the EPR particles provides a rigid frame-work (i.e. 
produces an anchoring effect) that aids in energy absorption around the 
rubber particles. 

• The presence of the HDPE inside the rubber particles increases the 
interfacial surface area of the EPR/PP-matrix interface, thereby extending 
the rubber's capability to transfer stresses to the matrix, resulting in greater 
energy absorption (i.e. higher impact strength). 

Table 1 - IP/HDPE Blend Compositions and Mechanical Properties 

IP 
wt.% 

HDPE 
wt.% 

Flexural Modulus 
(1% secant) (psi) 

Notched hod @ 23°C (ft-lb/in) 

100 0 212900 9.09 
90 10 179300 13.39 
85 15 176100 12.81 
80 20 170800 11.60 
75 25 166600 11.54 
70 30 162100 10.99 
60 40 154700 10.50 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
01

6

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



234 

Figure 7 - AFM topographic (left image) and phase contrast (right image) 
photomicrographs of the 40%wtHDPE/60%wt. IP blend. The sample was 

compression molded and a flat face microtomed for AFM observation. 

TPO/Clay Nanocomposites 

In a study of polymer-layered silicate nanocomposite (PLSN) formation in a 
polyolefin, AFM was employed as a characterization technique to probe the 
morphology of the resulting PLSN systems.5 Thermoplastic olefin (TPO)/Clay 
nanocomposites were made at clay loadings varying from 0.6 to 6.7 wt%. The 
TPO was a commercial thermoplastic olefin with 9.5 MFR (melt flow rate) and 
103,500 psi flexural modulus. The TPO was composed of about 70%wt. of 
isotactic polypropylene and about 30%wt. of ethylene/propylene rubber (EPR). 
The EPR typically contains about 20-30%wt. of ethylene, which yields a rubber 
with essentially zero crystallinity. 

The nanocomposites were prepared by blending the TPO with maleic anhydride 
grafted PP (PP-MA, 1.0%MA content) as a compatiblizer and Cloisite® 20A 
natural montmorillonite clay modified with a quaternary ammonium salt 
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(Southern clay products). The mechanical properties (flexural modulus and 
impact strength) were measured on the TPO/clay nanocomposite systems. 

These TPO/clay systems largely exhibited dispersion of the clay into stacks of 
about 10-50 nm in thickness, corresponding to stacks of about 5-25 clay 
platelets, as determined by TEM. (A small fraction of clay platelets were 
exfoliated into essentially single platelet arrays.) These stacks are often called 
tactoids and exhibit clay spacing (clay long period) of about 2-3 nm, due to 
intercalation of the PP-MA into the clay galleries.6 The unmodified clay spacing 
was -1 nm).6 Clay long period was measured by x-ray diffraction (XRD). 

The polymer morphology of these TPO/clay nanocomposites was investigated 
with AFM. The EPR particle morphology in the TPO was found to undergo 
progressive particle break-up and decrease in particle size, as clay loading 
increased in the range from 0.6 to 5.6%wt. clay, as shown in the AFM 
photomicrographs in Figure 8. The decrease in measured average particle 
diameter is shown in Figure 9. The breakup of the EPR particles was suspected 
to be due to the increasing melt viscosity observed as clay loading increased, 
and/or the accompanying chemical modifiers on the clay, acting as interfacial 
agents, reducing the interfacial tension with concomitant reduction in particle 
size. The progressive modification of the polymer morphology was used as part 
of the argument to infer structure/mechanical property relationships in the 
nanocomposite systems.5 

Polymer Characterization by AFM 

The examples given of polymer characterization by AFM in this chapter were 
extracted from more comprehensive studies of polymer structure/property 
relationships. In many studies of this kind AFM contributed partial, but often 
critical, information. Studies in which AFM contributed a critical component of 
the information continue to increase in the polymer literature.2 Comprehensive 
reviews of AFM applications to polymer characterization contain numerous 
references to specific studies of various kinds. 1 , 7 1 2 
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Figure 8 - AFM phase contrast images of (a) TPO-0 (Owt% clay), (b) ΊΡ0-1 
(0.6wt% clay), (c) TPO-3 (2.3wt% clay), (d) TPO-4 (3.3wt% clay), and (e) TPO-
6 (5.6wt% clay). Reproduced with permission from reference 5. Copyright 2004 

Wiley Periodicals, Inc. 
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Ο Η 1 1 1 — τ 1 1 
0 1 2 3 4 5 6 

%wt. Clay 

Figure 9 - Number-average particle diameter versus clay loading in TPO/Clay 
nanocomposites. 

Conclusions 

Atomic force microscopy (AFM) has distinguished itself as a central technique 
for the characterization of polymers. It has been especially effective in the 
characterization of multi-phase polymer systems. One aspect of this technique, in 
comparison to the electron microscopy techniques, is the ease of sample 
preparation. AFM requires little or no sample preparation and preserves sample 
structure, whereas SEM and TEM , typically, require much more sample 
preparation, which often destroys or modifies sample structure in the process. 
AFM has the attribute of directness of observation and, therefore, reveals 
structural features of natural surfaces or cross-sections of fabricated polymer 
articles, which are often difficult to observe by the electron microscopy 
techniques, due to the necessity of more extensive sample preparation. 
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Chapter 17 

Evaluation of Surface Composition in Miscible 
Polymer Blends by Lateral Force Microscopy 

Keiji Tanaka1, Atsushi Takahara2, and Tisato Kajiyama3 
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2Institute for Materials Chemistry and Engineering, Kyusha University, 

Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan 
3President, Kyushu University, Hakozaki, Higashi-ku, 

Fukuoka 812-8581, Japan 

A novel method to characterize surface composition in blends 
of two chemically identical polymers with different molecular 
masses using lateral force microscopy is proposed. Extending 
Gordon-Taylor equation to surface, surface composition in the 
blends would be obtained by measuring surface glass transition 
temperature of each constituent as well as the blend. Surface 
composition in blends of polystyrene (PS) and deuterated PS 
(dPS) obtained by this method was in good accordance with 
the result by well-established surface spectroscopy. Finally, 
surface composition in blend films of two PSs with different 
molecular masses was experimentally elucidated. The surface 
enrichment of a smaller mass component became more 
remarkable with increasing molecular mass disparity between 
the two components. 

© 2005 American Chemical Society 239 
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Introduction 

In general, synthetic polymers have a broad molecular weight distribution, 
and the surface of a film prepared by them would be covered with smaller 
molecular weight components. Hence, it is of importance to clarify an effect of 
shorter chains on aggregation states and physical properties at the surface. One 
of easier ways to study experimentally such is to adopt a model blend system 
composed of two monodisperse polymers with different molecular measses, 
namely, a polymer with bimodal molecular weight distribution. To date, we 
have studied on surface relaxation behavior of polystyrene (PS) films with 
bimodal molecular weight.1 Surface relaxation in the films was dominated by 
the smaller molecular mass component rather than the higher one. Although it 
was clear that the smaller molecular weight component was preferentially 
partitioned to the surface, it was impossible only from this experiment to deduce 
to what extent the shorter component were present at the surface. The objective 
of this study is to propose a novel experimental method to study surface 
composition in blends of chemically identical two polymers based on our surface 
glass transition temperature (7g

s) measurements,2 which do not need any labeling 
procedures, using lateral force microscopy (LFM). 

Experimental 

Materials and Film Preparation 

Monodisperse PSs with various number-average molecular masses (Mn) 
were synthesized by a living anionic polymerization using ^^c-butyllithium as an 
initiator and methanol as a terminator. Also, monodisperse PSs with Mn of 981k 
and 1.46M, and monodisperse dPS with M n of 847k were purchased from 
Polymer Laboratories Co, Ltd. Blend films were spin-coated from toluene 
solutions onto cleaned silicon wafers with a native oxide layer. The films were 
dried at 296 Κ for more than 24 h and then annealed at 423 Κ for, at least, 48 h 
under vacuum. Each film thickness was approximately 200 nm or even thicker. 

Surface Characterizations 

Tg

& of homo and blend films was determined on the basis of surface 
relaxation behavior using LFM (SPA 300 HV, Seiko Instruments Industry Co., 
Ltd.) with an SPI 3800 controller. LFM measurement was carried out at various 
temperatures in vacuo. A cantilever with the bending spring constant of 
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0.11±0.02 Ν m"1, of which both sides were uncoated or coated by gold, was used. 
Applied force to the cantilever was set to be 10 nN in a repulsive force region. 
Bulk glass transition temperature (r g

b) of the homo and blend samples was 
measured by differential scanning calorimetry (DSC8230, Rigaku Co., Ltd.). 

Surface composition in blend films composed of PS and dPS was examined 
by time-of-flight secondary ion mass spectroscopy (ToF-SIMS). A Physical 
Electronics TRIFT-II ToF-SIMS instrument was used. Positive spectra were 
obtained with 15 kV primary pulsed Ga + ion beam (pulse width of 13 ns) with 2 
η A beam current. The scan area was 100 Mm χ 100 μπι. 

Results and Discussion 

Surface Composition in (PS/dPS) Blend Films by Surface Spectroscopy 

At first, it was confirmed by surface spectroscopy how surface composition 
in (PS19.7k/dPS847k) blend films differs from the corresponding bulk one. This 
blend system was completely miscible at the range of room temperature to 
annealing temperature of 423 K. 3 Under static conditions (with a maximal ion 
dose of 1012 ions cm'2), information provided by ToF-SIMS is obtained from a 
monolayer depth region. Figure 1 shows the typical ToF-SIMS spectrum of the 
(PS19.7k/dPS847k) film with the bulk composition of (41.5/58.5) in volume.4 

The intense peaks observed at 91.05 and 98.10 amu can be assigned to tropylium 
ion, C 7 H 7

+ , and its deuterated species, C 7 D 7

+ , respectively. Also, the peaks at 
92.06 and 97.09 amu are due probably to C 7 D H 6

+ or C 6 C 1 3 H 7

+ , and C 7 D 6 H + . 
While the secondary ion intensities at 91.05 and 98.10 amu monotonically 

3 
cri 
CO 
c 
3 
Ο 

Ο 

91.05 

90 

92.06 

J 

(PS19.7k/dPS847k) 
(41.5/58.5 vol.) 

98.10 

92 J L· 

97.09 

_ 1 
94 96 
Mass / Da 

99.10 

98 100 

Figure 1. Positive secondary ion time-of-flight mass spectrum of 
(PS19.7k/dPS847k) blend film with the bulk PS fraction of 41.5 vol%. 
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100 
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s 60 
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σ> 
^· 
(Ο 
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§ 
3 

CO 

. (PS19.7k/dPS847k) 
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y' 

. „ / / 1.· LFM 
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Bulk PS 19.7k fraction / vol.% 

Figure 2. Relation of surface hPS fraction to bulk composition in 
(PS 19.7k/dPS847k) blend films. Surface composition was examined by two 
different techniques; ToF-SlMS and LFM. Data by Hariharan et al using 

NR was adopted from Table 1 in reference 10. The broken line denotes the 
case where the surface and bulk compositions are the same. The solid curve 

is drawn to guide the eye. 

increased and decreased with increasing feed fraction of PS into the blend, 
respectively, those at 92.06 and 97.09 amu were not necessarily proportional to 
the blend ratio. Hence, the surface PS fraction in the blend was estimated from 
the value of / 9 1 / (/91+/98), where lx was the secondary ion intensity at i amu, 
provided that a contribution of chain end fragments to / 9 l was corrected by 
following the procedure of Vanden Eynde et al.5 Also, the (/9i+/98) / 

(/91+/92+/97+/98) value was accordance with the value of /91 / (/91+/98) within 5%. 
The surface PS fraction in the (PS19.7k/dPS847k) blend films so obtained was 
plotted in Figure 2. The surface fraction of PS 19.7k was higher than the bulk 
one at all blend ratios employed. In general, the surface of (PS/dPS) blends, in 
which both components have the comparable high M n , is covered with dPS 
owing to its lower surface energy. However, PS 19.7k, which was the lower M n 

component, was enriched at the blend surface in this study. This result can be 
understood by considering a situation that the PS 19.7k suffers less of the 
conformational entropie penalty at the surface in comparison with dPS847k.6 

Surface Composition in (PS/dPS) Blend Films by Lateral Force Microscopy 

In general, T g

b of a miscible binary polymer blend is well expressed by T g

b 

of each constituent and the blend ratio in volume. This means that the bulk 
composition in the belnd can be deduced by r g

b of each constituent and the blend. 
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This notion is based on the additivity rule of the free volume between the 
components, and is widely accepted as Gordon-Taylor equation.8 Although the 
free volume of a component at the surface would be not the same as that in the 
interior bulk region, such a situation is common for both components. Hence, 
invoking that the additivity rule of the free volume is held even at the surface, 
Gordon-Taylor equation is applied to T g

s. Since we are able to examine Tg

s using 
L F M , 2 surface composition in blends composed of two polymers can be obtained 
by 

Φι -σ , νΓ ,^ /σ , ' , Γ Γ , ' , , ) (l) 

To confirm the validity of the aforementioned strategy, surface composition in 
the (PS19.7k/dPS847k) blend films is examined. Figure 3 shows the 
temperature dependence of lateral force at the scanning rate of 1 μιη s"1 for the 
PS19.7k/dPS847k) blend films with various bulk blend ratios. Since lateral 
force is originated from energy dissipation during a tip slides on the sample 
surface, the temperature dependence of lateral force corresponds well to the 
dynamic loss modulus variation with temperature. Peaks observed on the 
temperature-lateral force curves are assigned to the c -̂absorption corresponding 
to the segmental motion.2 Hence, an onset temperature on the curve, that is, the 

240 260 280 300 320 340 360 380 400 
Temperature/Κ 

Figure 3. Lateral force-temperature curves for (PS19.7k/dPS847k) blend films 
with various compositions at the scanning rate of I jum s'1. (Reproduced with 
permission from reference 7. Copyright 2002 American Chemical Society). 

 J
ul

y 
16

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
13

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

89
7.

ch
01

7

In Applications of Scanned Probe Microscopy to Polymers; Batteas, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



244 

temperature at which lateral force starts to increase, can be empirically defined 
as 7 g

s, 2 as marked by arrows in Figure 3. T g

s of the PS19.7k and dPS847k films 
were evaluated to be 279 and 347 K, respectively, being much lower than the 
corresponding Tg values. End groups of the polymers used have a lower surface 
free energy in comparison with the main chain part, and thus, are preferentially 
segregated at the surface.2,9 Since the end groups have a larger freedom 
compared with the main chain part, an excess free volume is supposed to be 
induced at the surface, resulting in the enhanced chain mobility at the surface. In 
addition, there exists the free space on the polymer surface. This makes the 
cooperative movement for the surface segmental motion easier.2 Hence, 7 g

s was 
much lower than the corresponding 7g

b. Besides, 7 g

s value in the blend films was 
dependent on the blend ratio. 

Figure 4 shows Tg

b and Tg* of the (PS19.7k/dPS847k) films with various 
blend compositions. The dot lines denote the additivity rule of glass transition 
temperature for bulk and surface. Tg linearly decreased with increasing PS 19.7k 
fraction in the blend. In contrast, the relation between 7*g

s and blend ratio was 
not linear but negatively deviated, as shown in Figure 4. This is because the 
abscissa is expressed by the bulk blend ratio, although PS 19.7k should be 
preferentially segregated at the blend surface. The surface fraction of the 
PS 19.7k in the (PS19.7k/dPS847k) blend films based on the T g

s measurements 
by LFM was plotted in Figure 2 as filled circles. In addition, surface 
composition in similar blend films by Hariharan et al. using neutron reflectivity 
(NR) was shown in it.10 Surface composition among three independent 

Figure 4. Bulk blend ratio dependences ofTg

b by DSC and Tg by LFM. 
Each dot line denotes a simple additivity rule ofTg. The solid curve for Tg

s 

is drawn to guide the eye. (Reproduced with permission from reference 7. 
Copyright 2002 American Chemical Society). 

260 0 20 40 60 80 
PS 19.7k bulk fraction / vol.% 

100 
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experiments such as ToF-SIMS, LFM and NR are in excellent agreement with 
one another. Hence, it can be claimed that the 7 g

s measurement enables us to 
gain direct access to surface composition in miscible binary blend films. Here, 
two points should be emphasized. The first point is that T g

s based on our L F M 
measurement is extremely reliable. Otherwise, there is no reason why the 
surface composition via the T g

s measurement is in accordance with that by 
surface spectroscopy. The second is the following. In all of well-established 
surface characterization techniques, one component must be deuterated to confer 
a contrast between components. However, our method using LFM is not the 
case, meaning that surface composition in blends composed of two chemically 
identical polymers can be experimentally obtained. 

Surface Composition in (PS/PS) Blend Films by Lateral Force Microscopy 

We now turn to the surface segregation in blend film of low molecular 
weight PS (LMW-PS) and PS with M n of 1.46M. For a comparison, (LMW-
PS/dPS847k) system was also examined. LMW components for the blends were 
successively changed in terms of M n . Figure 5 shows surface composition in the 
(LMW-PS/PS1.46M) and the (LMW-PS/dPS847k) blends as a function of Mn 

for the LMW component. The (LMW-PS/PS 1.46M) blend corresponds to PS 
with bimodal molecular weight distribution. The bulk blend ratios of the 
(LMW-PS/PS 1.46M) and the (LMW-PS/dPS847k) were 50 vol% and 51.6 vol% 
(=50 wt%), respectively. Surface composition in the (LMW-PS/PS 1.46M) films 
was obtained by r g

s measurements via eq. (1). Even in the case of the 
(PS140k/PS1.46M), the distinct partition of the PS 140k to the surface was 
observed. The extent of the surface concentration of the LMW-PS became 
remarkable with decreasing Mn of the LMW-PS, as shown by filled circles in 
Figure 5. Although the surface segregation of the LMW component in 
chemically identical binary blend films has been theoretically predicted by 
Hariharan et ah based on a compressible mean-field lattice model,11 the 
experimental evidence has not been reported thus far. Hence, this is the first 
experimental report to prove quantitatively the surface segregation of the LMW 
component. In Figure 5, surface composition of the (LMW-PS/dPS847k) films 
was shown and compared with the reported results for the (LMW-PS/dPS571k) 
blends by Hariharan et ah using neutron reflection.10 They were in good 
agreement with each other. In the case of the blends composed of LMW-PS and 
high molecular weight (HMW) dPS, which component is enriched at the surface 
is decided by the competition between energetic and entropie effects. For 
example, in the case of symmetric (PS/dPS) blends, the energetic effect based on 
the discrepancy of the polarizability between C-H and C-D bonds dominates, 
resulting in the surface enrichment of dPS. On the other hand, PS is partitioned 
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Figure 5. Surface compositions in (LMW-PS/PS1.46M) and (LMW-
PS/dPS847k) blend films as a function ofMnfor LMW-PS. For a 

comparison, the data for (LMW-PS/dPS571k) blends by Hariharan et al. is 
plotted from Réf. 10. (Reproduced with permission from reference 7. 

Copyright 2002 American Chemical Society). 

to the surface if PS is much shorter than dPS. In general, a polymer chain 
present at the surface might have a flattened conformation.6 This means that the 
number of possible conformations for a chain at the surface would decrease in 
comparison with the case where the chain has a random coil conformation in the 
interior bulk region. Consequently, shorter chains suffer less of an entropie 
penalty than longer chains, and thus, are enriched at the surface to minimize the 
free energy of the system. 

Conclusions 

An experimental method to characterize the surface concentration in 
miscible binary polymer mixtures, which is based on our Tg* measurements using 
LFM, is proposed. Surface composition in PS/dPS blends so obtained by LFM 
was in good accordance with the results by surface spectroscopy. Since our 
method does not need any labeling procedure unlike usual spectroscopic 
techniques, the surface composition of the LMW component in the PS films with 
various binary molecular weight distributions was experimentally clarified. 
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0.0 0.3 0.6 0.0 1.2 1.5 
distance (μιτι) 

Figure 6.2. Left: NFP data from a BC specimen, (a) diattenuation [0 % -5 %], 
(b) transmission (normalized intensity) [0.6-1.0], (c) orientation of the 

diattenuating axis orientation [0°-180°], (d) topography [0 nm - 25 nm]. 
Right: diattenuation (solid line) and transmitted intensity (dotted line) along 

the white line shown in (a). 

Figure 6.3. NFP images of BC sample showing a symmetric tilt boundary, 
(a) topography [0 nm - 25 nm], (b) transmission [0.8 - 1.0], (c) diattenuation 

[0%-9 %], (d) retardance [0 mrad-122 mrad], (e) relative angle of 
diattenuating axis [0°-180°], (f) relative angle of fast axis [0°-180°]. 

Scan size is 3.0 μm by 3.6 μm. 
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Figure 6.4. Topographie images of polymer crystallites studied here. 
Top: dendritic crystallites with compact seaweed morphology, images acquired 
using shear-force microscopy and an NSOM tip. Bottom: early-growth stage 

spherulite. Image acquired using AFM. 
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Figure 6.5 (Left). NFP images of compact seaweed morphology dentrite. 
(a) retardance, (b) topography, (c) retardance with overlaid fast axis orientation 

marks, (d) topography with overlaid fast axis orientation marks. Fast axis 
alignment shown for θ> 2.0 mrad. 
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Figure 6.6. NFP images of an early-growth spherulite. (a) retardance, 
(b) topography, (c) retardance with overlaid fast axis orientation marks, 

(d) topography with overlaid fast axis orientation marks. Fast axis alignment 
shown for θ> 20 mrad. 
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mixing calculations, 154-155 
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estimation equation, 17 

Fluorescence modulation correlation 
to applied voltage sequence, 5-7 

Fluorescence near-field scanning 
optical microscopy, conjugated 
polymer thin films, 12-24 

Fluorescence quenching by charge 
carriers, near field spectroscopic 
studies, 2-11 
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Force distributions and unfolding 
lengths, protein unfolding, 170, 
172/-174/ 
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distributions, protein unfolding, 
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149-150 
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Friction coefficient transition at 
critical load, 105-106 

Frozen chain conformations, 209 
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Glass transition temperatures 
PS/dPS blends, 240-241,244-245 
spin casting effects, 106-108 

Gordon-Taylor equation, 239, 243 

Graded functions, model for layered 
systems, 137-140 

Grated poly(dimethylsiloxane) 
surfaces, polydispersity, using 
single-molecule AFM, 153-156 
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HDPE. See High density polyethylene 
Hertzian and Sneddon theories, 

normal load and elastic indentation 
relationships, 134-136, 141 

Heterogeneous polymeric materials, 
chemical imaging with near-field IR 
microscopy, 38-50 

Hexacyanoferrate anions in 
contrasting of adsorbed polycations, 
219-220/ 

High density polyethylene 
(HDPE)/impact polypropylene(IP) 
blends, characterization, 230-234 

Homodyne amplification, scattered 
signal, monolayer-sensitive infrared 
imaging, 57-58 
Human α5βι integrins, immobilization 
and activation, biomimetic system, 
186-191 
Humidity dependence of surface 

mechanical properties in hydrogels, 
128-130 

Hydrogels 
adsorption at polymer/liquid 
interface, 126-128 
atomic force microscopy sample 
holder, 123-124/ 
humidity dependence of surface 
mechanical properties, 128-130 
mechanical behavior and surface 
molecular structure, 125 
sum frequency generation spectrum, 
124/ 125 

Hydrophobic interactions, adsorbed 
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Image contrast sources, strategy for 

deciphering, 43-48 
Immobilization, α5β! integrins, 185-

187 
Impact polypropylene (IP)/high 

density polyethylene (HDPE) 
blends, characterization, 230-234 

Impact strength variations, structure 
dependence, 230-234 
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AFM studies, 91-93 

Infrared absorbance spectra, 
polystyrene in poly(methyl 
methacrylate) thin film, 42/ 

Infrared near-field microscopy 
apertureless scanning for chemical 
imaging, 51-64 
polymer chemical imaging, 38-50 

Integrin (ο̂ βΟ immobilization, 185-
186 

Interfacial glass transition profiles, 
106-108 

Interfacial nanorheology, substrate 
effects in polymer films, 102-108 

Interfacial plasticization, multiphase 
binary thin film system, 102-103 

Interfacial zone in layered systems, 
138-140 

Interface specificity, SFG 
spectroscopy, 114 

Intermittent contact mode. See 
Tapping mode 

Intermolecular interactions, 
investigation by atomic force 
microscopy, 218 

Ion-modulated liquid crystal 
reorientation dynamics, special 
variations, 32/-33 
IP. See Impact polypropylene 
/PP. See Isotactic polypropylene 
iPS. See Isotactic polystyrene 

Isotactic polypropylene (/PP), 230, 
234 
/aspecific poly(ethylene-c0-
propylene) rubber (aEPR) blends, 
120-123 

Isotactic polystyrene (iPS), near-field 
polarimetry, 76-80 
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Johnson-Kendal-Roberts approach, 
normal load and elastic indentation 
relationships, 134,141 

Κ 

Kinetics associated with field-induced 
fluorescence modulation, 6-7 

Kramers-Kronig relations, refractive 
index changes, 40 

L 

Lamellar growth front in PHB/V 
spherulite crystallization, 201-204 

Langevin function, 150 
Langmuir adsorption isotherms, 166/ 

178 
Langmuir-Blodgett technique, 184, 

185 
Lateral force microscopy (LFM) 

friction measurements, 100-102 
surface composition in miscible 
polymer blends, 239-247 

Lateral force-temperature curves for 
polystyrene/deuterated polystyrene 
blend films, 243-244 

LFM. See Lateral force microscopy 
Ligand-receptor (α5βι integrin) 

interaction, characterization by 
AFM, 182-192 
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Liquid crystal dynamics in 
photorefractive polymer-dispersed 
PDLC films, 25-37 

Liquid crystal orientation state, field 
dependent changes detection, 28-31 

Loading curve analysis, two-spring 
model, 134-135/ 
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Mass spectrometry. See Time-of-flight 
secondary ion mass spectroscopy 

Mechanical behavior and surface 
molecular structure, hydrogels, 125 

Mechanical measurements, atomic 
force microscopy and multilayered 
nanoscale systems, 133-146 

Mechanical models for multilayered 
elastic solids, 136 

Mechanical properties/morphology 
correlations, multiphase polyolefin, 
230-234 

MEH-PPV, field-induced 
photoluminescence modulation 
under near-field optical excitation, 
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blends, 120-123 

Membrane failure via peptide-
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Mesoscale interfacial confinement, 
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Mesoscopic polymer systems, 
nanorheological properties, 98-111 

Metal quenching in 
poly(phenyleneethyenelene) thin 
films, 19-23 

Metrology questions, on infrared 
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Mica substrate 
fibronectin aggregates, mechanical 
behavior, 158-159 

single, isolated fibronectin 
molecules, mechanical behavior, 
156-158 

Microindentation data analysis model, 
135 

Microstructural variable determination 
in polymers, 224-225 

Microtomy, 226 
Miscible polymer blends, surface 

composition by lateral force 
microscopy, 239-247 

MManalysis software package, 141 
Model for layered systems by 

nanomechanical probing, 141 
Model systems, thermoplastic 

elastomers, 88-90 
Molecular characteristics, 

determination by AFM single 
molecule experiment, 219,221-222 

Molecular weight, surface segregation 
in polystyrene/polystyrene blend 
films, 245-246 

Monolayer-sensitive infrared imaging, 
57-61 

Montmorillonite-type clay and poly(s-
caprolactone) biodegradable 
nanocomposites, 93,95 

Morphology control for device 
function improvement, 4-5 

Morphology/mechanical property 
correlations, multiphase polyolefin, 
230-234 
Multilayered nanoscale systems and 

atomic force microscopy 
mechanical measurements, 133-146 
model development, 137-141 
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correlations, 230-234 

Multiple elastic responses, persistent 
length models, 152-153 
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Ν 

Ν, N'-di(n-octyl)-1,4,5,8-
naphthalenediimde (NDI), 
photoexcitable electron acceptor, 
27 

Nanomechanical probing by atomic 
force microscopy, 133-146 

Nanorheological properties, 
mesoscopic polymer systems, 98-
111 

Nanoscale electrical properties in 
polymer semiconductors, 2-11 

NDI. 5^N,N'-di(n-octyl)-l,4,5,8-
naphthalenediimide 

Near-field microscope, resolution 
limit, 39 

Near-field microscope types, 
descriptions, 52-53 

Near-field optical excitation in field-
induced photoluminescence 
modulation, MEH-PPV, 4-8 

Near-field polarimetry 
local diattenuation and retardance, 
thin films, 65-84 
photonic block copolymer 
morphology, 73-76 

Near-field scanning infrared 
microscopy 
chemical imaging of heterogeneous 
polymeric materials, 38-50 
chemical imaging of thin films, 51-
64 

Near-field scanning optical 
microscopy (NSOM) 
based on tuning fork feedback 
mechanism, schematic, 3/ 
conjugated polymer thin films, 12-
24 
fluorescence quenching by charge 
carriers, 2-11 
in liquid crystal dynamics studies, 
25-37 

Near-field signal, distance 
dependence, 61-62 

Negatively charged surfaces, 
fibronectin proteins on, 156-160 
NMR tracer diffusion measurements, 
polystyrene, 105 
Notched Izod impact strength, 

dependence on composition, 
IP/HDPE blends, 230-234 

NSOM. See Near-field scanning 
optical microscopy 

Ο 

Observational differences, SEM, TEM 
and AFM studies, 226-229 

OLEDs. See Organic light-emitting 
diodes 

Optical signals from NSOM 
experiments, modeling, 35-36 

Organic light-emitting diodes 
(OLEDs), 4, 13-14 

Oxygen effect on fluorescence signal 
transient response, 7-8 

Ρ 

PAA. See Poly(acrylic acid) 
PDLCs. See Polymer-dispersed liquid 

crystal 
PDMS. See Poly(dimethylsiloxane) 
Peak distributions, force-extension 

curves, protein unfolding, 169-170, 
171 

Pentacene-doped tetracene, field-
induced photoluminescence 
quenching, 8-9 

PEP. See Polyethylene-co-propylene 
(PEP) 

Peptide-amphiphiles in 
characterization, ligand-receptor 
interactions, 182-192 

Perylene 
fluorescence quenching by NDI, 
29-30 
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photoexcitable electron donor, 27-
36 

Phase angle changes in ion generation, 
31-32 

Phase structure determinations, multi­
phase polymer systems, AFM 
advantages, 227-229 

PHB/V. See Polyhydroxybutyrate-co-
valerate 

pHEMA. See 
Poly(hydroxyethyl)methacrylate 

Photoexcitable electron acceptor, NDI, 
27-36 

Photogenerated ion influence on liquid 
crystal dynamics, 31-32 

Photoluminescence modulation, field-
induced, MEH-PPV, 4-8 

Photoluminescence quenching, field-
induced in pentacene-doped 
tetracene, 8-9 

Photon scanning tunneling 
microscopy, 204 

Photonic block copolymer 
morphology, near-field polarimetry, 
73-76 

Photorefractive polymer-dispersed 
PDLC films, liquid crystal 
dynamics, 25-37 

Plastics industry, atomic force 
microscopy, use, 224-238 

PLSN. See Polymer-layered silibate 
nanocomposite formation 

PMB. See 
Poly(methacryloyloxyethyldimethyl 
benzylammonium chloride) 

PMMA. See Poly(methyl 
methacrylate) 

Poisson's ratio, 134 
Polarimetric near-field scanning 

optical microscope, schematics, 66-
68 

Polarization modulation polarimetry 
with Fourier analysis, 68-73 

Poly(acrylic acid) (PAA) 
in polymer brush layer, 142-144 

sodium salts, deposited on mica, 
conformations, 213-214 

Polyanion conformation after 
deposition on mica, 213-214 

Poly(e-caprolactone) and 
Montmorillonite-type clay 
biodegradable nanocomposites, 93, 
95 

Poly(9,9'-dihexylfluorene), thin films, 
time resolved fluorescence, 16-19 

Poly(dimethylsiloxane) (PDMS), 
polydispersity of grafted surfaces, 
153-156 

Polydispersity index calculations, 153, 
155 

Polydispersity of grafted 
poly(dimethylsiloxane) surfaces 
using single-molecule AFM, 153-
156 

Polyethylene-co-propylene (PEP) 
films 
disentanglement barriers, 105-106 
with binary polystyrene, dewetting 
kinetics, 104-105 

Polyethylene glycol amphiphilic 
molecules, 183,184 

Polyfluorene films, time-resolved 
fluorescence, 15-19 

Polyhydroxybutyrate-co-valerate 
(PHB/V) spherulite crystallization, 
199-204 

Poly(hydroxyethyl)methacrylate 
(pHEMA) hydrogels, 123-130 

Polymer brushes in fluid, experimental 
data for layered system, 141-144 

Polymer crystallites, near-field 
polarimetry, 76-80 

Polymer-dispersed liquid crystal 
(PDLC) films, liquid crystal 
dynamics, 25-37 

Polymer-layered silicate 
nanocomposite (PLSN) formation in 
polyolefin, 234-237 

Polymer-liquid interface, adsorption in 
hydrogels, 123-130 
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Polymer molecules 
conformation by atomic force 
microscopy, 207-223 
deposition conformations, 209-213 

Polymer morphology, TPO/clay 
nanocomposites by AFM, 235-237/ 

Polymer-supported liquid crystals 
(PSLCs), 26 

Poly(methacryloyloxyethyldimethylbe 
nzylammonium chloride) (PMB) 
adsorption onto mica, 213/214 
molecular conformation, 209-211 
molecular dimensions, 
determination by AFM single 
molecule experiment, 221 
molecules in aqueous solutions, coil 
to globule transition, 214-216 

Poly[2-methoxy, 5-(2'-ethyl-
hexy loxy)-p-phenyleneviny lene]. 
See MEH-PPV 

Polymethylmethacrylate) (PMMA) 
thin films 
chemical imaging of polystyrene 
particles, 38-50 
lateral force microscopy studies, 
102-103 

Polyolefins 
and hydrogels, sum frequency 
generation and atomic force 
microscopy studies, 112-132 
copolymers and blends, surface 
segregation, 115-123 
multiphase, morphology/mechanical 
property correlations, 230-234 

Poly(phenyleneethynylene) di-
dodecyl, thin films, metal quenching 
in, 19-23 

Polypropylene blends 
impact (IP)/high density 
polyethylene (HDPE), 230-234 
surface segregation and wetting 
behavior, 115-123 

Polysaccharides, conformational 
transitions under force, 169 

Polystyrene (PS) 

in polymer brush layer, 142-144 
isotactic, near-field polarimetry, 76-
80 
NMR tracer diffusion 
measurements, 105 
sample, semi-infinite, signal 
prediction, 62-63 

Polystyrene-b-poly-isoprene (PS-b-PI) 
block copolymer, lamellar 
morphology study using near-field 
polarimetry, 73-76 

Polystyrene-b-poly-2-vinylpyridine 
(PS-P2VP) chains, elastic 
properties, 149-153 

Polystyrene/deuterated polystyrene 
blends, surface composition 
determinations, 239-245 

Polystyrene films 
glass transition temperature, 106— 
108 
with bimodal molecular weight, 
surface relaxation behavior, 239-
247 

Polystyrene on polyethylene-co-
propylene films, dewetting kinetics, 
104-105 

Polystyrene particles in poly(methyl 
methacrylate) thin film, chemical 
imaging, 38-50 

Polystyrene-poly(dimethylsiloxane) 
diblock polymer, thin films, 
apertureless scanning near-field 
infrared microscopy, 54-57 

Polystyrene-poly(2-vinylpyridine) 
(PS7-P2VP7) star-like block-
copolymers 
adsorbed, chemical contrasting, 
219-220 
conformation after deposition, 211-
212 
deposited conformation after 
metallization, 216-218 
molecular architecture 
determination by AFM single 
molecular experiment, 221 
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Polystyrenesulfonic acid, sodium salts, 
deposited on mica, conformations, 
213-214 

Pristine poly(9,9'-dihexylfluorene), 
thin films, time resolved 
fluorescence, 16-17 

Probe diattenuation and retardance, 
68-72 

Probe microscopy application to 
protein unfolding, 162-181 

Protein stability estimates with atomic 
force microscopy, 159-160 

Protein unfolding 
adsorption and ensemble analyses, 
162-181 
surface adsorption effects, 165-166/ 
with desorption, 176-178 

PS. See Polystyrene 
PS-b-PI. See Polystyrene-b-

polyisoprene 
PS-P2VP chains. See Polystyrene-b-

poly-2-vinylpyridine 
PS7-P2VP7. See Polystyrene-poly(2-

vinylpyridine) 
PSLCs. See Polymer-supported liquid 

crystals 

Q 

Quality factor in cantilever relaxation 
time, 198-199 

Quasi-electrostatic model prediction, 
distance dependence, near-field 
signal, 62-63 

Quenching in conjugated systems near 
metal boundaries, 12-24 

Quenching in 4shish-kebab' structure 
preparation, 197 

Red cell αϊ- and βΐ-spectrin 
monomers, AFM single molecule 

mechanics, 163-181 
Resolution limit, near-field 

microscope, 39 
Resonant scanner for ultra-high speed 
imaging, 204-205 
Retardance and local diattenuation 

measurements by near-field 
polarimetry, 65-84 

Rheological boundary layers at 
polymer interfaces in thin films, 102-
108 
Rubbery domains, internal structure 

determinations by AFM, 227-229 

S 

Sample preparation comparisons, 
SEM, TEM and AFM studies, 226-
227,238 

Sample preparation history, 
importance, 208 

Sawtooth patterns, force extension 
spectrograms, 167-169 

Scanning electron microscopy (SEM) 
compared to AFM and TEM, 226-
229 
sample preparation, 226-227 
See also Atomic force microscopy; 
Scanning probe microscopy 

Scanning probe microscopy (SPM) 
synthetic polymer processes, 194-
206 
See also Atomic force microscopy; 
Scanning electron microscopy 

Scanning probes in thermomechanical 
datastorage, 108-109 

Seaweed morphology, near-field 
polarimetry studies of crystallites, 
76-78/ 80 

SEM. See Scanning electron 
microscopy 

Semi-infinite polymer sample, near-
field signal prediction, 62-63 

SFG. See Sum frequency generation 
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Shear induced structuring, 106-107 
Shear modulation scanning force 

microscopy (SM-SFM), 99-100 
'Shish-kebab' structures from 

polyethylene re-organization, 197 
Signal prediction for semi-infinite 

polystyrene sample, 62-63 
Silicon supported PEP films, LFM 
friction measurements, 105-106 
Simulations, finite difference time 
domain methods, 33-35 
Single molecule AFM measurements, 
development, 162-181 
Single molecule force spectroscopy, 

fibronectin proteins, 156-160 
Single molecule measurements, 
multiple elastic ruptures, 152-153 
Single polymer chain elongation by 

atomic force microscopy, 149-153 
Single polymer chain mechanics with 

atomic force microscopy, 148-161 
SM-SFM. See Shear modulation 
scanning force microscopy 
Sneddon and Hertzian theories, 

normal load and elastic indentation 
relationships, 134-136 

Soft contact lenses, interfacial 
properties of hydrogels, 123-124/ 
Solution conformation reconstruction, 
214-221 
Spatial variations, ion-modulated 
liquid crystal reorientation dynamics, 
32/-33 
Spectrin family proteins, AFM 

measurements of extensible 
unfolding, 162-181 

Spherulite crystallization, 
polyhydroxybutyrate-co-valerate 
(PHB/V), 199-204 

Spherulite (early growth) morphology 
of crystallites, near-field 
polarimetry studies, 76-77/ 79/̂ 80 

Spin casting effects on glass transition 
temperature, 106-108 

SPM. See Scanning probe microscopy 

Spontaneous dissociation reaction 
rate, α 5βι, 190 

Stern-Volmer equation, 30 
Substrate effects in polymer films, 

interfacial nanorheology, 102-108 
Substrate independent measurement, 

shear modulation scanning force 
microscopy, 100 

Sum frequency generation (SFG) 
hydrophobic interactions, adsorbed 
amphiphilic neutral polymers, 126-
128 
surface vibrational spectroscopy and 
AFM, 112-132 

Sum frequency signal, 114 
Surface adsorption effects in protein 

unfolding, 165-166/ 
Surface composition 

by lateral force microscopy of 
miscible polymer blends, 239-247 
polystyrene/polystyrene blend films, 
lateral force microscopy, 245-246 
polystyrene/polystyrene blend films, 
surface spectroscopy, 241-242 

Surface-following artifacts, removal, 
scanning near-field infrared 
microscopy, 54-56 

Surface glass transition measurements, 
240-241 

Surface glass transition temperature 
determinations, polystyrene blend 
films, 242-245 

Surface molecular structure and 
mechanical behavior, hydrogels, 
125 

Surface relaxation behavior, 
polystyrene films with bimodal 
molecular weight, 239-247 

Surface segregation 
polyolefin copolymers and blends, 
115-123 
PS/PS blend films, 245-246 

Surface specific signal detection, 
monolayer-sensitive infrared 
imaging, 57 
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Surface spectroscopy, surface 
composition in PS/dPS blend films, 
241-242 

Synthetic polymer processes, 
scanning probe microscopy, 
194-206 

Τ 

Tapping mode atomic force 
microscopy, 87-97 

Tapping mode modifications in 
scanning atomic force microscope, 
53-54 

Technique comparison, sample 
preparation, SEM, TEM, and AFM, 
226-229 

TEM. See Transmission electron 
microscopy 

Temperature controlled atomic force 
microscopy, 195-198 

Temperature dependence 
lateral force, for PS/dPS blend 
films, 243-244 
polyhydroxybutyrate-co-valerate 
growth rate, 200-204 

Tetracene, pentacene-doped, field-
induced photoluminescence 
quenching, 8-9 

Thermomechanical data storage, 
scanning probes, 108-109 

Thermoplastic elastomer block 
copolymers in dynamic AFM 
analysis, 88-90 

Thermoplastic olefin (TPO)/clay 
nanocomposites, 234-236 

Thermoplastic olefins (TPO), sample 
preparation, phase structure 
determination, 227-229 

Thin film chemical imaging 
apertureless scanning near-field 
infrared microscopy, 51-64 

polystyrene particles in poly-
(methyl methacrylate), 38-50 

Thin film studies 
near-field polarimetry, 65-84 
time-resolved NSOM, 12-24 

Thin films 
annealed poly(9,9'-
dihexylfluorene), time resolved 
fluorescence, 17-19 
di-dodecyl 
poly(phenyleneethyenelene), metal 
quenching in, 19-23 
pristine poly(9,9'-dihexylfluorene), 
time resolved fluorescence, 16-17 
rheological boundary layers at 

polymer interfaces, 102-108 
thermoplastic elastomer block 
copolymers in dynamic AFM 
analysis, 88-90 

Thin films for thermomechanical data 
storage, 109 

Thiophene-based conjugated 
oligomer, morphology, 93-94/ 

Time-of-flight secondary ion mass 
spectroscopy, surface composition 
determination, 241-242 

Time-resolved NSOM studies, 
conjugated polymer thin films, 12-
24 

Topographic artifact, chemical 
contrast detection in presence, 53-
57 

TPO. See Thermoplastic olefin 
Transmission electron microscopy 

(TEM) 
compared to AFM and SEM, 226-
229 
sample preparation, 227 

Trapped polymer molecules, 210, 
214-221 

Tribology, lateral force microscopy 
studies contribution, 102 

Two-beam coupling, photorefractive 
gain coefficient determination, 27-30 
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U 

Ultra-high density thermomechanical 
data storage, 109 

Ultra-high speed imaging, resonant 
scanner, 204-205 
Ultra-thin polymer films, nanoprobing 

analysis, 141-144 
Unbinding force versus loading rate, 

single α5βι GRGDSP bonds, 189-
190 

Unfolding domain-by-domain, with 
desorption, simulations, 176-178 

Unfolding lengths and force 
distributions, protein unfolding, 
170, 172/-174/ 

W 

Water, binary polymer brush solvent, 
142-143 

Wormlike chain model, 149-150 

X 

X-ray diffraction, clay long period 
measurement, 235 

XPS, polymer blend surface 
characterization, 120, 122 

Y 

Young's modulus, 135, 151 
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